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Infection withMycobacterium tuberculosis or phagocytosis of large latex beads induced interleukin-12 (IL-12)
production in macrophages. In contrast, tumor necrosis factor (TNF) was produced only in response to M.
tuberculosis infection, not after phagocytosis of latex beads. Comparable results were obtained with cells from
immunocompetent C57BL/6 and gamma interferon receptor-deficient mutant mice. Thus, phagocytosis by
mechanisms not specific forM. tuberculosis was a sufficient trigger for IL-12 secretion, emphasizing the central
role of this cytokine in the initiation of anti-infective immunity.

The early cytokine response by the innate immune system
has a decisive influence on the host response against infectious
agents (4, 25). The early cytokines fulfill two major functions.
First, they mobilize the innate immune system to achieve rapid
control of the infectious agent. Second, they perform an in-
structive role in the acquired immune response by promoting
appropriate expression of T-cell functions (4). Tumor necrosis
factor (TNF), which is produced by infected macrophages,
contributes to early restriction of microbial growth by the in-
nate immune system (5). Early interleukin-12 (IL-12) favors
TH1 cell development, whereas early IL-4 promotes TH2 cell
differentiation (11, 25). Because gamma interferon (IFN-g)-
secreting TH1 cells are vital for protection against intracellular
pathogens, rapid IL-12 induction is essential for protective
immunity against these infections. Although the central role of
IL-12 in protection against intracellular pathogens, including
Listeria monocytogenes, Leishmania major, and Mycobacterium
tuberculosis, has been established (2, 9, 13, 26), the require-
ments for IL-12 induction remain insufficiently understood,
and different pathways have been described (6, 10, 11, 23, 24).
To determine factors involved in IL-12 induction in tubercu-
losis, we performed in vitro studies with viable and heat-killed
M. tuberculosis organisms as well as with inert particles. To fur-
ther analyze IFN-g involvement in IL-12 induction, these ex-
periments used immunocompetent C57BL/6 mice as well as
IFN-g receptor-deficient gene deletion mutant (IFN-gR2/2)
mice.
C57BL/6 and IFN-gR2/2 mice were bred and maintained at

the central animal facilities of the University of Ulm under
strict specific-pathogen-free conditions. Breeding pairs of the
IFN-gR2/2 mouse mutants were kindly provided by M. Aguet,
Lausanne, Switzerland (14). Bone marrow cells from the fem-
ora of 8- to 12-week-old mice were cultured in Dulbecco mod-
ified Eagle medium (Gibco BRL, Paisley, Scotland) supple-
mented with 10% fetal calf serum (FCS; PAA, Linz, Austria),
5% horse serum (Seromed, Berlin, Germany), and 30% con-
ditioned medium from L929 cells at 378C in CO2 for 9 days as
described previously (5). The resulting bone marrow-derived
macrophages (BMM) were used as source of macrophages.
Single-cell suspensions were prepared from spleens by teasing
through stainless steel meshes as described previously (16).

Spleen cells were seeded into 96-well plates at 2 3 105 cells/
well and cultured in Iscove modified Dulbecco medium sup-
plemented with 10% FCS, 10 mM glutamine, 0.05 mM mer-
captoethanol, and 1 mg of indomethacin per ml. BMM were
plated into 96-well plates at 5 3 104 cells/well in Dulbecco
modified Eagle medium supplemented with 10% FCS, 10 mM
glutamin, and 1 mM sodium pyruvate 24 h before stimulation.
Cells were stimulated with live M. tuberculosis H37Rv (infec-
tion ratio of 1:1), 106 heat-killed M. tuberculosis (HKM; ob-
tained by heating a culture of M. tuberculosis for 2 h at 808C),
or two different-size (1.2 or 3.1 mm in diameter) latex beads
(Sigma, Dreieich, Germany) at a concentration of 106 per well.
BMM and spleen cells were cultured for 4 and 2 days, the
respective time points of maximal responses. Afterwards, su-
pernatants were removed and IL-12 (p40 and p70, monoclonal
antibody clones C17.8 and C15.6) or TNF concentrations were
determined by enzyme-linked immunosorbent assay (ELISA)
or bioassay, respectively, as described in detail elsewhere (16,
17). To assess the metabolic activity of cultured cells indepen-
dent of proliferation, cells were incubated in the presence of
MTT (dimethylthiazol-diphenyltetrazolium bromide) (Sigma)
after removal of supernatants (on day 2 or 4 for spleen cells or
BMM, respectively) for another 4-h period. This measurement
provides information about the metabolic cell activity indepen-
dent of proliferation (12, 18). Quantifications were performed
with a SpectraMax apparatus (Molecular Devices, Sunnyvale,
Calif.), using the SoftMax ProSoftware (Molecular Devices).
BMM from C57BL/6 and IFN-gR2/2 gene disruption mu-

tant mice produced IL-12 after stimulation with live M. tuber-
culosis, HKM, and 3.1-mm-diameter latex beads (Fig. 1A). In
both IFN-gR2/2 and C57BL/6 mice, highest IL-12 levels were
induced by viable M. tuberculosis organisms. TNF was detect-
able only after stimulation with viable M. tuberculosis organ-
isms or HKM, whereas latex beads of either size failed to
induce TNF secretion (Fig. 1B). Comparable results were ob-
tained after stimulation of spleen cells from C57BL/6 or IFN-
gR2/2 mice (Fig. 2). Determination of metabolic activities by
the MTT assay is considered an in vitro marker of metabolic
cell activity independent of proliferation (12). Because under
the culture conditions used, BMM showed no or only marginal
proliferation (data not shown), metabolic activity of BMM or
spleen cells was evaluated by MTT cleavage. A significant
metabolic activity was observed after stimulation of BMM (Fig.
3A) as well as of naive spleen cells (Fig. 3B) in response to all
stimuli used. Since MTT cleavage is caused by oxidative me-
tabolism of cells as well as bacteria, cells infected with live
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bacteria could not be analyzed by this method due to intracel-
lular survival of M. tuberculosis organisms. Our data show that
cells are metabolically active in vitro under conditions which
do not induce IL-12 or TNF secretion. We further assume that
the failure to digest inert latex beads caused long-lasting acti-
vation of BMM and spleen cells independent of their size. In
contrast, only the larger (3.1-mm-diameter) latex beads were
capable of inducing measurable amounts of IL-12; the smaller
(1.2-mm-diameter) ones failed to do so. Induction of IL-12 by
inert particles suggests a role of phagocytosis in IL-12 induc-
tion. It remains to be established whether phagocytosis of
particles involved scavenger receptors or other mechanisms
(15). Failure to stimulate IL-12 secretion in murine peritoneal
exudate cells by small latex beads has been described else-
where (23), whereas Fulton et al. found IL-12 induction in
human peripheral blood cells by larger latex beads (10). Our
data suggest dependency on the size of latex beads of IL-12
induction. Differential uptake of particles of different size has
been described previously (20). Taken together, these findings
suggest that phagocytosis by mechanisms which are not unique
to M. tuberculosis organisms promoted IL-12 induction. In
addition, receptor-mediated signalling induced by mycobacte-
rium-specific ligands could synergize with this type of phago-
cytosis in macrophage activation (1, 21, 22, 26, 27). The most
likely candidate for receptor-mediated IL-12 induction by M.

tuberculosis is lipoarabinomannan (10, 22, 27). This glycolipid
has been shown to participate in the uptake of M. tuberculosis
via the mannose receptor (22). This receptor, however, cannot
be made responsible for engulfment of latex beads, which may
be taken up by scavenger receptors (15). Therefore, M. tuber-
culosis can induce IL-12 through different pathways, with at least
two receptors as likely candidates for IL-12 induction (21, 22).
Previous experiments from this laboratory suggested IFN-g

dependency of IL-12 induction byM. bovis BCG in BMM from
IFN-gR2/2 mutants which were grown in serum-free medium
(6). We assume that in absence of serum, BMM remained in a
highly quiescent stage, causing a need for IFN-g in IL-12
secretion by these cells. The data described here show that
IL-12 can be induced in serum-cultured BMM from IFN-
gR2/2 mice, suggesting that IFN-g dependency can be over-
come by stimuli present in the serum. In contrast to IL-12,
TNF was not induced by latex beads, and HKM stimulated
only small amounts of TNF in BMM. In spleen cells, significant
TNF secretion was observed only after infection with viableM.
tuberculosis, and marginal amounts of TNF were observed af-
ter HKM stimulation. These findings suggest differential and
apparently independent activation pathways for TNF and IL-
12. Because the spleen comprises virtually all leukocyte popu-
lations, it is possible that discrete populations were responsible
for IL-12 and TNF secretion by splenocytes. In particular, we

FIG. 1. Cytokine secretion by BMM after in vitro culture withM. tuberculosis
or latex beads (LB). BMM were cultured for 4 days with the stimuli indicated.
Cytokine activities in supernatants were analyzed by ELISA (IL-12; A) or bio-
assay (TNF; B). Data represent the means of triplicates of a representative
experiment repeated twice with comparable results (standard deviation, ,10%).

FIG. 2. Cytokine secretion by spleen cells after in vitro culture with M.
tuberculosis or latex beads (LB). Spleen cells were cultured for 2 days with the
stimuli indicated. Supernatants were analyzed by ELISA (A) and bioassay (B).
Data represent the means of triplicates of a representative experiment repeated
twice with comparable results (standard deviation, ,10%).
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cannot exclude IL-12 secretion by B cells or dendritic cells,
which are a well-known source of this cytokine (11, 25).
Secretion of IL-12 and TNF in response to microbial infec-

tion represents a major defense mechanism of the innate im-
mune system against intracellular pathogens (2, 9, 11, 13, 26).
TNF is primarily involved in further amplification of the innate
immune system, encompassing macrophages and natural killer
cells, whereas the function of IL-12 is directed mostly toward
polarization of the TH0 cells toward the TH1 pole. Both TNF
produced by macrophages and IFN-g from TH1 cells have
been shown to be essential for control of experimental tubercu-
losis of mice (3, 7, 8). Our data showing that IL-12 can be in-
duced by particulate substrates like beads or heat-killed bac-
teria as well as virulent tubercle bacilli themselves emphasize
the central role of this cytokine in the initiation of anti-infective
immunity against intracellular bacteria, includingM. tuberculosis.
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FIG. 3. Metabolic activity of BMM (A) on day 4 and spleen cells (B) on day
2 after stimulation with latex beads and different mycobacterial antigens. Data
from a representative experiment repeated twice are shown.
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