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ABSTRACT

Besides the established role of interleukin-12 (IL-12) and IL-18 on interferon-� (IFN-�) production by nat-
ural killer (NK), T, and B cells, the effects of these cytokines on macrophages are largely unknown. Here, we
investigated the role of IL-12/IL-18 on nitric oxide (NO) and tumor necrosis factor-� (TNF-�) production by
CD11b� adherent peritoneal cells, focusing on the involvement of endogenously produced IFN-�. C57BL/6
cells released substantial amounts of NO when stimulated with IFN-� or lipopolysaccharide (LPS), but failed
to respond to IL-12 or IL-18 or both. However, IL-12/IL-18 pretreatment was able to program these cells to
release 6–8-fold more NO and TNF-� in response to LPS or Trypanosoma cruzi stimulation, with NO levels
directly correlating with macrophage resistance to intracellular parasite growth. Analysis of IL-12/IL-18-
primed cells from mice deficient in IFN-�, IFNGR, and IFN regulatory factor-1 (IRF-1) revealed that these
molecules were essential for LPS-induced NO release, but TNF-� production was IFN-� independent. Con-
versely, the myeloid differentiation factor 88 (MyD88)-dependent pathway was indispensable for IL-12/IL-18-
programmed LPS-induced TNF-� production, but not for NO release. Contaminant T and NK cells largely
modulated the IL-12/IL-18 programming of LPS-induced NO response through IFN-� secretion. Neverthe-
less, a small population of IFN-�� cells with a macrophage phenotype was also identified, particularly in the
peritoneum of chronically T. cruzi-infected mice, reinforcing the notion that macrophages can be an alterna-
tive source of IFN-�. Taken together, our data contribute to elucidate the molecular basis of the IL-12/IL-18
autocrine pathway of macrophage activation, showing that endogenous IFN-� plays an important role in pro-
gramming the NO response, whereas the TNF-� response occurs through an IFN-�-independent pathway.
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INTRODUCTION

MACROPHAGES, MONOCYTES, AND DENDRITIC CELLS (DCs)
are the major sources of interleukin-12 (IL-12),1–3 a het-

erodimeric cytokine composed of p35 and p40 subunits. The
central role of this cytokine in the development of immune re-
sponses was evidenced by data showing that treatment of mice
with rIL-12 or IL-12 cDNA induces and sustains in vivo gen-
erated effector/memory Th1 cells,4 upregulates the synthesis of
antigen-specific complement-fixing antibodies,5 and protects
against tumors and infectious diseases.6,7 Conversely, IL-12p40
gene knockout (IL-12p40KO) mice have inadequate Th1 re-
sponses8 and increased susceptibility to infections in which pro-
tection is primarily mediated by interferon-� (IFN-�), such as
leishmaniasis,9 Chagas’ disease,10 and tuberculosis.11 The abil-

ity of IL-12 to direct the differentiation pattern of T cells indi-
cates that this cytokine bridges innate and adaptive immunity,
influencing the development of immune responses and, there-
fore, the degree of susceptibility to infection.12

It is generally accepted that the central role of IL-12 in host
defense against many intracellular pathogens arises from its ca-
pacity to stimulate IFN-� secretion by natural killer (NK) and
T cells, which in turn activates phagocytes to control parasite
growth.13 Nonetheless, in recent years, macrophages have been
recognized as competent cells regarding the ability to respond
to IL-12, which has led to the notion that this cytokine can in-
duce macrophage activation through an autocrine pathway. In-
deed, it has been shown that macrophages not only express �1
and �2 chains from IL-12 receptor (IL-12R), but also respond
to IL-12 by producing IFN-�, tumor necrosis factor-� (TNF-
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�), and nitric oxide (NO).14–24 IL-12 has also been implicated
in programming the macrophage response to lipopolysaccha-
ride (LPS) by upregulating the production of TNF-�.25 IL-18,
a cytokine secreted by several cell types, including macro-
phages, originally designated as IFN-�-inducing factor
(IGIF),26 has been shown to act in synergism with IL-12 to
stimulate IFN-� production by T cells,27 NK cells,28 B cells,27

macrophages,16,18,21 and DCs.29,30 Although IL-18 per se does
not seem to induce IFN-� secretion by these cells, it can im-
prove the response to IL-12 in different ways. In macrophages,
the synergic effect of IL-18 depends on nuclear translocation
of Stat4 that is attained only in the presence of both cytokines,18

whereas in DCs, IL-18 upregulates the activity of p38, a mem-
ber of the MAP kinase (MAPK) superfamily, culminating with
IFN-� secretion.29

Another feature attributed to IL-12 is the ability to down-
regulate the expression of transforming growth factor-�1 (TGF-
�1) mRNA in monocytes and bone marrow cells.31 Overall, IL-
12 directly influences the macrophage activation profile, driving
them to react against foreign stimuli with a response dominated
by proinflammatory cytokines. In this context, we have shown
previously that macrophages from IL-12p40KO mice have an
activation bias, spontaneously secreting large amounts of TGF-
�, and responding with weak NO production to rIFN-�.32,33

Moreover, IL-12p40KO macrophages are more permissive to
the growth of the intracellular protozoan Trypanosoma cruzi
than are wild-type cells and have an impaired ability to ingest
opsonized Plasmodium chabaudi-infected erythrocytes. Thus,
IL-12 might affect host defense against pathogens by at least
two distinct pathways: (1) inducing IFN-� production by sev-
eral cell types and (2) programming macrophages prior to the
onset of immune responses, rendering these cells prone to re-
act with an effector (NO-dominant) rather than a tolerant (TGF-
�-dominant) profile.

In the attempt to further characterize the effects of IL-12 and
IL-18 on macrophages, we have focused our attention on the
role of endogenously produced IFN-� in the ability of IL-12/IL-
18 to program the responses of CD11b� adherent peritoneal
cells (CD11b� aPECs). Taken together, our data highlight the
IL-12/IL-18 autocrine pathway of macrophage activation and
reinforce the notion that at least in some circumstances, mac-
rophages can be an alternative source of IFN-�.

MATERIALS AND METHODS

Mice and parasites

Six to eight-week-old C57BL/6, 129/SV, IFN-�KO, IFN-
GRKO, IL-12p40KO, MyD88KO, IRF-1KO, CD14KO, and
iNOSKO male mice were bred in our animal facilities at the
University of São Paulo, under standard pathogen-free condi-
tions. IFN-�KO, IFNGRKO, IL-12p40KO, iNOSKO, and
CD14KO mice are originally from Jackson Laboratories (Bar
Harbor, ME), MyD88KO34 mice were kindly provided by Dr
Bernard Ryffel (Centre National de la Recherche Scientifique,
Orléans, France), and IRF-1KO35 mice were kindly provided
by Dr Luiz Fernando Reis (Ludwig Institute for Cancer Re-
search, São Paulo, Brazil). T. cruzi trypomastigotes of the
Sylvio-X10/4 strain were purified from a monkey epithelial cell

line (LLC-MK2). C57BL/6 mice were infected i.p. with 103 try-
pomastigotes 3 months before the experiments.

PEC suspensions

Four to six mice were injected i.p. with 5 mL of 3% starch
(Sigma, St. Louis, MO). Five days later, cells were obtained by
peritoneal lavage with chilled RPMI 1640 (Sigma).

Purification of cell populations

CD11b� PECs were purified by magnetic beads coupled
with anti-CD11b (Mac-1, M1/70) monoclonal antibodies
(mAb), according to the manufacturer’s instructions (Miltenyi
Biotec GMBH, Bergisch Gladbach, Germany). Cells with size
(FSC) and granularity (SSC) characteristics of macrophages
were sorted by flow cytometry using a FacsVantage (Becton
Dickinson, Mountain View, CA) with CELLQUEST software
(Becton Dickinson). CD3�NK1.1� and CD3�NK1.1� cells
were purified with phycoerythrin (PE)-labeled anti-NK1.1
(PK136) and anti-CD3 (145-2C11) mAbs (PharMingen, San
Diego, CA), followed by magnetic beads coupled with anti-PE
mAb (Miltenyi Biotec).

Phenotypic analysis of purified macrophages

Cells (106) stained with FITC, PE, or Cy-Chrome-labeled
mAb to CD11b (Mac-1, M1/70), CD3 (145-2C11), and NK1.1
(PK136) (PharMingen) and F4/80 mAb (Caltag Laboratories,
Burlingame, CA) were analyzed by flow cytometry using a Fac-
scalibur (Becton Dickinson) with CELLQUEST software.

CD11b� aPEC culture conditions

Purified CD11b� PECs (2 � 105) were incubated for 4 h in
RPMI 1640 supplemented with penicillin (100 U/mL), strepto-
mycin (100 �g/mL), 2-mercaptoethanol (50 �M), L-glutamine
(2 mM), sodium pyruvate (1 mM), and 3% heat-inactivated fe-
tal bovine serum (FBS). All supplements were purchased from
Life Technologies (Rockville, MD). Nonadherent cells were re-
moved by three vigorous washes with warm and FBS-free
medium. To evaluate the direct effect of LPS, IFN-� IL-12, or
IL-18, cells were cultured with 0.1–50 �g/mL LPS (Sigma),
2.5–20 ng/mL rIFN-� (PharMingen), or 0.5–10 ng/mL rIL-12
(PharMingen) with or without 0.5–10 ng/mL rIL-18 (MBL In-
ternational Corporation, Woburn, MA), and the supernatants
was harvested 48 h later. To evaluate the priming effect of IL-
12, IL-18, and IFN-�, cells were cultured for 18 h with rIL-12
(2.5 ng/mL), rIL-18 (2.5 ng/mL), or rIFN-� (2.5 ng/mL),
washed with medium, and then stimulated for additional 48 h
with LPS (1 �g/mL) or T. cruzi (5 parasites/macrophage).

Detection of NO and TNF-� in culture supernatants

Culture supernatants were assayed for NO by the Griess re-
action. Briefly, 50 �L supernatant was incubated with 50 �L
Griess reagent for 5 min at ambient temperature, and the NO�

2

concentration was determined by measuring the optical density
(OD) at 550 nm in reference to a standard NaNO2 solution. A
modified bioassay was used to quantify TNF-�.36 TNF-�-sen-
sitive L929 cells (ATCC, Rockville, MD) were incubated in
supplemented RPMI 1640 overnight at 37°C in a 5% CO2 atmo-
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sphere at a density of 5.5 � 104 cells in flat-bottomed 96-well
plates. After medium removal, 100 �L of serial dilutions of cell
culture supernatants (diluted from 1:2 to 1:1024) were added
to each well. Four hours later, 10 �L medium containing actin-
omycin D was added to each well at a final concentration of 5
�g/mL. After 20 h in culture, viable L929 cells were stained
with 20 �L/well of 0.75% crystal violet in 30% acetic acid for
15 min, rinsed, and dried. Methanol was used to solubilize the
crystal violet, and the absorbance was read at 630 nm with a
Vmax-Kinetic Microplate Reader (Molecular Devices, Sunny-
vale, CA). Percent cytotoxicity was calculated by reference to
control monolayers incubated in medium only. One cytotoxic
unit corresponded to the sample dilution in which 50% of L929
cells were killed. To obtain TNF-�-positive serum, mice were
infected with BCG, and 2 weeks later 20 �g LPS was given in-
travenously (iv). TNF-�-rich serum was collected 90 min after
LPS inoculation.

Killing of intracellular T. cruzi parasites

The killing assay for intracellular T. cruzi parasites has been
described previously.32 CD11b� PECs (2 � 105) were added
to tissue culture chambers (Lab-Tek Chamber Slide, Nunc,
Rochester, NY) and incubated for 4 h in supplemented RPMI
medium. Adherent cells were then cultured for 24 h with rIL-
12 (2.5 ng/mL), rIL-18 (2.5 ng/mL), rIFN-� (2.5 ng/mL), or
medium, infected with T. cruzi at 5:1 ratio for 120 min, and
washed six times to remove extracellular parasites. Cultures
were kept for an additional 48 h with cytokines or medium. Af-
ter this period, cells were stained with Giemsa to count intra-
cellular amastigotes.

Detection of intracellular IFN-�

CD11b� aPECs (106) from normal and chronically T. cruzi-
infected C57BL/6 mice were cultured for 48 h at 37°C in a 5%
CO2 atmosphere, according to the manufacturer’s instructions,
in the presence or absence of rIL-12 and rIL-18 (10 ng/mL of
each). Monensin-containing Golgistop (PharMingen) was
added in the last 6 h of culture. After washing, cells were sur-
face stained with FITC-conjugated or Cy-Chrome-conjugated
mAbs to CD3 and NK1.1 (PharMingen) and F4/80 mAbs (Cal-
tag). Cells were then fixed with the Cytofix/Cytoperm buffer
(PharMingen) and incubated with PE-labeled mAb to IFN-�
(XMG-1.2) (PharMingen) diluted in Perm/Wash buffer
(PharMingen). Cells were analyzed by flow cytometry using a
Facscalibur with CELLQUEST software.

Confocal microscopy

For analysis of intracellular IFN-� and TNF-�, CD11b�

PECs (2 � 105) were added to tissue culture chambers (Lab-
Tek Chamber Slide) and incubated for 4 h in supplemented
RPMI medium. Adherent cells were then cultured for 18 h with
rIL-12 (2.5 ng/mL), rIL-18 (2.5 ng/mL), or medium, washed,
and then stimulated for an additional 6 h with LPS (1 �g/mL)
in the presence of monensin-containing Golgistop at 37°C in a
5% CO2 atmosphere, according to the manufacturer’s instruc-
tions. After washing, cells were surface stained with FITC-con-
jugated mAbs to CD11b and MHC II. Cells were then fixed
with the Cytofix/Cytoperm buffer and incubated with PE-la-

beled mAb to IFN-� (XMG-1.2) and TNF-� (MP6-XT22) di-
luted in Perm/Wash buffer. All reagents were purchased from
PharMingen. A CLSM 410 confocal microscopy (Carl Zeiss
Inc., Oberlochen, Germany) was used to reveal the surface and
intracellular staining with Carl Zeiss CLSM Image Browser
software (version 3.1).

Statistical analysis

Statistical analysis was performed by unpaired ANOVA and
Tukey’s multiple comparison tests using GraphPad Prism 3
software. Differences between two groups were considered sig-
nificant when the p value was �0.05 (5%).

RESULTS

Role of endogenous IFN-� in NO response 
of CD11b� aPECs

Initially, we compared the NO production of CD11b� aPECs
obtained from C57BL/6 and IFN-�KO mice. The rationale of
these experiments was to determine the influence of endoge-
nously produced IFN-� in the ability of these cells to release
NO in response to different stimuli. Therefore, CD11b� aPECs
of both mouse strains were cultured for 48 h with increasing
concentrations of LPS, rIFN-�, rIL-12, or rIL-12 plus rIL-18.
As shown in Figure 1, C57BL/6 and IFN-�KO cells released
significant amounts of NO in response to IFN-�. At low con-
centrations of IFN-�, however, higher NO production occurred
with C57BL/6 cells compared with IFN-�KO cells. When LPS
was used as a stimulus, C57BL/6 and IFN-�KO cells responded
at similar levels. In this case, however, an optimal response was
achieved only with high LPS doses. In contrast, IL-12 was un-
able to induce NO release, even at high concentrations and in
the presence of IL-18. We concluded that IL-12 alone or com-
bined with IL-18 is not capable of stimulating NO production
by peritoneal macrophages, a population that under our exper-
imental conditions comprises 98%–99% of CD11b� aPECs
(data not shown). In addition, our data have shown that en-
dogenous IFN-� is not required for NO release by these cells
when the stimulus is LPS or exogenous IFN-�.

Role of endogenous IFN-� in IL-12/IL-18
programming of LPS-induced NO response

Next, we evaluated the role of IL-12 and IL-18 in macro-
phage programming for LPS-induced NO response, focusing
again on endogenous IFN-�. Therefore, NO levels were quan-
tified in culture supernatants of CD11b� aPECs from C57BL/6,
129/SV, IFN-�KO and IFNGRKO mice treated with rIL-12 or
rIL-18 or both for 18 h and then stimulated for 48 h with 1
�g/mL LPS, a dose that induces CD11b� aPECs to release low
amounts of NO (Fig. 1). Additionally, the NO response was
evaluated in IL-12p40KO and IRF-1KO cells to estimate the
role of endogenous IL-12 and IL-23 and the contribution of IFN
regulatory factor-1 (IRF-1), a transcriptional activator of genes
involved in the IFN responses.37 Data in Figure 2 showed that
IL-12 programming of C57BL/6 and 129/SV cells increased the
LPS-induced NO production by 3–4-fold. Conversely, this re-
sponse was completely abolished in IFN-�KO, IFNGRKO, and
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IRF-1KO cells but not in IL-12p40KO cells. IL-18 pretreatment
also primed C57BL/6 cells, although the effect was less pro-
nounced compared with that of IL-12. The minor role of en-
dogenous IL-12 or IL-23 in IL-18 programming of LPS-induced
NO response was suggested by data showing that this response
was marginally reduced in IL-12p40KO cells. Remarkably, a
strong priming effect was observed when IL-12 and IL-18 were
added together, resulting in the release of 7–8 times more NO
by C57BL/6 and 129/SV cells compared with unprimed con-
trols. Again, IFN-�KO, IFNGRKO, and IRF-1KO cells were
unable to release NO, whereas IL-12p40KO cells behaved sim-

ilarly to C57BL/6 and 129/SV cells. As expected, IFN-� pre-
treatment partially rescued the LPS-induced NO response in
IFN-�KO cells, but IFNGRKO and IRF-1KO cells remained
unresponsive. Complementary results also showed that the
priming effect occurred at levels similar to those described
when C57BL/6 cells were maintained with IL-12 or IL-18 or
both for 6 h, 12 h, 48 h, or 96 h (data not shown). In conclu-
sion, IL-12/IL-18 pretreatment is able to program CD11b�

aPECs to produce NO in response to LPS, and a strong syner-
gism occurs between both cytokines. This priming effect is de-
pendent on endogenous IFN-�, IFN-�R, and IRF-1.
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FIG. 1. NO production by CD11b� aPECs from C57BL/6 and IFN-�KO mice. Five days after starch inoculation, C57BL/6
and IFN-�KO PECs were harvested and positively selected for CD11b expression using magnetic beads. CD11b� PECs (2 �
105) were allowed to adhere for 4 h and then washed and cultured with medium (time 0) or stimulated with LPS, rIFN-�, rIL-
12, or rIL-12 plus rIL-18. NO was measured in 48-h supernatants as described in Materials and Methods. Experiments were re-
peated three times, with the same pattern of results. Data represent the mean � SD of the different experiments. *p � 0.05, com-
pared with values from IFN-�KO cells.

FIG. 2. IL-12/IL-18 programming of LPS-induced NO production in CD11b� aPECs from C57BL/6, 129/SV, IFN-�KO, IFN-
GRKO, IRF-1KO, IL-12p40KO, MyD88KO, and CD14KO mice. C57BL/6, 129/SV, IFN-�KO, IFNGRKO, IRF-1KO, IL-
12p40KO, MyD88KO, and CD14KO CD11b� aPECs (2 � 105) were cultured for 18 h in medium without ((�)) or with rIL-12,
rIL-18, rIL-12 plus rIL-18, or rIFN-� (2.5 ng/mL of each). After washing, cells were stimulated for an additional 48 h with LPS
(1 �g/mL). NO was measured in supernatants as described in Materials and Methods. Experiments were repeated three times,
with the same pattern of results. Data represent the mean � SD of the different experiments. *p � 0.05, compared with values
from C57BL/6 cells; #p � 0.05, compared with values from cells kept only in culture medium.



Role of myeloid differentiation factor 88 (MyD88) 
and CD14 in IL-12/IL-18 programming of 
LPS-induced NO response

To characterize the toll-like receptor (TLR) signaling path-
way involved in the LPS-induced NO response programmed by
IL-12 or IL-18 or both, we also analyzed CD11b� aPECs from
MyD88KO and CD14KO mice. As shown in Figure 2, IL-
12/IL-18-primed MyD88KO cells were able to respond to LPS,
but the NO levels were significantly lower than those obtained
in C57BL/6 cells. In contrast, the amounts of NO released by
CD14KO cells were higher than those produced by C57BL/6
cells. These findings suggest that macrophage programming is
partially dependent on MyD88 and that IL-12/IL-18 pretreat-
ment bypasses the requirement for CD14.

Effects of IL-12/IL-18 programming on 
T. cruzi-induced NO response

T. cruzi, the etiologic agent of Chagas’ disease, is an intra-
cellular parasite whose killing by macrophages is dependent on
TLR2 and TLR9 activation38 and NO release.39 In a previous
study, we demonstrated the involvement of IL-12 in the resis-
tance of macrophage against this infection by showing that mac-
rophages from IL-12p40KO mice are more permissive to T.
cruzi replication than are wild-type cells.32 Our next step was
to determine if IL-12/IL-18 programming of CD11b� aPECs

would upregulate the NO response to T. cruzi and, in conse-
quence, restrain the intracellular infection. Parasite growth was
inhibited in IL-12/IL-18-primed C57BL/6 cells, an effect that
clearly correlated with the NO levels in culture supernatants
(Fig. 3). Remarkably, IL-12/IL-18 pretreatment was even more
efficient than IFN-� for protecting C57BL/6 cells against T.
cruzi infection. When IL-12 was used alone, even if the NO re-
sponse was less pronounced, a significant decrease in the per-
centage of infected macrophages could still be observed. We
also found that IFN-�KO cells failed to develop a NO response
to T. cruzi, even after IL-12/IL-18 pretreatment. Our main con-
clusion from these results is that IL-12/IL-18 programming of
CD11b� aPECs protects macrophages from T. cruzi infection.
Endogenous IFN-� mediates this protective effect probably
through an NO-dependent mechanism.

Role of endogenous IFN-� in IL-12/IL-18
programming of LPS-induced TNF-� response

The ability of IL-12 to program the TNF-� response has been
described previously.25 In an attempt to verify the role of en-
dogenous IFN-� in IL-12/IL-18 programming of LPS-induced
TNF-� production, we have analyzed CD11b� aPECs from
C57BL/6 and IFN-�KO mice. In C57BL/6 cells, priming with
IL-12 or IL-18 led to an increased TNF-� secretion in response
to LPS, but combination of these cytokines greatly enhanced
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FIG. 3. IL-12/IL-18 programming of T. cruzi-induced NO response and of macrophage microbicidal activity. C57BL/6 and
IFN-�KO CD11b� aPECs (2 � 105) were cultured for 24 h in medium without ((�)) or with rIL-12, rIL-12 plus rIL-18, or rIFN-
� (2.5 ng/mL of each). Cells were then infected with T. cruzi at a 5:1 ratio for 120 min, washed to remove extracellular para-
sites, and kept for an additional 48 h with cytokines or medium. After this period, cells were stained with Giemsa to count in-
tracellular amastigotes (A and B). NO was measured in supernatants as described in Materials and Methods (A). Experiments
were repeated three times, with the same pattern of results. Data represent the mean � SD of the different experiments. *p �
0.05, compared with values from IFN-�KO cells; #p � 0.05, compared with values from cells kept only in culture medium.



this effect (Fig. 4). Interestingly, different from the NO re-
sponse, pretreatment of IFN-�KO cells with IL-12 or IL-18 or
both caused considerable TNF-� production after LPS stimu-
lation. Taken together, these results show that IL-12 and IL-18
are able to program the LPS-induced TNF-� response of
CD11b� aPECs through an IFN-�-independent pathway.

Role of MyD88 in LPS-induced TNF-� response
programmed by IL-12 or IL-18 or both

To evaluate the involvement of the MyD88-dependent path-
way in IL-12/IL-18-primed LPS-induced TNF-� response,
CD11b� aPECs from MyD88KO mice were also analyzed.
Data in Figure 4 showed that MyD88KO cells failed to secrete
TNF-� in response to LPS, even after IL-12/IL-18 priming.
Therefore, we concluded that different from the NO response,
TNF-� production programmed by IL-12/IL-18 exclusively oc-
curs through the MyD88-signaling pathway.

Contribution of lymphocytes in IL-12/IL-18
programming of LPS-induced NO 
and TNF-� responses

Although several reports have described macrophages as
IFN-�-producing cells, this matter deserves further investiga-

tion, as minute contamination with T and NK cells has been
implicated in IFN-� production in IL-12/IL-18-stimulated mac-
rophage cell cultures.40 Therefore, experiments were performed
to determine the contribution of lymphocytes to the LPS-in-
duced NO and TNF-� responses of IL-12/IL-18-primed aPECs.
In these studies, total C57BL/6 cells showing granularity and
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FIG. 4. IL-12/IL-18 programming of LPS-induced TNF-� re-
sponse in CD11b� aPECs from C57BL/6, IFN-�KO, and
MyD88KO mice. C57BL/6, IFN-�KO, and MyD88KO CD11b�

aPECs (2 � 105) were cultured for 18 h in medium without ((�))
or with rIL-12, rIL-18, rIL-12 plus rIL-18, or rIFN-� (2.5 ng/mL
of each). After washing, cells were stimulated for additional 6 h
with LPS (1 �g/mL). TNF-� was measured in supernatants as
described in Materials and Methods. Experiments were repeated
three times, with the same pattern of results. Data represent the
mean � SD of the different experiments. *p � 0.05, compared
with values from C57BL/6 cells; #p � 0.05, compared with val-
ues from cells kept only in culture medium

FIG. 5. IL-12/IL-18 programming of LPS-induced NO and
TNF-� responses in highly purified macrophages. (A) Cells
with a macrophage size were sorted by flow cytometry from
C57BL/6 PECs. (B) Percentage of NK1.1� and CD3� cells
were determined before and after sorting. (C) CD11b� aPECs
(2 � 105) (sorted and nonsorted) of C57BL/6 mice were cul-
tured for 12 h in medium without ((�)) or with rIL-12 (2.5
ng/mL), rIL-18 (2.5 ng/mL) or both. After washing, cells were
stimulated for an additional 6 h (for TNF-� detection) or 48 h
(for NO detection) with LPS (1 �g/mL). NO and TNF-� were
measured in supernatants as described in Materials and Meth-
ods. Experiments were repeated three times, with the same pat-
tern of results. Data represent the mean � SD of the different
experiments. *p � 0.05, compared with values from sorted
cells; #p � 0.05, compared with values from cells kept only in
culture medium.



size characteristics of lymphocytes were removed from the PEC
suspensions using a cell sorter. This procedure eliminated
91.7% of NK1.1� cells and 95.1% of CD3� cells (Figs. 5A,B).
Total and sorted cells were then allowed to adhere, washed, and
cultured with rIL-12 or rIL-18 or both for 18 h and stimulated
with LPS for an additional 6 h for TNF-� analysis and 48 h for
NO analysis. It is worth noting that in these experiments, cells
were not purified according to CD11b expression. As shown in
Figure 5C, adherent sorted cells were able to produce NO in
response to LPS when primed with IL-12 and IL-12/IL-18.
However, in these cases, NO levels reached 43.1% and 30.2%
in relation to those of adherent total cells, respectively. In con-
trast, we observed that LPS-stimulated total and adherent sorted
cells produced an equivalent amount of TNF-�, attaining max-
imum levels after IL-12/IL-18 priming. Thus, according to our
data, lymphocytes are not necessary for the IL-12/IL-18 pro-
gramming of LPS-induced TNF-� response, but they clearly
modulate the NO response.

Contribution of CD3�NK1.1� and CD3�NK1.1�

cells to IL-12/IL-18 programming of 
LPS-induced NO response

The aim of the next experiments was to determine if peri-
toneal cells other than T and NK cells could supply the IFN-�
required for IL-12/IL-18 programming of the LPS-induced NO
response of CD11b� aPECs. For these experiments, PECs of
iNOSKO mice were used as sources of IFN-�-producing cells
(unable to release NO) and PECs of IFN-�KO mice supplied
IFN-�-responding cells (able to release NO but not IFN-�). Ini-

tially, iNOSKO PECs were separated according to NK1.1 and
CD3 expression in CD3�NK1.1� and CD3�/NK1.1� cells.
CD3�NK1.1� (iNOSKO) cells presented around 0.3% of con-
tamination with NK1.1� and CD3� cells (Fig. 6A), whereas
these cell populations comprised 86.4% of CD3�NK1.1�

(iNOSKO) cells (data not shown). CD3�NK1.1� and
CD3�NK1.1� (iNOSKO) cells were titrated in 96-well culture
plates containing IFN-�KO aPECs. Cells were then cultured
with rIL-12 plus rIL-18 for 18 h, washed, and stimulated with
LPS for an additional 48 h. As shown in Figure 6B, consid-
erable NO levels were detected in the supernatants of LPS-
stimulated IFN-�KO cells that had been cultured with
CD3�NK1.1� and CD3�NK1.1� (iNOSKO) cells in the pres-
ence of IL-12/IL-18. Moreover, there was a positive correlation
between the NO levels and the cell ratios, that is, the number
of CD3�NK1.1� or CD3�NK1.1� (iNOSKO) cells divided by
the numbers of IFN-�KO cells. From the tendency titration
curves, we compared the capacity of IL-12/IL-18-stimulated
CD3�NK1.1� and CD3�NK1.1� (iNOSKO) cells to provide
the IFN-� needed for programming IFN-�KO cells to release
10 �M of NO�

2 in response to LPS. We found that the fre-
quencies of CD3�NK1.1� and CD3�NK1.1� cells required for
obtaining this priming effect were 1/1731 and 1/319, respec-
tively (Fig. 6C). Thus, assuming that half of IFN-�KO cells
were adherent cells (105 cells/well), 58 CD3�NK1.1� cells/well
and 313 CD3�NK1.1� cells/well would be necessary to reach
10 �M of NO�

2. Furthermore, considering that T or NK cells
comprise around 0.3% of CD3�NK1.1� cells, �1 contaminant
CD3� or NK1.1� cell would be expected among 313
CD3�NK1.1� cells, a number 50 times lower than the one pre-
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FIG. 6. Contribution of CD3�NK1.1� and CD3�NK1.1� (iNOSKO) cells in the IL-12/IL-18 programming of LPS-induced
NO response of adherent peritoneal IFN-�KO cells. (A) iNOSKO PECs were separated according to the expression of NK1.1
and CD3 in CD3�NK1.1� and CD3�NK1.1� cells as described in Materials and Methods. Percentages of NK1.1� and CD3�

cells were determined before and after cell separation. (B) aPECs (2 � 105) from IFN-�KO mice were cultured for 12 h in medium
without ((�)) or with rIL-12 (2.5 ng/mL) plus rIL-18 (2.5 ng/mL) in the presence of titrated numbers of CD3�NK1.1� and
CD3�NK1.1� (iNOSKO) PECs. After washing, cells were stimulated for an additional 48 h with LPS (1 �g/mL). NO was mea-
sured in supernatants as described in Materials and Methods. Cell ratios were obtained by dividing the number of CD3�NK1.1�

or CD3�NK1.1� (iNOSKO) cells by the numbers of IFN-�KO cells. Tendency titration curves calculated by the method of least
squares were used to obtain the correspondent mathematic equations. (C) The cell ratios expected to attain a NO�

2 level of 10
�M in the culture supernatants were determined by using the mathematic equations obtained from tendency titration curves. Ex-
periments were repeated three times, with the same pattern of results. Data represent the mean � SD of the different experiments.
#p � 0.05, compared with cells kept only in culture medium.



dictable if the priming effect of CD3�NK1.1� cells were due
to CD3�NK1.1� cell contamination. Besides this, considering
the tendency titration curves, a very high CD3�NK1.1� cell
contamination (of around 8%) would be necessary to attain 20
�M of NO�

2. These data corroborate the notion that cell pop-
ulations other than T and NK cells may contribute to the IFN-
� production required for programming IFN-�KO cells to re-
lease NO in response to LPS.

Analysis of IFN-� production by IL-12/IL-18-
stimulated macrophages

As there are conflicting results in the literature regarding the
capacity of peritoneal macrophages to produce IFN-�,41 ex-
periments were carried out to clarify this issue. When the phe-
notype of IFN-�-producing cells was assessed by confocal 
microscopy, we found a few CD11b� aPECs expressing intra-
cellular IFN-� and surface MHC II. Positive staining for intra-
cellular IFN-� could be detected among C57BL/6 CD11b�

aPECs primed with rIL-12 plus rIL-18 for 18 h and then stim-
ulated with LPS for 6 h in the presence of Golgistop contain-
ing monensin (Fig. 7A). IFN-�KO CD11b� aPECs treated in
the same manner were used as a negative control. Intracellular
TNF-� staining of LPS-stimulated C57BL/6 CD11b� aPECs
was the positive control. Moreover, low levels of IFN-� pro-
tein (1.5 � 0.3 ng/mL) could be detected in culture supernatants
from IL-12/IL-18-primed LPS-stimulated C57BL/6 CD11b�

aPECs, whereas those from unprimed macrophages were neg-
ative. To address IFN-� production using a different approach,
C57BL/6 CD11b� aPECs cultured with or without rIL-12 plus
rIL-18 were surface-labeled for F4/80, CD3, and NK1.1 and
analyzed for intracellular IFN-� by flow cytometry. Adherent
PECs from chronically T. cruzi-infected C57BL/6 mice were
also evaluated, as we previously observed high NO production
by these cells after LPS stimulation. Data in Figure 7B showed
an increase of intracellular IFN-� in F4/80�CD3�NK1.1� cells
after IL-12/IL-18 stimulation. Interestingly, when cells were
obtained from chronically T. cruzi-infected mice, the per-
centage of IFN-�-producing cells attained 2.75% of
F4/80�CD3�NK1.1� cells. Intracellular IFN-� was also de-
tected in IL-12/IL-18-stimulated CD3� and NK1.1� cells, but
CD45R(B220)� cells showed no staining for this cytokine 
(data not shown). Among IL-12/IL-18-stimulated CD11b�

aPECs from noninfected mice, 1.2% of the cells were positive
for CD3, with 12% of them coexpressing IFN-�, whereas
NK1.1� cells corresponded to 0.3% of the cells, with 6% of
them containing intracellular IFN-�. This represents a total of
0.16% contamination with IFN-�� lymphocytes (data not
shown). Thus, among CD11b� aPECs, the numbers of IFN-
��F4/80�CD3�NK1.1� cells were 9-fold higher than those of
IFN-��CD3�/NK1.1� contaminant cells. In conclusion, our
studies have identified MHC II� and F4/80� cells, as well as
CD3� and NK1.1� cells, as sources of IFN-� among IL-12/IL-
18-stimulated CD11b� aPECs.

DISCUSSION

Although IL-12 and IL-18 have been shown to induce se-
cretion of IFN-�, TNF-�, and NO by macrophages,14–24 it is

still a matter of debate whether these responses are entirely car-
ried out by macrophages or require the cooperation of other cell
types.41 Here, we have investigated the role of endogenous IFN-
� in macrophage programming by IL-12 and IL-18. Initially,
we found that IL-12 and IL-18 cannot stimulate NO release by
CD11b� aPECs, but these cytokines are very effective and act
synergistically in programming macrophages for a robust pro-
duction of NO and TNF-� in response to LPS. Accordingly,
IL-12/IL-18 pretreatment also primed macrophages for NO pro-
duction in response to T. cruzi infection, showing a direct cor-
relation with resistance to intracellular parasite replication. We
have also found that endogenous IFN-�, IFNGR, and IRF-1 are
essential for IL-12/IL-18 programming of LPS-induced NO
production, whereas TNF-� production is independent of en-
dogenous IFN-�. Regarding the IL-12/IL-18 priming effect for
LPS-induced responses, we have observed that the MyD88-de-
pendent pathway of TLR4 signaling is indispensable for TNF-
� production, whereas for NO release, the MyD88 requirement
is only partial. Concerning the involvement of lymphocytes in
IL-12/IL-18 priming, we have found that for TNF-� secretion,
contaminant lymphocytes play no role, whereas for NO release,
they do play a significant role, as they contribute to providing
IFN-�. Most importantly, we have identified macrophages as
an alternative source of IFN-� among CD11b� aPECs, partic-
ularly in the peritoneum of chronically T. cruzi-infected mice.

Previous studies have shown that peritoneal and bone mar-
row-derived macrophages stimulated with IL-12 and IL-18 are
able to produce NO and that this response is dependent on IFN-
�.42,43 We could not reproduce these results, as we did not de-
tect NO production in response to IL-12/IL-18 stimulation. One
likely explanation for these differences is that our macrophage
cultures contained lower numbers of IFN-�-producing cells.
This could be due to the fact that we used unprimed macro-
phages purified according to CD11b expression to minimize
lymphocyte contamination. Thus, it seems that IL-12 does not
induce NO release by unprimed peritoneal macrophages, even
in the presence of considerable amounts of IL-18. In contrast,
a few IFN-�-producing cells among CD11b� aPECs seem to
be sufficient to allow IL-12/IL-18 programming for the NO re-
sponse to LPS or T. cruzi. This priming effect is undoubtedly
an interesting phenomenon, as it renders macrophages highly
efficient at the moment of their encounter with pathogens. In
addition, considering that iNOS gene promoter contains an NF-
�B-binding sequence44 and an IRF-1-binding sequence,45,46 our
data indicate that the IRF-1 transcription factor is essential for
IL-12/IL-18 programming of LPS-induced NO response, de-
spite the fact that high doses of LPS can directly induce NO
production by macrophages through activating NF-�B. In other
words, a likely description for the priming phenomenon is that
IL-12/IL-18 pretreatment induces the secretion of IFN-�, which
acts through IRF-1 and programs macrophages for enhanced
NO production.

Different from the NO response, IL-12/IL-18 pretreatment
seems to directly program the LPS-induced TNF-� production
in peritoneal macrophages. This conclusion was suggested by
our results showing a similar TNF-� response in the presence
or in the absence of IFN-� or contaminant lymphocytes. The
involvement of IFN-� in TNF-� secretion has been investigated
previously by treating macrophages with anti-IFN-� antibod-
ies. These studies showed that the TNF-� response to LPS oc-
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curs independently of IFN-�,15 whereas this cytokine is required
for TNF-� production in response to IL-12/IL-18.20 Thus, it
looks as if both TLR4-dependent and IFN-�-dependent path-
ways participate in TNF-� secretion. In some circumstances,
the IFN-� pathway seems to predominate, as suggested by data
showing abrogation of the synergistic effect of IL-12 on TNF-
� secretion in BCG-infected IFN-�KO macrophages.22 Con-
versely, in the priming effect described here, IL-12/IL-18 pre-

treatment could enhance the amount of TNF-� induced by LPS
in an IFN-�-independent manner by upregulating TNF tran-
scripts, which could result from transcriptional and posttran-
scriptional modifications, as previously described for phorbol-
activated human monocytes.47

Macrophage activation through TLR4 causes NF-�B activa-
tion by the MyD88-dependent pathway and in IRF-3 activation
by the TRIF (TOLL/IL-IR[TIR] domain containing adapter in-
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FIG. 7. IFN-� production by CD11b� aPECs. (A) CD11b� aPECs (2 � 105) from C57BL/6 and IFN-�KO mice were cultured
in medium without ((�)) or with rIL-12 and rIL-18 (2.5 ng/mL of each) for 18 h. After washing, cells were cultured for 6 h with
LPS (1 �g/mL) in the presence of Golgistop containing monensin. Fixed cells were stained with fluorochrome-labeled antibod-
ies to CD11b, MHC II, TNF-�, and IFN-� and analyzed by confocal microscopy. (B) CD11b� aPECs (2 � 105) from nonin-
fected and chronically T. cruzi-infected C57BL/6 mice were kept in culture medium without ((�)) or with rIL-12 plus rIL-18
(2.5 ng/mL of each) for 48 h. Golgistop containing monensin was added in the last 6 h. Fixed cells were stained with fluo-
rochrome-labeled antibodies to F4/80, CD3, NK1.1, and IFN-� and analyzed by flow citometry. Gated F4/80�CD3�NK1.1�

cells are shown. Experiments were repeated three times, with the same pattern of results.



ducing IFN-�)-dependent pathway.48 TLR4, upon recognition
of LPS, can induce the production of proinflammatory cyto-
kines, such as TNF-�, IL-1�, and IL-6, in an MyD88-depen-
dent manner, and in turn, these cytokines might modulate NO
production. TLR4 signaling also leads to rapid IRF-3 activa-
tion, resulting in IFN-�/� release and to delayed NF-�B acti-
vation with production of NO and several chemokines.49 Our
results confirm the major role of an MyD88-dependent path-
way for the LPS-induced TNF-� response programmed by IL-
12/IL-18, whereas for NO release, both arms of the TLR4 sig-
naling pathway seem to cooperate. NF-�B and IRF-1
transcription factors may act together on their specific binding
sequences in the iNOS gene promoter for optimal NO produc-
tion.45,46 Our data showing MyD88-independent LPS-induced
NO production in IL-12/IL-18-primed macrophages could be
explained either by the delayed NF-�B activation or by the se-
cretion of IFN-�/�. However, our results clearly showed that
signaling via IFNGR is essential for NO production, indicating
the major role of IFN-� in this model. Thus, the involvement
of IFN-�/� in NO production might be indirect in this process
probably by enhancing IFN-� production via Stat1 activation.50

In addition, although CD14 is known to improve the interac-
tion of LPS with TLR4,48 in our experiments, this coreceptor
was not required for the LPS-induced NO response of IL-12/IL-
18-primed macrophages. A possible explanation for this find-
ing is that IL-12/IL-18 priming increases the number or avid-
ity of TLR4 molecules in macrophages, bypassing the
requirement for CD14.

The low numbers of IFN-�-producing cells within IL-12/IL-
18-stimulated CD11b� aPECs make their identification a hard
task.41 Here, we have addressed this issue by three different ap-
proaches. The first approach, in which lymphocytes were elim-
inated from cell preparations, clearly showed a significant 
role for these cells in NO production. The second approach,
which compared the priming capacity of CD3�NK1.1� and
CD3�NK1.1� cells, indicated that the IFN-� supplied by cells
other than T and NK cells contributes to enhancing the NO re-
sponse programmed by IL-12/IL-18. Moreover, by evaluating
intracellular IFN-� in IL-12/IL-18-stimulated CD11b� aPECs,
we have identified a small fraction of IFN-�-producing cells
with a macrophage phenotype, which was significantly in-
creased in chronically T. cruzi-infected mice. Thus, it seems
that in some circumstances, as the one shown here, macro-
phages could also secrete IFN-�. Classic sources of IFN-� are
NK cells, CD4� cells, and CD8� T cells, but NK T cells, ��
T cells, and B cells have also been shown to secrete this cyto-
kine.41 More recently, myeloid cells, such as macrophages and
DCs, were also reported to produce IFN-�.40 Thus, in princi-
ple, macrophages, DCs, and B cells from the peritoneal cavity
could be alternative sources of IFN-� after IL-12/IL-18 stimu-
lation. We have found that the small fraction of CD3�NK1.1�

cells expressing intracellular IFN-� was positive for F4/80, a
macrophage marker not expressed by DCs and B cells. 
Although MHC II� IFN-�� cells visualized by confocal 
microscopy could still be B cells, the few contaminant
CD45R (B220)� cells did not show intracellular IFN-�, as
revealed by flow cytometry. Based on these considerations,
we concluded that a small proportion of macrophages among
CD11b� aPECs is able to secrete IFN-� when stimulated with
IL-12/IL-18.

Our finding that IFN-��F4/80�CD3�NK1.1� cells were in-
creased in chronically T. cruzi-infected mice not only corrobo-
rates the idea that in some situations macrophages can produce
IFN-� but also indicates that this capacity can be acquired un-
der conditions of infection. This is an interesting possibility, as
IFN-� mRNA and protein have been detected in macrophages
obtained from mice and humans infected with mycobacteria,
Legionella, Salmonella, and Chlamydia.15,19,51,52 Unknown ad-
ditional signals generated in vivo could be required for making
macrophages capable of secreting IFN-� in response to IL-
12/IL-18. As a consequence of this, the proportion of IFN-�-
secreting cells within IL-12/IL-18-stimulated peritoneal mac-
rophages would vary according to the immunologic status of
the animals. This is an interesting point because it could be the
reason why in our experiments only a minor fraction of IL-
12/IL-18-stimulated F4/80� cells showed intracellular IFN-�.
This hypothesis could explain the fact that this population is in-
creased in chronically T. cruzi-infected mice. Regarding the ad-
ditional signals that could be necessary to differentiate macro-
phages in IFN-�-secreting cells, IL-2 and IL-15 emerge as
reliable possibilities. IL-2 has been shown to induce expression
and secretion of IFN-� by peritoneal macrophages, an effect
synergized by simultaneous activation with IL-12.24 IL-15, in
association with IL-12, is a potent stimulus for IFN-� produc-
tion by a recently described population of DCs showing cyto-
toxic activity.53 The necessity of IL-2 or IL-15 or both for IFN-
� secretion by macrophages could be an alternative explanation
for the results of Schleicher et al.,40 showing the absence of
IFN-� protein, with detectable levels of IFN-� mRNA, in IL-
12/IL-18-stimulated PECs from mice lacking the common �
chain, which is shared by both IL-2 and IL-15 receptors. An-
other additional signal that could be implicated in macrophage
differentiation to IFN-� production is the one provided by the
CD40–CD40L costimulatory pathway, which results from in-
teraction with lymphocytes and other cell types. This possibil-
ity is suggested by data showing that i.p. injection of anti-CD40
antibodies elicits intracellular IFN-� expression by 55%–75%
of F4/80� peritoneal macrophages.54

The results presented here reinforce the notion that IL-12, in
synergism with IL-18, can program macrophages through an
autocrine pathway,14–24 corroborating our previous observation
that IL-12 or IL-23 or both directly influence the macrophage
activation profile.32,33 In addition, the present study suggests
that at least in some circumstances, macrophages can be an al-
ternative source of IFN-�. The biologic relevance of intracel-
lular IFN-� in macrophages is still under discussion.41 Our re-
sults indicate that by producing minute quantities of IFN-�,
which could be insufficient for directly activating effector func-
tions, macrophages can be programmed for an optimized re-
sponse to a future encounter with pathogens. Based on these
findings, we consider the elucidation of the molecular basis in-
volved in macrophage differentiation an exciting field for the
near future.
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