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Gamma interferon (IFN-g), a pleiotropic cytokine, is now known to be produced by macrophages as well as
by NK cells, gd cells, and activated T cells. The autocrine biological functions of IFN-g on the macrophage
include the upregulation of major histocompatibility complex MHC class II and the activation to an antiviral
state. In this study, the production of IFN-g by macrophages was demonstrated to correspond to antibacterial
activity. Legionella pneumophila replicates intracellularly in thioglycolate (TG)-elicited macrophages (TG-
macrophages) from A/J mice, while TG-macrophages from BALB/c mice restrict bacterial growth after an
initial period of growth. BALB/c TG-macrophages were shown to express IFN-g mRNA at 24 and 28 h, which
corresponded to the initiation of anti-L. pneumophila activity. Moreover, IFN-gneutralization by antibody
treatment of the cultures resulted in increased L. pneumophila growth in the macrophages. In contrast, no
IFN-g mRNA was expressed in TG-macrophages from A/J mice, where L. pneumophila grew unrestricted. As
would be expected, IFN-g treatment decreased bacterial growth. An IFN-g-mediated antibacterial activity was,
however, inducible in A/J macrophages by the addition of interleukin-12 following L. pneumophila infection.
Thus, autocrine IFN-g is involved in anti-L. pneumophila activity associated with different growth patterns and
appears to be important during intracellular infection.

Macrophages have long been recognized as important in the
production of proinflammatory cytokines and chemokines in-
volved in innate responses and in coordination of adaptive
immunity (1, 27). They are therefore important components of
host immunity to infection with intracellular pathogens such as
Mycobacterium spp. and Legionella spp. (27). Legionella pneu-
mophila replicates in specialized vacuoles within human mac-
rophages and monocytes (17, 20, 24) and certain types of
murine macrophages (5, 35). Gamma interferon (IFN-g) (4,
14, 23, 30, 31, 34), lipopolysaccharide (LPS) (2, 8, 21), and
tumor necrosis factor alpha (TNF-a) (21, 31) have been dem-
onstrated to activate host cells to control the growth of L.
pneumophila. Interleukin-12 (IL-12) is also important in regu-
lating L. pneumophila growth, apparently through TNF-a, dur-
ing in vivo infection in A/J mice (6).

While macrophages are known to produce TNF-a and IL-
12, the source of IFN-g was generally considered to be NK
cells, gd cells, and activated T cells (18). However, recently
IL-12 and other factors have been reported to induce macro-
phages to produce IFN-g (7, 9, 11, 22, 26, 33). Murine resident
peritoneal macrophages constitutively produce IFN-g (7, 26),
and this production has been suggested to be important during
the early immune response to infection (15). Resident macro-
phages do not support the growth of L. pneumophila (36),
which is only partly due to reduced intracellular iron, an im-
portant growth nutrient, in these cells (12). The presence of
IFN-g in the resident macrophages suggests that they may also
have a basal antimicrobial activation state, which, in combina-

tion with the poor nutrient environment, inhibits the growth of
L. pneumophila.

We have previously reported that thioglycolate (TG)-elic-
ited macrophages (TG-macrophages) from A/J mice are per-
missive for L. pneumophila growth while TG-macrophages
from BALB/c mice are not (36). The availability of iron or the
productions of nitric oxide (13) or of TNF-a (3) were found
not to differ between these macrophage cultures. Others have
observed variation in IFN-g production by TG-macrophages
(11) and bone marrow-derived macrophages (22) from differ-
ent mouse strains. Moreover, in vitro infection of alveolar
macrophages with Mycobacterium tuberculosis results in IFN-g
production (9). Therefore, we examined the production of
IFN-g by TG-macrophages from BALB/c and A/J mice. These
data demonstrate that L. pneumophila-infected BALB/c mac-
rophages produce IFN-g, which appears to be responsible, at
least in part, for the ability of BALB/c macrophages to restrict
L. pneumophila growth. Macrophages from A/J mice did not
produce IFN-g unless they were stimulated by IL-12 treat-
ment.

MATERIALS AND METHODS

Mice. Female A/J and BALB/c mice, 6 to 8 weeks old (Jackson Laboratory Bar
Harbor, Maine), were used in these studies. They were housed and cared for in
the USF Health Sciences Center animal facility, which is fully accredited by the
American Association for Accreditation of Laboratory Animal Care.

Bacteria. L. pneumophila M124, a serogroup 1 strain originally isolated at
Tampa General Hospital (Tampa, Fla.), was grown on buffered charcoal yeast
extract agar (BCYE; Difco, Detroit, Mich.) for 48 h from a passage 3 stock
maintained at 280°C. The avirulent strain used was isolated by serial passage of
M124 on BCYE and modified Mueller-Hinton agar (3). The bacteria were
suspended in pyrogen-free saline, and the concentration was adjusted spectro-
photometrically.

Macrophage infections and stimulations. Elicited macrophages were collected
4 days after intraperitoneal injection of TG medium (Difco) by peritoneal lavage
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with phosphate-buffered saline (Sigma, St. Louis, Mo.). The peritoneal cells
(106/ml) were cultured in RPMI 1640 medium (Sigma) supplemented with 10%
heat-inactivated fetal calf serum (HyClone Laboratories, Logan, Utah) and
2-mercaptoethanol (5 3 1026 M; Sigma) in either 6-well (mRNA assays; 3 3 106

cells/well), 24-well (enzyme-linked immunosorbent assays [ELISAs]; 1 3 106

cells/well), or 96-well (CFU determination; 1 3 105 cells/well) plates (Corning
Costar Corp., Cambridge, Mass.) for 2 h. The nonadherent cells (less than 5%
lymphocytes) were removed by washing three times. The adherent cells were
then cultured in penicillin- and streptomycin-supplemented medium overnight.
The cells were washed three times, cultured in penicillin- and streptomycin-free
medium for an additional hour, and washed two more times. The resultant
adherent population was more than 99% macrophages as determined by F4/80
staining and fluorescence microscopy. TG-macrophage monolayers were in-
fected with bacteria at a 10:1 ratio of bacteria (107/ml) to cells (106/ml) for 30
min. Nonphagocytized bacteria were removed by washing the macrophages three
times. The infected TG-macrophages were cultured for up to an additional 48 h.
Alternately, formalin-killed L. pneumophila (108/ml) or Escherichia coli O111:B4
LPS (5 mg/ml; Sigma) was added to the 24-well plates for IL-12 ELISAs.

Cytokine addition or neutralization. In some cultures, recombinant IL-12 p70
(40 ng/ml), anti-IFN-g antibodies (10 mg/ml), recombinant IFN-g (rIFN-g) (20
ng/ml), or anti-IL-12 p40/p70 antibodies (10 mg/ml) were added to the cultures
following infection. All cytokines and antibodies were obtained from PharMin-
gen (San Diego, Calif.).

CFU determinations. At the indicated times, macrophage cultures in the
96-well plates were lysed with 0.1% saponin (Sigma). The lysates were diluted in
Hanks balanced salt solution, plated on BCYE plates, and incubated at 37°C for
72 h. CFU counts were determined on an AutoCount apparatus (Dynatech Labs,
Chantilly, Va.).

ELISAs. Supernatants were collected from 24-well plates for cytokine deter-
minations. Cytokine levels of IFN-g and IL-12 p40/p70 were determined by
sandwich ELISAs using antibody pairs from PharMingen, following protocols
previously described (25). Briefly, the ELISAs were performed in Medium-Bind
EIA plates (Costar) with capture antibodies (IFN-g, 4mg/ml; IL-12, 10 mg/ml),
biotinylated detection antibodies (2 mg/ml), and streptavidin-horseradish perox-
idase (1:1,000) (Southern Biotechnology, Birmingham, Ala.). 3,39,5,59-Tetram-
ethylbenzidine liquid substrate system (TMB) (Sigma) was added for 5 to 30 min,
and the horseradish peroxidase reaction was stopped with 1 N sulfuric acid. The
plates were read at 450 nm on an Emax Microplate Reader (Molecular Devices,
Mento Park, Calif.). Concentrations were calculated from a standard curve
generated for each plate. The low-end sensitivity was 200 pg/ml for both ELISAs.

RT-PCR. RNA was extracted by standard methods with 1 ml of TriReagent
(Sigma) per 3 3 106 macrophages. RNA was quantitated using RiboGreen
(Molecular Probes, Eugene, Oreg.) and an fmax Fluorometer (Molecular De-
vices). Reverse transcription (RT) of RNA (2 mg) was performed with avian
myeloblastosis virus reverse transcriptase, and the RT products (2 ml) were PCR
amplified as previously described (37). The primer sequences were as follows:
59CATTGAAAGCCTAGAAAGTCT and 39CTCATGGAATGCATCCTTTT
TCG for IFN-g and 59ATGGATGACGATATCGCT and 39ATGAGGTAGTC
TGTCAGGT for b-actin. Amplification cycles and annealing temperatures were
40 cycles at 55°C for IFN-g and 26 cycles at 60°C for b-actin. The PCR was
performed in a Minicycler (MJ Research, Watertown, Miss.). The products were
visualized with ethidium bromide in a 2% agarose gel.

Statistical analysis. Data were analyzed by one-way analysis of variance with
Dunnett’s test for comparing individuals, using SigmaStat (Jandel Scientific, San
Rafael, Calif.).

RESULTS

L. pneumophila growth is unrestricted in A/J macrophages
and restricted in BALB/c macrophages. TG-elicited macro-
phages from A/J and BALB/c mice were infected with L. pneu-
mophila, and CFU counts determined at 24 and 48 h postin-
fection. L. pneumophila displayed continuous growth in A/J
macrophages throughout the 48-h period, as indicated by the
increase in CFU counts (Fig. 1). In contrast, L. pneumophila
initially grew in BALB/c macrophages but was restricted after
24 h (Fig. 1).

Infected BALB/c macrophages express IFN-g mRNA. The
CFU data above suggested that BALB/c macrophages, after
the initial infection, were activated in some way to suppress L.

pneumophila growth. We speculated that IFN-g production
might be involved, and so the level of cellular mRNA was
examined. A/J and BALB/c TG-macrophage cultures were in-
fected and at 24 and 28 h postinfection, and RNA was col-
lected and analyzed by RT-PCR. IFN-g mRNA was not de-
tected in uninfected cultures or in infected A/J macrophages
(Fig. 2). However, IFN-g mRNA was detected in infected
BALB/c macrophages at both 24 and 28 h (Fig. 2). These time
points corresponded to the times when CFU counts had lev-
eled off in BALB/c cultures (Fig. 1). We performed ELISA for
IFN-g protein in supernatants and freeze-thawed samples of
BALB/c macrophage cultures at 24 and 48 h postinfection. The
freeze-thawed samples were examined because others had de-
tected IFN-g only by intracellular immunofluorescence in TG-
macrophages (11). The detected levels were minimal (200 to
300 pg/ml) and just above the sensitivity end point for our
ELISA system, with no significant difference being observed
between uninfected and L. pneumophila-infected cultures
(data not shown). IFN-g was detectable in resident peritoneal
BALB/c macrophages (578 6 166 pg/ml [total mean 6 stan-
dard deviation]), with the majority being found in the frozen-
thawed samples. Interestingly, L. pneumophila infection did

FIG. 1. L. pneumophila growth patterns vary within TG-macro-
phage cultures from A/J and BALB/c mice. TG-macrophages were
infected with L. pneumophila (10:1), and the cells were washed and
incubated for 24 or 48 h. The cells were lysed, and CFU counts were
determined. Data are means and standard errors of the means (SEM)
of four experiments.

FIG. 2. L. pneumophila induces IFN-g mRNA in TG-macrophage
cultures from BALB/c mice. TG-macrophages were infected with L.
pneumophila (10:1) or left uninfected. The cells were washed and
incubated for 24 or 28 h. RNA was extracted, subjected to RT-PCR,
and then visualized on 2% agarose gel with ethidium bromide. The gels
are from a representative of three experiments.
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not increase the amount of IFN-g, although the presence of
killed L. pneumophila did (1,026 6 72 pg/ml).

Anti-IFN-g antibodies increase L. pneumophila growth in
BALB/c macrophages while rIFN-g decreases growth in A/J
macrophages. The RT-PCR data suggested that the induced
IFN-g in BALB/c macrophages was involved in the growth
restriction of L. pneumophila. To examine this issue further,
anti-IFN-g antibodies were added to the BALB/c macrophage
cultures to neutralize endogenous IFN-g. Antibody treatment
increased the growth of L. pneumophila, as indicated by the
higher CFU counts at 48 h (Fig. 3A) compared to the control.
The addition of anti-IFN-g had no effect on L. pneumophila
growth in A/J macrophages (Fig. 3B), although rIFN-g treat-
ment of these cultures restricted the growth of L. pneumophila
at 48 h (Fig. 3B).

Growth restriction of L. pneumophila in A/J and BALB/c
TG-macrophages in response to treatment with IL-12 p70 is

mediated through IFN-g. Because IFN-g appeared to be in-
volved in restricting the growth of L. pneumophila and IL-12
activated cells to produce IFN-g, bacterial growth was exam-
ined in macrophage cultures treated with IL-12 p70. The ad-
dition of IL-12 after infection significantly reduced the CFU
counts in A/J macrophages (Fig. 4B); however, it caused only
a slight decrease in counts in BALB/c TG-macrophages, (Fig.
4A). The IL-12 restriction appeared to require at least 24 h to
become effective. To determine if the antimicrobial activity of
IL-12 occurred via IFN-g induction, IL-12 p70 and anti-IFN-g
antibodies were added to the infected cultures and CFU counts
were determined at 48 h. In BALB/c cultures, addition of
anti-IFN-g antibodies increased the CFU counts above those
in the IL-12-treated cultures and control cultures (Fig. 4A).
This latter effect was seen previously in Fig. 3A and is most
probably due to neutralizing endogenous IFN-g. In A/J cul-

FIG. 3. Neutralizing IFN-g increases L. pneumophila growth in
TG-macrophages from BALB/c mice (A) but IFN-g decreases growth
in cultures from A/J mice (B). TG-macrophages were infected with L.
pneumophila (10:1). The cells were washed, anti-IFN-g antibodies
were added, and the cells were incubated for 24 or 48 h. The cells were
lysed, and CFU counts were determined. Data are means and SEM of
three experiments. p, P , 0.05.

FIG. 4. IL-12 treatment of L. pneumophila-infected cultures de-
creased bacterial growth in TG-macrophages from BALB/c (A) and
A/J (B) mice, which was attenuated by neutralization of IFN-g. TG-
macrophages were infected with L. pneumophila (10:1). The cells were
washed, and IL-12 or a combination of IL-12 and anti-IFN-g antibod-
ies was added. The cells were lysed at 24 or 48 h postinfection, and
CFU counts were determined. Data are means and SEM of three
experiments. p, P , 0.05.
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tures, the addition of anti-IFN-g antibodies also increased the
CFU counts to a level similar to that in the infected controls
(Fig. 4B). Thus, the restriction of bacterial growth by IL-12 p70
appeared to be mediated through the induction of IFN-g.

Addition of IL-12 induces IFN-g mRNA expression in in-
fected TG-macrophage. To determine if IL-12 was inducing
IFN-g mRNA, as the antibody neutralization studies implied,
RT-PCR was performed on IL-12-treated, infected macro-
phage cultures at 24 and 28 h postinfection. As seen in Fig. 5,
the addition of IL-12 to A/J macrophage cultures induced a
weak but detectable IFN-g band at 24 h and a stronger band at
28 h. These results are in contrast to those in Fig. 2, wherein no
IFN-g expression was detected. In BALB/c cultures, the IL-12
had little effect on IFN-g induction. These results supported
the CFU data observed in Fig. 4, in that IL-12 treatment had
a much stronger effect on macrophages from A/J mice than on
those from BALB/c mice.

L. pneumophila infection has little effect on IL-12 p40/p70
production. Because it is thought that bacterial infections in-
duce IL-12 and the current data demonstrate that IL-12 inhib-
ited L. pneumophila growth by inducing IFN-g, the production
of IL-12 following infection was examined. TG-macrophage
cultures were exposed to virulent or avirulent L. pneumophila
or stimulated with killed L. pneumophila or E. coli LPS. The
culture supernatants were harvested, and the IL-12 protein
levels were measured. As shown in Fig. 6, small but equivalent
amounts of IL-12 p40/p70 were detected following infection of
macrophage cultures from A/J and BALB/c mice. Avirulent L.
pneumophila, as well as killed L. pneumophila, induced more
IL-12 p40/p70 protein. E. coli LPS was included as a positive
control and induced even more IL-12. The low induction of
IL-12 observed following L. pneumophila infection was sup-
ported by studies examining the effect of anti-IL-12 antibody
treatment on L. pneumophila growth. Macrophage cultures
from A/J and BALB/c mice were either infected only or in-
fected and treated with anti-IL-12 p70. The results showed that
antibody treatment had little effect on the number of CFU
counts in either A/J or BALB/c macrophage cultures (Fig. 7).
Slight decreases in CFU counts were observed in the BALB/c
macrophages (Fig. 7A), which contrast with the increased CFU
counts that one would predict if endogenous IL-12 was induc-
ing the IFN-g. These results suggested that L. pneumophila
infection of these cells induced small amounts of IL-12, which

had little effect on the subsequent capacity of the cultures to
support the growth of the bacteria.

DISCUSSION

TG-elicited macrophages from BALB/c and A/J mice in
culture have very different capacities to support the intracel-
lular growth of L. pneumophila, with BALB/c macrophages
displaying a restrictive phenotype and A/J macrophages dis-
playing a permissive phenotype. Our results show that infected
BALB/c macrophages produce IFN-g, as demonstrated by RT-
PCR and antibody neutralization studies, at a time when the
cells were initiating anti-L. pneumophila activity. Furthermore,
permissive A/J macrophages did not express IFN-g mRNA,
nor did anti-IFN-g treatment affect bacterial growth. Thus, a
correlation between IFN-g production and the induction of
antibacterial activity was suggested. This IFN-g-mediated anti-
Legionella activity was further demonstrated by IL-12-induced
antimicrobial activity. We observed that IL-12 treatment in-
creased anti-L. pneumophila activity in TG-macrophages from
both mouse strains by a mechanism involving IFN-g. A similar
IL-12-induced antiviral activation of macrophages has been
reported to also involve IFN-g (26). Therefore, although L.
pneumophila-infected macrophages from A/J and BALB/c
mice differ in their initial potential for IFN-g production, the
addition of IL-12 could induce IFN-g and a corresponding
antibacterial state in both strains of macrophages.

The mechanisms involved in IFN-g induction by BALB/c
TG-macrophages, as well as an explanation of the difference
between cells from the mouse strains, are unclear. The litera-
ture suggests that IL-12 is involved in IFN-g production by
macrophages. The induction of IFN-g by M. tuberculosis in
alveolar macrophages is partially blocked by anti-IL-12 anti-
bodies (9). Furthermore, Wang et al. observed that lung mac-
rophages from IL-122/2 mice did not produce IFN-g when

FIG. 5. IL-12 treatment of L. pneumophila-infected cultures in-
duces IFN-g mRNA. TG-macrophages were infected with L. pneumo-
phila (10:1). The cells were washed, and IL-12 p70 was added. After 24
or 28 h of incubation, RNA was extracted, subjected to RT-PCR, and
then visualized on 2% agarose gel with ethidium bromide. The gels are
from a representative of three experiments.

FIG. 6. L. pneumophila infection induces little IL-12 p40/p70, al-
though avirulent or killed L. pneumophila stimulates higher levels.
TG-macrophages were infected with virulent L. pneumophila (Lp) or
avirulent L. pneumophila (AvLp) as described in Materials and Meth-
ods or stimulated with formalin-killed L. pneumophila (kLp) or E. coli
LPS. At 24 h, supernatants were collected and analyzed by ELISA for
IL-12 p40/p70. Data are the means and SEM of three experiments.
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stimulated with LPS or purified protein derivative, while wild-
type cells did (33). However, when IL-12 (20 pg/ml) was added
to stimulated IL-122/2 cells, they produced IFN-g. In our
studies, only BALB/c macrophages produced IFN-g in re-
sponse to L. pneumophila infection even though IL-12 produc-
tion by both cell types was equivalent. Although the small
amount of IL-12 (;200 pg/ml) produced might have been
sufficient to induce IFN-g, as previously demonstrated in alve-
olar macrophages (33), IL-12 neutralization studies (Fig. 7)
suggested that endogenous IL-12 was not affecting L. pneumo-
phila growth. Additional studies are required to determine if
endogenous IL-12 is inducing IFN-g or if an IL-12-indepen-
dent mechanism of induction is involved.

The relatively low level of IL-12 p40/p70 detected in the
macrophage cultures surprised us. We had previously observed
that IL-12 in the nanogram-per-milliliter range was detected in
the serum of mice within 3 h of a systemic infection (19). The

reason for this discrepancy is unclear, but it may be due to
IL-12 production by other antigen-presenting cells such as
dendritic cells, as has been observed in Toxoplasma gondii (28,
29) and Leishmania donovani (16) infections. Alternately, co-
factors such as cytokines or CD40/CD40L interactions that are
present in vivo may be required for optimal IL-12 production.
Bone marrow-derived macrophages from C57BL/6 mice re-
quire priming with IFN-g to produce IL-12 when infected with
Mycobacterium bovis BCG (10). Furthermore, macrophages
from IFN regulatory factor 1 (IRF-1)-deficient mice have im-
paired IL-12 production that is associated with a failed Th1
development (32). These observations suggest that the auto-
crine IFN-g could prime the cells for IL-12 production. How-
ever, that does not appear to have occurred in our study,
because the two types of infected macrophages produced
equivalent IL-12 levels while only BALB/c macrophages ex-
pressed IFN-g mRNA.

Since the recognition that macrophages produce IFN-g, the
biological significance of this production has been questioned
(15). A variety of macrophage populations have been demon-
strated to produce IFN-g, from human (9) and murine (33)
alveolar macrophages to resting (7, 26) and elicited (11) mu-
rine peritoneal macrophages. The IFN-g induction has been
demonstrated to upregulate nitric oxide synthase, CD40 (22),
and major histocompatibility complex class II expression (33),
in addition to activating an antiviral state (26). In this study we
demonstrated that IFN-g induction caused the activation of
antibacterial activity that inhibited the growth of L. pneumo-
phila in TG-macrophage cultures. This induction explains, in
part, the variation in growth patterns of L. pneumophila within
macrophages from the two strains of mice and demonstrates a
definite biological function for the IFN-g. The autocrine activ-
ity of IFN-g in macrophages therefore appears to be important
during infection at least with intracellular bacteria.
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