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In vitro infection of macrophages with Legionella pneumophila induced interleukin-1a (IL-1at), IL-10, mono-
cyte chemotactic protein 1 (MCP-1), and MCP-3 but not IL-12. The lipopolysaccharide (LPS)-induced pro-
duction of IL-12 was down-regulated by infection with virulent L. prneumophila, but other cytokines were not
affected. In contrast, avirulent L. prneumophila or UV-killed, virulent L. pneumophila did not induce any
suppression of IL-12. The IL-12 suppression occurred at the level of mRNA accumulation for IL-12 genes in
response to LPS stimulation, but the infection induced a marked accumulation of mRNA for both MCP-1 and
MCP-3, which are known to suppress IL-12 production in LPS-stimulated macrophages. However, pretreat-
ment of macrophages with MCP-1 did not suppress LPS-induced IL-12 production at the concentrations
induced by L. pneumophila infection. These results suggest that L. pneumophila selectively suppresses IL-12
production induced by LPS from macrophages in vitro by an MCP-independent mechanism.

Legionella pneumophila is a gram-negative, facultative intra-
cellular pathogen and is the causative agent of Legionnaires’
disease, a severe form of pneumonia. Once L. prneumophila
enters the respiratory tract and causes pneumonia, most of the
invading bacteria locate within inflammatory phagocytic cells.
However, the mechanism by which L. pneumophila infection of
the lung is controlled is not yet clear, but the activation of
macrophages to suppress intracellular bacterial growth is
thought to be an essential effector mechanism of cell-mediated
immunity (CMI) in the resolution of legionellosis (16, 23). Thl
cells are essential for the development of CMI and may play a
pivotal role in the defense against L. pneumophila infection.
Interleukin-12 (IL-12), which is one of the key cytokines in the
regulation of development of Thl responses (26, 28), is a
heterodimeric cytokine composed of two disulfide-linked sub-
units, p35 and p40. Both subunits have to be expressed within
the same cell to produce the biologically active p70 het-
erodimer (13). It has been shown that p40 mRNA accumula-
tion is up-regulated in the cells producing IL-12, whereas p35
mRNA is constitutively expressed in various cells (10). Previ-
ous studies have demonstrated that IL-12 is critical for reso-
lution of infection by some replicative intracellular pathogens,
including Leishmania major (15, 24), Mycobacterium tubercu-
losis (8), Listeria monocytogenes (17), Toxoplasma gondii (12),
and L. pneumophila (4). Furthermore, it has been shown that
the Thl cytokine gamma interferon y (IFN-y) could activate
macrophages and monocytes to inhibit L. pneumophila growth
(2, 22). Therefore, regulation of IL-12 production may even-
tually regulate, at least somewhat, the outcome of L. pneumo-
phila infection.

The production of IL-12 by monocytes and macrophages is
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induced by exposing responsive cells to a variety of microbial
products. Lipopolysaccharide (LPS) of gram-negative bacteria
has been the most clearly defined inducer of IL-12 (10). On the
other hand, the production of IL-12 is regulated by multiple
mechanisms; these include cytokines, chemoattractants, en-
dogenous pharmacoactive substances, and activation-induced
deactivation pathways (3, 18, 26). Furthermore, some intracel-
lular pathogens have been shown to suppress macrophage
IL-12 production. For example, the interaction of Leishmania
spp. (1, 5, 14, 27), measles virus (19), Histoplasma capsulatum
(21), and human immunodeficiency virus (HIV) (6, 7) with
macrophages and monocytes results in a marked decrease in
IL-12 production. Therefore, it seems likely that the suppres-
sion of IL-12 production may be exploited by these intracellu-
lar pathogens as a way to escape from CMI. However, it is not
clear how L. pneumophila infection affects IL-12 production. In
the study reported here, therefore, the ability of L. pneumo-
phila to regulate macrophage IL-12 production was examined
in vitro.

Peritoneal macrophages were obtained from female A/J
mice (Jackson Laboratory, Bar Harbor, Maine), 8 to 12 weeks
old, 3 days after intraperitoneal injection of 3% thioglycolate
broth, as described previously (32). The macrophages were
adhered to 6-well tissue culture plates for 2 h in 5% CO, at
37°C, and the resulting cell monolayers in RPMI 1640 medium
with 10% heat-inactivated fetal calf serum (FCS; Hyclone Lab-
oratories, Logan, Utah) were utilized for the experiments. Vir-
ulent L. pneumophila M124 serogroup 1 was obtained from a
case of fatal legionellosis (11). Avirulent L. pneumophila was
prepared by multiple passages of strain M124 as described
previously (31). Avirulent L. pneumophila showed no lethal
activity for susceptible A/J mice by intraperitoneal infection
(31). Both virulent and avirulent L. pneumophila strains were
cultured on buffered charcoal yeast extract (BCYE) medium
(Gibco Laboratories, Madison, Wis.) for 3 days at 37°C. UV-
killed virulent L. pneumophila was prepared by UV irradiation
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for 20 min. The killed bacteria were tested for viability by
plating on BCYE agar medium. The macrophage monolayers
were infected with L. pneumophila (infectivity ratio, 10 bacte-
ria per cell) for 30 min, washed to remove nonphagocytized
bacteria, and incubated in RPMI 1640 medium containing
10% FCS with or without 1 wg of Escherichia coli LPS (Sigma
Chemical Co., St. Louis, Mo.) per ml. To determine the mono-
cyte chemotactic protein 1 (MCP-1) concentration necessary
for suppression of IL-12, the macrophages were preincubated
with various concentrations of mouse recombinant MCP-1
(PharMingen Int., San Diego, Calif.) for 1 h at 37°C before
stimulation with LPS (1 wg/ml). Twenty-four hours later, cul-
ture supernatants were collected, and IL-12 levels were deter-
mined by enzyme-linked immunosorbent assay (ELISA). The
amounts of IL-1a, IL-6, IL-10, IL-12 p40/p70, and MCP-1 in
culture supernatants were determined by sandwich ELISA
(PharMingen; Genzyme Diagnostics, Cambridge, Mass.). The
ELISA for the IL-12 p40/p70 utilized in this study measured
both the IL-12 p40 and IL-12 p70 heterodimers. RNA isolation
from macrophages and reverse transcription (RT)-PCR with
primers for B,-microglobulin (BMG), IL-10, IL-12 p35, IL-12
p40, MCP-1, and MCP-3 were performed as described previ-
ously (30). The primer sequences for BMG were also described
previously (29). The sequences of the primers for IL-10 were
5'-ACC TGG TAG AAG TGA TGC CCC AGG CA-3’
(sense) and 5'-CTA TGC AGT TGA TGA AGA TGT CAA
A-3' (antisense). The sequences of primers for IL-12 p35 were
5'-AAG ACA TCA CAC GGG ACC AAA CCA-3' (sense)
and 5'-CGC AGA GTC TCG CCA TTA TGA TTC-3' (anti-
sense). The sequences of primers for IL-12 p40 were 5'-CCA
CTC ACA TCT GCT GCT CCA CAA G-3' (sense) and 5'-
ACT TCT CAT AGT CCT TTG GTC CAG-3' (antisense).
The sequences of primers for MCP-1 were 5'-GTG AGC TCC
AGA TGC AGT TA-3’ (sense) and 5'-AGC ACA GAC CTC
TCT CTT GA-3' (antisense). The sequences of primers for
MCP-3 were 5'-ACC ATG AGG ATC TCT GCC AC-3’
(sense) and 5'-CAT TCC TTA GGC GTG ACC AT-3' (anti-
sense). The PCR was performed in a Minicycler (MJ Research,
Watertown, Mass.) for either 30 cycles and 60°C annealing
temperature (BMG) or 40 cycles and 62°C annealing temper-
ature (IL-10, IL-12 p35, IL-12 p40, MCP-1, and MCP-3). PCR
products were analyzed on ethidium bromide-stained 2% aga-
rose gels, semiquantitated, and normalized to BMG using den-
sitometry readings (Bio-Rad Laboratories, Hercules, Calif.).
Statistical analysis was performed with the paired Student’s ¢
test.

We initially determined how in vitro L. pneumophila infec-
tion of macrophages could affect the IL-12 p40/p70 protein
production in response to LPS, since it is known that p40 is
inducible but p35 is constitutive. The cells were infected with
L. pneumophila or stimulated with either LPS alone or LPS in
combination with L. pneumophila. As evident in Fig. 1, both
avirulent and UV-killed L. pneumophila induced a significant
level of IL-12 protein in culture supernatants of the macro-
phages. However, virulent bacteria did not induce any signifi-
cant amounts of IL-12, even with a higher infectivity ratio, such
as 100 bacteria per macrophage. Furthermore, infection of
macrophages with virulent L. pneumophila caused a marked
down-regulation of the LPS-induced IL-12 production in a
dose-dependent manner. On the other hand, neither avirulent

INFECT. IMMUN.

40
30 -

20

10 *%

. i A

Control

IL-12 p40/p70 (ng/ml)

Lp-Av  UV-killed Lp-V Lp-v Lp-V
Lp-V (11 (1:10) (1:100)
Treatment

FIG. 1. Effect of L. pneumophila infection on the protein levels of
IL-12 p40/p70 production induced by LPS. The amount of IL-12 p40/
p70 protein in the culture supernatants obtained at 24 h after infection
was measured by ELISA. The infectivity ratios were 1:10 (macroph-
age-bacteria) in the case of LP-Av and UV-killed LP-V and 1:1 to
1:100 for LP-V. Results are expressed as means *= SD for three inde-
pendent experiments. Open column, non-LPS-stimulated group;
closed column, LPS-stimulated group; *, P < 0.05 compared to non-
infected control group; #*, P < 0.05 compared to LPS-stimulated
control group.

nor UV-killed bacteria showed any down-regulation of LPS-
induced IL-12 production. In order to determine whether
IL-12 was suppressed in a selective fashion by L. pneumophila
infection, levels of IL-1a, IL-6, and IL-10 proteins in the cul-
ture supernatants were measured by ELISA. The virulent L.
pneumophila infection induced production of IL-1a (Fig. 2A)
and IL-10 (Fig. 2C), but induction of IL-6 was minimal (Fig.
2B). Furthermore, the infection did not alter the LPS-induced
production of IL-1a, IL-6, and IL-10.

To determine how virulent L. pneumophila infection affects
IL-12 production at the level of gene transcription, we also
examined steady-state levels of IL-12 p35 and IL-12 p40
mRNA isolated from macrophages infected with L. pneumo-
phila or stimulated with either LPS alone or LPS in combina-
tion with bacteria by RT-PCR. Previous studies have demon-
strated that IL-10 and MCPs are potent inhibitors of IL-12
production (3, 9, 20, 25); therefore, we also examined the
expression levels of IL-10, MCP-1, and MCP-3 mRNA. As
shown in Fig. 3, virulent L. pneumophila infection resulted in
suppression of mRNA accumulation for the IL-12 p40 gene in
response to LPS stimulation but not the IL-12 p35 gene, which
was constitutive in all macrophages treated. The virulent L.
pneumophila infection induced mRNA accumulation for both
MCP-1 and MCP-3 genes in response to LPS stimulation, but
IL-10 induction was minimal at 24 h after infection. To deter-
mine how the exposure of macrophages to L. pneumophila
infection could affect the MCP-1 protein production in re-
sponse to LPS, we measured the level of MCP-1 in the culture
supernatants by ELISA. As shown in Fig. 4, L. pneumophila
infection induced production of MCP-1 and up-regulated the
LPS-induced production of MCP-1 regardless of the virulence
of L. pneumophila and its viability in the macrophages, because
both avirulent and killed bacteria up-regulated MCP-1 simi-
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larly to virulent bacteria. Furthermore, in order to determine a
possible involvement of MCP-1 in the suppression of IL-12 by
infection, we also determined the MCP-1 concentration nec-
essary for IL-12 suppression. Macrophages were preincubated
with various concentrations of MCP-1 before stimulation with
LPS. The significant suppressive effect of MCP-1 occurred at a
dose of 50 ng/ml (Fig. 5). However, pretreatment with MCP-1
at the concentrations induced by virulent L. pneumophila, 5 to
15 ng/ml, did not suppress LPS-induced IL-12 production.
Thus, it was demonstrated that virulent L. pneumophila but
not avirulent or killed bacteria suppressed macrophage IL-12
protein production induced by LPS. This result indicates that
IL-12 suppression may be dependent on L. pneumophila viru-
lency and its viability in the macrophages. The suppression of
cytokines by L. pneumophila infection was selective for IL-12,
since IL-1a, IL-6, and IL-10, as well as MCP-1 and MCP-3,
induced by LPS were not suppressed by the infection. There-
fore, it is conceivable that this suppression of IL-12 production
by L. pneumophila infection has specificity and is not the result
of a generalized failure of macrophage function. It is interest-
ing that the data also indicate that the suppression may not be
dependent on L. pneumophila-induced IL-10, which is known
to suppress IL-12 production in the presence of LPS (9, 25),
because the infection did not enhance the IL-10 production
induced by LPS. This is consistent with prior reports of 1L.-12
suppression by HIV (6, 7) and Leishmania spp. (14). On the
other hand, it is possible that L. pneumophila-induced MCPs,
which are also known to suppress IL-12 production in the
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FIG. 2. Effect of virulent L. pneumophila infection on the protein
levels of IL-1a (A), IL-6 (B), and IL-10 (C) production induced by
LPS. The amount of indicated cytokine proteins in the culture super-
natants obtained at 24 h after infection was measured by ELISA.
Results are expressed as means = SD for three independent experi-
ments.

presence of LPS (3), may be related to IL-12 suppression. As
shown in Fig. 4, virulent L. pneumophila infection induced
production of MCP-1 and, furthermore, up-regulated the LPS-
induced production of MCP-1 in a dose-dependent manner.

Incubation Time 6 hrs 24 hrs
Treatment
LPS - - + + - - 4+ +
Lp-V - 4+ - + - 4+ — +
IL-12p35 [WeE- - -——
IL-12 p40 - -
IL-10 -l e e e
MCP-1 - — -
MCP-3 - —
BMG - EmD e  EES own mmw e

FIG. 3. Effect of virulent L. pneumophila infection on cytokine
mRNA expression induced by LPS. Macrophage monolayers were
infected with virulent L. pneumophila and incubated with or without
LPS. The mRNA expression for cytokines was determined by RT-
PCR, as described in Materials and Methods.
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FIG. 4. Effect of L. pneumophila infection on the MCP-1 produc-
tion induced by LPS. The amount of MCP-1 in the culture superna-
tants obtained at 24 h after infection was measured by ELISA. See the
legend to Fig. 1. Results are expressed as means * SD for three
independent experiments. Open column, non-LPS-stimulated group;
closed column, LPS-stimulated group; *, P <0.05 compared to nonin-
fected control group; s, P <0.05 compared to LPS-stimulated control

group.

Therefore, it seems likely that MCP-1 induced by infection
may play a significant role in down-regulation of IL-12 by
infection. However, both avirulent and UV-killed virulent L.
pneumophila, which did not induce any suppression of IL-12,
also up-regulated the LPS-induced production of MCP-1 sim-
ilarly to virulent bacteria, which induced IL-12 suppression.
Moreover, in the dose-response study concerning the suppres-
sion of IL-12 protein by MCP-1, pretreatment with MCP-1 at
concentrations induced by virulent L. pneumophila did not
suppress LPS-induced IL-12 production. Thus, even though
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FIG. 5. Effect of MCP-1 on the IL-12 p40/p70 production induced
by LPS. The amount of IL-12 p40/p70 protein in the culture superna-
tants obtained at 24 h after stimulation in the presence of various
concentrations of MCP-1 was measured by ELISA. Results are ex-
pressed as means * SD for three independent experiments. *, P <0.05
compared to nonstimulated control group.
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there were no neutralization experiments of MCPs by antibody
in this study due to lack of commercially available antibodies,
these results indicate that MCP-1 may not be involved in the
suppression of LPS-induced IL-12 by L. pneumophila infection.

L. pneumophila suppressed IL-12 production induced by
LPS from macrophages at the level of mRNA accumulation,
because the suppression was associated with decreased steady-
state levels of mRNA for IL-12 p40. These results are consis-
tent with prior reports of IL-12 suppression by Leishmania spp.
(14) regarding inhibition of IL-12 at the mRNA level of p40.
However, IL-12 suppression by HIV is associated with de-
creased mRNA accumulation for both p40 and p35 (7). There-
fore, mechanisms of IL-12 suppression by infection may de-
pend on the pathogens used.

The finding of IL-12 suppression by L. pneumophila infec-
tion in vitro does not agree with the recent study showing that
the experimental mouse infection with L. pneumophila induced
certain production levels of IL-12 (4). Since in vivo versus in
vitro systems are quite different, we cannot directly compare
the results of the two systems. However, it can be speculated
that the suppression of IL-12 by infection may be overcome by
the host defense system, because the infected animals tested
were eventually cured. This speculation is supported by the
finding that the systemic administration of exogenous IL-12
increases host resistance to several intracellular pathogens (15,
24, 27). Nevertheless, it is obvious that viable virulent L. pneu-
mophila selectively suppresses IL-12 production induced by
LPS from macrophages in vitro at the level of both mRNA and
protein secretion by an MCP-1-independent mechanism. Al-
though the mechanism of suppression is not yet clear, the
suppression of IL-12 production may be exploited by L. pneu-
mophila as a way to escape from cell-mediated immunity.

This work was supported by grants from the National Institute of
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