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Acquired cellular resistance against Mycobacterium avium complex (MAC) infections involves the induction
of Th1 type gamma interferon (IFN-g)-producing T cells. Interleukin-12 (IL-12) is a cytokine involved in the
control of IFN-g production by T cells and NK cells. The role of IL-12 in the response to MAC infection was
investigated. Depletion of endogenous IL-12 by injection of monoclonal antibody prior to and during intranasal
infection with MAC resulted in an 150- to 550-fold increase in bacterial load in lung, spleen, and liver
homogenates by 10 weeks postinfection. Depletion of IL-12 abrogated the ability of spleen cell cultures to
produce IFN-g in response to stimulus with live MAC. IL-12-depleted mice showed a 75% decrease in the
number of inflammatory cells entering the lungs following intranasal infection with MAC, with significant
reductions in cytotoxic activity and nitric oxide production by lung cells. This work suggests that IL-12 plays
a major role in the activation of IFN-g-producing cells during MAC infection.

Bacteria of the Mycobacterium avium complex (MAC) are
facultative intracellular pathogens and the most common cause
of disseminated bacterial infection in AIDS patients. Acquisi-
tion of a MAC infection significantly shortens the life span of
these patients compared with that of patients with the same
T-cell counts (3, 8, 20). Control of MAC infection requires the
presence of activated CD41 T cells which produce an array of
cytokines, including gamma interferon (IFN-g), involved in
activating macrophage bactericidal activity (1, 19). Studies in-
volving IFN-g gene and IFN-g receptor gene knockout mice
have shown that IFN-g, produced by activated T cells and
perhaps natural killer (NK) cells, plays an essential role in
protective cellular immunity against mycobacteria (9, 21).
Interleukin-12 (IL-12), a recently described cytokine, has

been shown to induce IFN-g production by both CD41 T cells
and NK cells (18, 25) and to stimulate naive T cells in vitro to
promote the development of Th1 (IFN-g-producing) cells (18).
Recent work by Khan et al. (22), Tripp et al. (27), and our
laboratory (29) has shown that neutralization of endogenous
IL-12 before infection with Listeria monocytogenes, Toxo-
plasma gondii, or Brucella abortus leads to increases in bacterial
or parasite numbers and increased animal morbidity.
In the clinical situation, lung cells are often the first to

encounter invading MAC organisms (3, 7). Thus, to mimic
conditions in the human host and to assess the role of IL-12 in
the lung inflammatory response, we depleted mice of endoge-
nous IL-12 by using monoclonal antibody (MAb) prior to and
during intranasal infection. We report here that depletion of
endogenous IL-12 exacerbated MAC infection, ablated the in
vitro production of IFN-g by cultured spleen cells from in-
fected animals, and led to a decreased lung inflammatory re-
sponse.

MATERIALS AND METHODS
Infection of mice. The MAC isolate was a virulent strain isolated at Fairfield

Hospital (Melbourne, Victoria, Australia) from an AIDS patient and identified
as serotype 8. It was grown in Middlebrook 7H9 broth in a stirring culture for 7
to 10 days and then frozen in 1-ml ampoules at 2708C. Before use, the suspen-
sion was thawed at 378C and sonicated for 10 s to disperse clumps. Six- to

eight-week-old male C57BL/10 mice, pedigree bred and maintained in the De-
partment of Microbiology, University of Melbourne, Parkville, Victoria, Austra-
lia, were infected intranasally with a 60-ml suspension containing 105 MAC
organisms inoculated onto the external nares with a micropipette (Gilson Med-
ical Electronics, Villers-le-Bel, France) while anesthetized (Penthrane [Abbott
Laboratories, North Chicago, Ill.]). The dose was standardized turbidometrically
and checked retrospectively by viable counts on Middlebrook 7H11 agar (Difco
Laboratories, Detroit, Mich.). MAC-infected mice were housed within a class II
isolation cabinet (Gelman Sciences, Melbourne, Victoria, Australia) in cages
covered with filter hoods.
Assessment of mice. At intervals after infection, groups of five mice were

sacrificed by CO2 narcosis. The lungs, spleen, and liver were removed from each
mouse aseptically, and each organ was homogenized in 5 ml of sterile phosphate-
buffered saline (PBS) with an Ultra Turrax tissue homogenizer (Janke and
Kunkle K.S., Breisgau, Germany). Suitable dilutions were placed on Middle-
brook 7H11 agar for viable counts, and the plates were incubated in a humidified
container at 378C for 7 days before counting. When spleen or lung cell cultures
were being prepared, organ fragments were weighed, and approximately half
were used for bacterial counts and half were used for preparation of cells. The
numbers of cells or bacteria per organ were calculated on the basis of the weight
of the fragment sampled. The use of organ fragments rather than whole tissues
did not lead to any increase in the variability of bacterial counts.
In vivo depletion of IL-12. C57BL/10 mice were depleted of IL-12 with MAb

C15.6 (rat immunoglobulin G1), which was kindly provided by G. Trinchieri,
Wistar Institute, Philadelphia, Pa. Mice were injected intraperitoneally (i.p.) with
1 mg of ammonium sulfate-precipitated antibody in 200 ml of sterile PBS 48 and
24 h before infection with MAC, and then 1 mg of antibody was injected weekly
to ensure continued depletion during the course of the experiment. YTS169.4
MAb was prepared by ammonium sulfate precipitation for use as a control
antibody in initial experiments. Injecting this antibody had no significant effect
upon bacterial growth or the lung inflammatory response compared with that of
untreated mice.
Analysis of lung cell populations. The lungs were removed aseptically and

placed in N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid (HEPES)-buff-
ered Dulbecco modified Eagle medium (DMEM) supplemented with 0.216 mg
of L-glutamine per ml, 53 1025 M 2-mercaptoethanol, 60 mg of penicillin per ml,
100 mg of streptomycin per ml, and 10% fetal calf serum (FCS) (DMEM–10%
FCS) and washed free of blood, and the tissue was sliced finely with a multiblade
slicer before individual strands were teased apart (17). Approximately 0.5 g of
lung tissue was incubated for 30 min at 378C in 10 ml of medium containing
0.25% dispase (Boehringer, Mannheim, Germany). Tissue supernatant was spun
at 800 3 g for 7 min to pellet cells. The remaining undigested tissue was
subjected to digestion two more times, and any remaining tissue was then forced
through a fine-mesh wire sieve. Lung cells from five mice of the same experi-
mental group were pooled and treated with Tris-buffered 0.83% ammonium
chloride to lyse erythrocytes, centrifuged, and resuspended in DMEM–10% FCS.
The viability of the cells assessed by exclusion of 0.2% eosin was generally greater
than 75% for normal cells and greater than 85% for infected cells. These cells
were used in functional assays. In addition, to assess the cell types present, 104

cells per cytocentrifuge chamber (Shandon, Pittsburgh, Pa.) were spun through
FCS onto slides and the preparations were stained with Diff Quik (Lab-Aids,
Narrabeen, Victoria, Australia) or a Ziehl-Neelsen stain. At least 100 cells from
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every slide were counted to assess cell populations. Cells were classified on the
basis of morphological characteristics as follows: neutrophils had multilobed
nuclei, lymphocytes had rounded nuclei with little cytoplasm, and monocytes/
macrophages were larger cells with a kidney-shaped nucleus, often with abun-
dant foamy cytoplasm.
Culture for cytokine and nitric oxide (NO) production. Cultures of 2 3 105

viable spleen or lung cells pooled from five mice per group, with or without
stimulation by 107 live MAC were incubated in 200 ml of DMEM–10% FCS in
96-well microtiter trays for 72 h. The supernatants were then harvested and
assayed for cytokines or NO.
Cytokine bioassay. IFN-g was assayed by the ability of serial 3.15-fold dilutions

of samples to inhibit proliferation of WEHI 279 cells in DMEM–10% FCS in
flat-bottom 96-well microtiter trays (23). A titration of standard IFN-g was
included in each assay to calculate the amounts of IFN-g in the samples. The
specificity of the bioassay was checked by including the anti-IFN-g neutralizing
antibody R46A2 (16) in triplicate cultures.
NO2

2 assay. Nitric oxide (NO) production by lung cells was determined by the
Griess reaction (14). Briefly, culture supernatants (50 ml) were mixed with 100 ml
of 1% sulfanilamide (Sigma, St. Louis, Mo.) and 100 ml of 0.1% N-1-naphthyl-
ethylenediamine dihydrochloride in 2.5% polyphosphoric acid (Sigma) at room
temperature for 5 min. A540 was measured. NO22 was quantified by comparison
to Na(NO2) (Sigma) as a standard.
In vitro cytotoxic assay. P815 cells were maintained by continual passage in

DMEM–10% FCS. As previously described (6), 104 target cells labelled with
51chromium (Amersham Australia, Castle Hill, New South Wales, Australia)
were added to round-bottom microtiter trays along with an appropriate number
of viable effector cells. After 18 h of incubation, plates were centrifuged to pellet
cells and 100 ml of supernatant was sampled. Maximum lysis was calculated by
adding 100 ml of 0.05% Tween 80 (Labchem, Auburn, New South Wales, Aus-
tralia) to several wells of cells. Spontaneous lysis varied from 20 to 35% of the
maximum count. All cultures were assayed in triplicate, and results, expressed as
mean percent specific lysis, were calculated as follows: [(test cpm 2 spontaneous
cpm)/(maximum cpm 2 spontaneous cpm)] 3 100, where cpm is counts per
minute.

RESULTS

Effect of depletion of IL-12 on bacterial growth. To test the
effect of endogenous IL-12 on resistance against MAC infec-
tion, C57BL/10 mice were depleted of IL-12 prior to and dur-
ing intranasal infection with 105 MAC. At 4 and 10 weeks
postinfection, mice were sacrificed and organs were collected
for bacterial analysis. During the first 4 weeks of infection,
bacterial numbers increased to the same degree in both intact
and IL-12-depleted mice. By 10 weeks postinfection, a signif-
icant exacerbation of infection with MAC was seen in all or-
gans analyzed (Table 1). The numbers of bacteria in lung,
spleen, and liver cultures were 150- to 550-fold higher in anti-
IL-12-treated mice than in untreated mice (P , 0.001). Pre-
liminary experiments showed that injection of control immu-
noglobulin had no effect upon bacterial growth or the lung
inflammatory response (the values for bacterial growth [mean
log bacterial number 6 standard deviation] in mice infected
with MAC for 10 weeks were 7.296 0.10 for an untreated lung
and 7.50 6 0.18 for a control, immunoglobulin-treated lung,
and the numbers of cells isolated per lung were 5.8 3 106 for

untreated mice and 5.3 3 106 for control, immunoglobulin-
treated mice). Ziehl-Neelsen staining of lung cells from in-
fected animals showed a large increase in intracellular bacteria
in the lungs of IL-12-depleted mice (Fig. 1). Most phagocytic
cells contained more than 100 bacteria, with exact numbers of
bacteria per cell impossible to determine visually because of
the heavy overlap of bacteria within each cell.
Lung inflammatory response. While bacterial growth at 4

weeks postinfection was unaffected by administration of anti-
IL-12 MAb, depletion of endogenous IL-12 significantly al-
tered the inflammatory response seen in mice infected for 4
weeks. The lungs of intact infected mice had enlarged to twice
their normal size by 4 weeks postinfection, while the lungs of
IL-12-depleted mice did not increase in size (Table 2). By 10
weeks postinfection, the lungs of IL-12-depleted animals,
though larger than normal, were still significantly smaller than
the lungs of intact infected mice. This reduction in lung weight
was accompanied by a significant reduction in the number of
inflammatory cells entering the lungs of IL-12-depleted mice
from that of untreated infected mice (Fig. 2). Compared with
control mice, intact infected mice showed a 10-fold increase in
the numbers of phagocytic cells and lymphocytes within the
lungs of mice infected for 4 weeks. In contrast, cell numbers in
depleted infected mice increased only threefold compared to
those of control mice. By 10 weeks postinfection, the number
of cells isolated from the lungs of depleted infected mice was
only 30% less than the number isolated from the intact in-
fected mice, and the major deficiency was in macrophages/
monocytes.
Activation of the bactericidal properties of phagocytic cells

is essential to contain MAC infection. The production of NO
is one mechanism used by infected cells to kill invading bac-
teria (4). Analysis of NO production by lung cells from intact
and IL-12-depleted mice showed a significant increase in NO
production by lung cells from infected mice compared with
that of control mice at 4 and 10 weeks postinfection. NO
production by lung cells from IL-12-depleted infected mice was
significantly less than (P , 0.001) that of intact infected mice
(Table 3). Depletion of IL-12 also significantly impaired the
cytotoxic activity of lung cells from infected mice. Lung cells
were used in an in vitro cytotoxicity assay to test their ability to
lyse the macrophage-sensitive cell line P815. Lung cells from
intact infected mice showed significantly enhanced cytotoxicity
compared with healthy lung cells (Fig. 3). However, the lung
cells from IL-12-depleted mice showed no increase in cytotoxic
activity after 4 weeks postinfection and only slightly increased
cytotoxicity at 10 weeks postinfection.
Effect of anti-IL-12 on IFN-g production by spleen and lung

cells during MAC infection. The production of IFN-g by acti-
vated T cells is required to activate mycobactericidal activities
of mononuclear phagocytes (12). It has been reported that
IL-12 is necessary for the production of IFN-g by NK and T
cells (18, 28). Spleen cell cultures from mice infected for 4 or
10 weeks produced IFN-g in response to stimuli with live MAC
(Table 4). However, depletion of endogenous IL-12 com-
pletely abrogated the production of IFN-g by spleen cell cul-
tures in vitro, confirming the IL-12 dependence of IFN-g pro-
duction in MAC-infected mice.

DISCUSSION

Defense against MAC depends upon the activation of the
IFN-g-producing T cells. The results of this study provide
evidence for a requirement for endogenous IL-12 to induce
IFN-g production to activate mycobactericidal activities of in-
fected macrophages and limit bacterial growth in vivo. This

TABLE 1. Effect of anti-IL-12 MAb treatment on bacterial growth

Micea
No. of
wks

infected

No. of bacteriab in organ

Lung Spleen Liver

Intact infected 4 7.04 6 0.58 4.16 6 0.19 3.90 6 0.56
Anti-IL-12-treated infected 4 7.18 6 0.35 4.26 6 0.41 3.92 6 0.53

Intact infected 10 7.56 6 0.64 5.75 6 0.13 4.41 6 0.34
Anti-IL-12-treated infected 10 9.74 6 0.54c 8.52 6 0.42c 6.80 6 0.49c

aMice were depleted of IL-12 by weekly i.p. injections of MAb C15.6 and
infected intranasally with 105 MAC.
b Data are the mean log bacterial numbers 6 standard deviations of five mice.

The experiment was repeated twice with similar results.
c Significantly different from value obtained with intact infected mice (P ,

0.001 by Student’s t test).
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FIG. 1. Ziehl-Neelsen-stained lung cell suspensions of intact (top) and IL-12-depleted (bottom) mice infected for 10 weeks. The MAC organisms stain red.
Magnification, 31,000.
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study extends previous studies from this laboratory and other
laboratories into the role of IL-12 in response to bacterial
infections such as B. abortus (29) and Listeria monocytogenes
(27) and parasitic infections such as Leishmania major (26) and
T. gondii (22).
The main functions of IL-12 are to induce IFN-g production

by NK cells (28) and direct CD41 T cells into a Th1 IFN-g-
producing response (18). The production of IFN-g by NK cells
is important in the response of immunocompetent mice to
toxoplasmosis (22). Administration of IL-12 protected against
this infection, an effect abrogated by NK cell depletion. The
resistance of SCID mice, which lack functional T and B cells
but have enhanced NK cell function (2), to L. monocytogenes
(27) and T. gondii (15) was enhanced by administration of
IL-12. IL-12 also contributes to resistance to infection by in-
fluencing T-cell responses. IL-12 enhances resistance to Leish-
mania infection by initiating an IFN-g-producing Th1 response
(26). A previous study in our laboratory has also shown an
important role for IL-12 in activating IFN-g-producing T cells
following infection with B. abortus (29). This paper provides
further evidence of the importance of IL-12 in inducing IFN-g
production following infection with MAC.
Depletion of endogenous IL-12 completely abrogated the

ability of in vitro spleen cell cultures from mice infected for 4
or 10 weeks to produce IFN-g following stimulation with live
MAC. A previous study in our laboratory (24) has shown that
in vitro IFN-g production at these times was completely abro-
gated by depletion of CD41 T cells. Depletion of either CD41

T cells or IFN-g from infected mice by injection of MAb led to
exacerbation of bacterial growth 5 or more weeks after infec-
tion, with decreases in the inflammatory response very similar
to those described here. This suggests a requirement for
IFN-g, produced by CD41 T cells, to contain MAC infection,
and a requirement for IL-12 to induce this IFN-g production.
Results of experiments in our laboratory have shown that

NK cell activity (measured by increased YAC-1 cell killing)
peaks 2 to 3 weeks after intranasal infection and then declines,
while T-cell activation (measured by IFN-g production in in
vitro spleen cell cultures) usually occurs in the fourth week
after intranasal MAC infection (24). Depletion of endogenous
IL-12 did not affect bacterial growth during the first 4 weeks of
infection. This indicates either that production of IFN-g by NK
cells was unaffected by IL-12 depletion, which would be in
contrast to published literature showing that IL-12 induces
IFN-g production by NK cells (15, 24), or more likely, that any
IFN-g produced by NK cells during this initial period of infec-

FIG. 2. Number of cells per lung in control (;), intact infected (h), and
IL-12-depleted infected (■) mice, intranasally infected for 4 (A) or 10 (B)
weeks with 105 MAC. Data are typical of two separate experiments.

FIG. 3. Specific lysis of P815 target cells by lung cells from uninfected (Ç) or
intact infected (h) and IL-12-depleted infected (E) mice. Groups of five mice
were intranasally infected with 105 MAC 4 (A) or 10 (B) weeks prior to sacrifice.
Data are the means and standard deviations of triplicate cultures. Experiments
were repeated twice with similar results. The values for IL-12-depleted infected
mice were significantly different from those for intact infected mice (P , 0.001
by Student’s t test).

TABLE 2. Effect of anti-IL-12 MAb treatment on lung weight

Micea
Lung wt (mg/lung) of
mice infected for:

4 wks 10 wks

Control (uninfected) 230 6 30 230 6 30
Intact infected 390 6 57 460 6 40
IL-12-depleted infected 240 6 18b 375 6 30c

aMice were depleted of IL-12 by weekly i.p. injections of MAb C15.6 and
infected intranasally with 105 MAC.
b Significantly different from value obtained with intact infected mice (P ,

0.001 by Student’s t test).
c Significantly different from value obtained with intact infected mice (P, 0.01

by Student’s t test).

TABLE 3. Effect of in vivo neutralization of IL-12 on NO
production by lung cell cultures following MAC infection

Micea
NO22 level (mM)b

4 wks 10 wks

Control (uninfected) ,2 ,2
Intact infected 68.56 2.3 188 6 5.7
IL-12-depleted infected 14.76 0.3c 44.5 6 3.9c

aMice were depleted of IL-12 by weekly i.p. injections of MAb C15.6 and
infected intranasally with 105 MAC.
b Cultures of 2 3 105 lung cells were incubated for 72 h in 200-ml volumes in

a 96-well microtiter tray. Culture supernatants were harvested and assayed for
nitrite levels. Data are the means and standard deviations of cultures pooled
from five mice (infected for 4 or 10 weeks) and prepared in triplicate. Experi-
ments were repeated twice with similar results.
c Significantly different from value obtained with intact infected mice (P ,

0.001 by Student’s t test).
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tion does not significantly affect the ability of intranasally in-
fected mice to contain bacterial growth during the early phase
of infection.
Lung phagocytes isolated from IL-12-depleted mice re-

corded diminished cytotoxic activity and production of NO.
Evidence suggests that reactive nitrogen intermediates pro-
duced by activated murine mononuclear phagocytes are in-
volved in killing or inhibiting the growth of virulent Mycobac-
terium tuberculosis (5, 13) and MAC, although some NO-
resistant strains of MAC have been reported (10, 11). The
addition of IFN-g is known to increase NO production by
murine mononuclear phagocytes (5), and our results indicate
that IL-12 is required to activate the NO production by these
cells, probably through inducing IFN-g production.
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