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We examined the roles of Th1-Th2 cytokine cross talk in Legionella pneumophila-infected bone marrow-
derived (BM) macrophages in the presence of costimulation with interleukin-12 (IL-12) and IL-18. Treatment
with gamma interferon (IFN-vy) alone or treatment with IL-12 in combination with IL-18 resulted in a 3- or
2-log reduction in bacterial numbers, respectively, in BM macrophages, whereas treatment with IL-12 or IL-18
alone had no effect. Significant amounts of IFN-y were detected in the culture supernatants of infected
macrophages stimulated with IL-12 and IL-18 in combination but not independently. Neutralization of IFN-y
by antibody completely abolished the growth inhibitory effects of IL-12 and IL-18. Interestingly, higher
infectivity ratios of L. pneumophila or the addition of increasing concentrations of heat-killed bacteria (HKB)
suppressed the production of IFN-y, which resulted in the increased intracellular growth of bacteria. Signif-
icant amounts of IL-10 were detected in culture supernatants when Legionella-infected macrophages were
cocultured with HKB. Furthermore, neutralization of IL-10 by antibody resulted in an increase in IFN-y
production by infected BM macrophages when cocultured with HKB. Treatment of HKB with trypsin but not
polymyxin B attenuated the growth-promoting effects of HKB, suggesting the involvement of a protein com-
ponent(s) in regulation of the growth of L. pneumophila. These findings demonstrate a crucial role of Th1-Th2
cross talk in L. pneumophila-infected BM macrophages. Our results also suggest that L. pneumophila modulates
the cytokine balance from IFN-y-driven Thl to more Th2 responses, likely through the induction of IL-10 by
a bacterial protein component(s). These data provide new insights not only into the cellular mechanisms of
Th1-Th2 cross talk in Legionella-infected macrophages but also into the pathogenesis of L. pneumophila

pneumonia in humans.

Legionella pneumophila is a gram-negative intracellular
pathogen that often causes serious and life-threatening pneu-
monia in humans (21, 36). A recent epidemiological survey
estimated that 17,000 to 50,000 patients with Legionella disease
have been hospitalized annually in the United States (21, 36).
Unfortunately, high mortality rates reaching 50% have been
observed, illustrating the fact that Legionella pneumonia is still
a challenging infectious disease, especially in immunocompro-
mised individuals (10, 35, 47).

Legionella organisms usually infect humans via inhalation of
contaminated aerosols from waterborne environmental
sources. In the lungs, bacteria infect cells through binding to
complement receptors on the surface and multiply predomi-
nantly in monocytes/macrophages (16, 24, 28, 34). The devel-
opment of the A/J mouse model of L. pneumophila pneumonia
has provided a valuable tool for analyzing the pathogenesis of
this disease (1, 51). Macrophages of A/J mice are believed to
be specifically permissive for L. pneumophila, and pneumonia
induced in these animals resembles human disease in both
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pathological findings and cytokine responses (1). Previous
studies demonstrated protective roles of Th1 cytokines, such as
gamma interferon (IFN-v), interleukin-12 (IL-12), and IL-18,
in an L. pneumophila infection model (2, 3, 13, 38, 41). For
example, we have reported a crucial role of neutrophil-derived
IL-12 in driving Thl-type host responses in murine L. pneu-
mophila pneumonia (46). In contrast, the Th2 cytokine IL-10
facilitates the growth of this organism in macrophages, due in
part to IL-10-mediated suppression of Thl cytokines (33).
Thil-polarized cytokine production may be a critical event for
resistance to intracellular pathogens, including Legionella, al-
though how the Th1-Th2 balance is organized in L. pneumo-
phila infection is still poorly understood.

IL-12 (6, 20) and IL-18 (31, 48) were separately recognized
as IFN-y-inducing factors. Furthermore, recent studies dem-
onstrated that IL-12 and IL-18 synergistically induce the pro-
duction of IFN-v in a variety of cell types (25, 31, 32, 52, 53).
An essential role of costimulation with IL-12 and IL-18 in the
induction of IFN-y was demonstrated in several infection mod-
els, such as Cryptococcus (53) and Listeria (30). Using a murine
L. pneumophila pneumonia model, Brieland and collaborators
demonstrated that blocking of endogenous IL-12 and IL-18
suppressed the production of IFN-vy in the lungs, a result which
suggested the synergistic induction of IFN-y by IL-12 and
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IL-18 in vivo (2). Recently, Munder and collaborators demon-
strated that murine bone marrow-derived (BM) macrophages
secrete IFN-y upon stimulation with IL-12 and IL-18 in com-
bination (27). These findings suggest that macrophages not
only are key cells responding to IFN-y but also are potent
IFN-y-producing cells. However, the roles and significance of
IFN-y-mediated autocrine macrophage activation in host in-
flammatory and immunological processes remain to be inves-
tigated.

In the present study, we examined the cross talk of Th1 and
Th2 cytokines, especially IFN-y induction and counterregula-
tion by IL-10, in L. pneumophila-infected BM macrophages
treated with IL-12 and IL-18 in combination. Our data suggest
that L. pneumophila modulates the cytokine balance from IFN-
vy-driven Thl to more Th2 responses, probably through the
induction of IL-10 by a bacterial protein component(s). The
cellular mechanisms of Th1-Th2 cross talk in Legionella-in-
fected macrophages and their contributions to the pathogen-
esis of L. pneumophila pneumonia are discussed.

MATERIALS AND METHODS

Medium and reagents. Culturing of cells for infection was performed with
RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum,
1% nonessential amino acids, 1% sodium pyruvate, 1% 2-mercaptoethanol, 1%
L-glutamine, and penicillin/streptomycin (GIBCO, Grand Island, NY).

Mice. Female A/J mice, 6 to 8 weeks old (Sankyo Laboratory, Tokyo, Japan),
were used in these studies. They were housed and cared for at the Toho Uni-
versity School of Medicine animal facility.

Bacteria. Clinical isolates of L. pneumophila Suzuki (44), a serogroup 1 strain
originally isolated at Toho University Hospital, were grown over 3 to 4 days at
37°C on buffered charcoal-yeast extract (BCYE) agar supplemented with L-
cysteine and ferric nitrates. A single colony was transferred to 3 ml of buffered
yeast extract broth and incubated overnight at 37°C with constant shaking. The
bacterial suspension was transferred to fresh buffered yeast extract broth as serial
fivefold dilutions and incubated overnight under the same conditions as those
described above. After confirmation of bacterial motility, the concentration of
bacteria in the broth was determined by measuring the absorbance at 600 nm.
Post-exponential-phase bacteria were used as challenge organisms (4). Heat-
killed L. pneumophila was prepared by incubating the bacterial suspension in
normal saline at 60°C for 10 min. After the heat treatment, the sterility of the
bacterial suspension was confirmed by plating it on BCYE agar. The numbers of
viable bacteria in the challenge suspension and the pre-heat treatment suspen-
sion were determined by plating and incubating organisms on BCYE agar for 4
days.

Preparation of BM macrophages. Mouse macrophages were prepared from
bone marrow exudates of female A/J mouse femurs as described previously (5,
43). The cells were seeded in 96-well tissue culture plates (10* cells/well) over-
night and used as BM macrophages. After the medium was changed, the BM
macrophages were infected with L. pneumophila Suzuki at several infectivity
ratios (macrophage/bacteria, 1:0.2 to 1:1). At 2 h after infection, nonphagocy-
tized and nonadherent bacteria were removed by two washes with medium. The
infected macrophages were cultured for an additional 7 days at 37°C in a hu-
midified atmosphere containing 5% CO,. In some experiments, various concen-
trations of heat-killed L. pneumophila were added to the infected macrophages
2 h after infection.

Addition of cytokines and neutralizing antibodies. Recombinant mouse cyto-
kines (IL-12, IL-18, and IFN-y) and antibodies (anti-IFN-y or anti-IL-10) were
added to the infected macrophages 1 day after infection with L. pneumophila. All
cytokines and antibodies used were obtained from R&D Systems (Minneapolis,
MN).

Determination of bacterial numbers. At various times after infection, culture
supernatants were collected and infected macrophages were lysed by mechanical
disruption in phosphate-buffered saline (pH 7.4). Harvested bacterial suspen-
sions were plated on BCYE agar as serial 10-fold dilutions and incubated at 37°C
for 4 days.

ELISAs for cytokines. The suspensions used for the determination of bacterial
numbers were centrifuged (10,000 rpm, 5 min). The supernatants were collected
for cytokine assays and stored at —80°C until used. The concentrations of IL-10,
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tumor necrosis factor alpha (TNF-a), and IFN-y were determined by sandwich
enzyme-linked immunosorbent assays (ELISAs) with antibody pairs from R&D
Systems in accordance with the manufacturer’s instructions. The sensitivities of
the ELISAs for the cytokines were 31 pg/ml for IL-10, 30 pg/ml for IFN-y, and
16 pg/ml for TNF-a.

Trypsin and polymyxin B treatments of heat-killed L. pneumophila and effects
of Legionella lipopolysaccharide (LPS) on bacterial numbers. Heat-killed L.
pneumophila (approximately 10'° CFU/ml) was diluted to the desired concen-
trations in RPMI 1640 medium. Trypsin treatment was performed as described
previously (9, 12). Briefly, heat-killed L. pneumophila Suzuki was treated with
trypsin (Sigma) for 2 h, and then soybean trypsin inhibitor (Sigma) was added for
1 h. This suspension was added to wells 2 h after infection. Final concentrations
of trypsin were 80, 2,000, and 50,000 p.g/ml, and that of trypsin inhibitor was 2.5
mg/ml. According to the manufacturer’s instructions, 1 mg of trypsin inhibitor
will inhibit 1.3 to 2.5 mg of trypsin. We did not observe significant effects of these
concentrations of trypsin and/or trypsin inhibitor on bacterial numbers in the
presence or absence of IL-12 plus IL-18.

Polymyxin B was obtained from Pfizer Japan Inc., and the suspension form of
heat-killed L. pneumophila was treated with polymyxin B as described previously
(49). Polymyxin B was incubated with the suspension of heat-killed bacteria for
3 h at room temperature. This suspension was added to wells 2 h after infection.
Final concentrations of polymyxin B were 2 and 50 pg/ml.

LPS of L. pneumophila Suzuki was prepared as described previously (14).
Purified LPS demonstrated 429,500 endotoxin units/ml, which is equivalent to
approximately 2 X 10° to 4 X 10° CFU/ml. L. pneumophila-infected macro-
phages were incubated with various concentrations of Legionella LPS, and bac-
terial numbers in wells were determined on day 7.

RESULTS

Effects of Thl cytokines on the growth of L. pneumophila in
BM macrophages. BM macrophages from A/J mice were in-
fected with L. pneumophila at an infectivity ratio of 1 (mac-
rophages:bacteria, 1:1) on day 0, and then macrophages were
treated with IL-12, IL-18, IL-12 plus IL-18, or IFN-v (20 ng/ml,
each) on day 1. Bacterial numbers at day 0, 1, 2 and 7 after the
infection were then determined (n = 5). As shown in Fig. 1, L.
pneumophila displayed continuous growth in untreated control
BM macrophages, reaching a concentration of approximately
10° CFU/ml on day 7. We did not observe growth inhibitory
effects when macrophages were treated with IL-12 or IL-18
separately. In contrast, IL-12 plus IL-18, or IFN-y alone re-
sulted in a significant reduction in bacterial numbers on day 7.
Specifically, incubation with IL-12 and IL-18 in combination,
or IFN-vy induced 2- and 3-log reductions in bacterial numbers
on day 7, respectively. These data suggest that the combination
of IL-12 and IL-18 induces growth inhibition of L. pneumo-
phila in BM macrophages, even at the concentrations in which
each cytokine is ineffective individually. Furthermore, our data
indicates that IFN-y serves as the most potent stimulus for
bacterial growth inhibition by macrophages.

TNF-a and IFN-y expression in culture supernatants of
infected BM macrophages treated with IL-12 plus IL-18. To
define the nature of growth inhibitory effects induced by treat-
ment of BM macrophages with IL-12 and IL-18 in combina-
tion, we examined levels of TNF-a and IFN-y in culture su-
pernatants of the infected BM macrophages. In these
experiments, infected BM macrophages were treated with
IL-12 or IL-18 (10 and 20 ng/ml) alone or in combination on
day 1, incubated for additional 6 days, then culture superna-
tants were collected on day 7 and examined for TNF-a and
IFN-y by ELISAs (n = 5). As shown in Fig. 2, we were unable
to detect significant amounts of TNF-« in any of these treat-
ment groups. In contrast, the combination of IL-12 and IL-18
(at doses of 10 and 20 ng/ml) induced significant IFN-y pro-
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FIG. 1. Effects of Th1 cytokines on the growth of L. pneumophila in
BM macrophages. BM macrophages (10° cells) were infected with L.
pneumophila (10> CFU; infectivity ratio, 1:1) on day 0. Cytokines (20
ng/ml) were added to the wells of macrophage cultures at 24 h after
infection (day 1). At the indicated times, supernatants and macro-
phages were collected and viable bacterial numbers were compared in
the control group (open circle) and in groups treated with IL-12
(closed circle), IL-18 (open square), IL-12 plus IL-18 (closed square),
and IFN-y (open triangle). The results are expressed as means *
standard deviations for five wells per group. Similar results were ob-
tained in three independent experiments. An asterisk indicates a P
value of <(0.05 in a comparison with the control group.

duction in Legionella-infected BM macrophages, whereas each
cytokine alone failed to induce detectable levels of IFN-vy.
These data suggest that the treatment of infected BM macro-
phages with IL-12 and IL-18 in combination stimulates induc-
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tion of IFN-y, which may be associated with growth inhibitory
effects on L. pneumophila.

Effects of IFN-vy neutralization on suppression of the growth
of L. pneumophila mediated by IL-12 and IL-18 in combina-
tion. To further analyze the growth inhibitory effects observed
by treatment of macrophages with IL-12 plus IL-18, we exam-
ined the effects of anti-IFN-y antibodies on the growth of L.
pneumophila in BM macrophages. Anti-IFN-y antibodies (100,
300, and 1,000 ng/ml), in combination with IL-12 plus IL-18 (20
ng/ml), were added to the infected BM macrophages on day 1.
Bacterial numbers in wells were determined on day 7 (n = 5).
As previously noted, a significant reduction in bacterial num-
bers in BM macrophages was observed when these cells were
treated with IL-12 plus IL-18. Under these experimental con-
ditions, anti-IFN-y antibodies abolished the growth-suppres-
sive effects of therapy with IL-12 plus IL-18 (Fig. 3). Anti-
IFN-y antibodies effects were observed in a concentration-
dependent fashion, and 1,000 ng/ml of antibody completely
restored the growth of L. pneumophila to the control level.
These results demonstrate that the induction of IFN-y induc-
tion by IL-12 plus IL-18 was the major mechanism accounting
for the growth inhibitory effects observed.

Suppression of IFN-y production by live and heat-killed L.
pneumophila. To further characterize roles of Th1-Th2 cyto-
kines in the pathogenesis of L. pneumophila infection, we ex-
amined IFN-vy induction in the setting of several magnitudes of
infectivity ratio. As previously shown (Fig. 2), IFN-y produc-
tion was observed in the supernatants of L. pneumophila-in-
fected BM macrophages when these cells were treated with
IL-12 and IL-18. Interestingly, we observed less IFN-y produc-
tion in higher infectivity ratio although it was not statistically
significant, as shown in Fig. 4A. These data suggest that L.
pneumophila organism may suppress IFN-y production from
BM macrophages. However, we could not exclude the possi-
bility of cytotoxic effects of bacteria at higher infectivity ratio as
a reason for a reduction of IFN-y, because previous data dem-
onstrated that Legionella organisms induce cell death of mac-
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FIG. 2. TNF-a and IFN-y levels in culture supernatants of infected BM macrophages treated with IL-12 plus IL-18. Cytokines at concentrations
of 10 ng/ml (open bars) and 20 ng/ml (closed bars) were added to the wells of L. pneumophila-infected BM macrophages (10° cells) at 24 h after
infection (n = 5). Culture supernatants were collected 7 days after infection, and TNF-a and IFN-y levels were determined. The results represent
means * standard deviations for five wells. Similar results were obtained in at least two independent experiments. An asterisk indicates a P value

of <0.05 in a comparison with the control group.
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FIG. 3. Effects of anti-IFN-y antibodies on suppression of the growth of L. pneumophila in BM macrophages treated with IL-12 plus IL-18.
Cytokines (20 ng/ml) were added to the wells of L. pneumophila-infected BM macrophages (10° cells) at 24 h after infection (n = 5). Several
concentrations of anti-IFN-y antibodies were added simultaneously with IL-12 and IL-18. Bacterial numbers in the wells were determined on day
7 after infection. The results represent means * standard deviations for five wells. Similar results were obtained in at least two independent
experiments. An asterisk indicates a P value of <0.05 in a comparison with the group receiving IL-12 plus IL-18 but not antibodies.

rophages, probably through induction of apoptosis (29, 54). To
simplify the experimental conditions, we next examined effects
of heat-killed L. pneumophila on IFN-y production in BM
macrophages. In these experimental conditions, we did not
observe decrease of macrophage viability in the presence of
heat-killed organisms. As shown in Fig. 4B, heat-killed L.
pneumophila reduced production of IFN-y in a dose-depen-
dent fashion, similar to that observed with live organisms (Fig.
4B). These data demonstrate that L. pneumophila suppress
IFN-y production from macrophages stimulated with IL-12
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plus IL-18. Moreover, our data suggest that heat-stable com-
ponents of the organisms may be responsible for this IFN-y-
suppressing activity in BM macrophages.

Heat-killed L. pneumophila enhances the replication of live
organisms in BM macrophages. Next, we examined effects of
heat-killed L. pneumophila on growth of the organisms in BM
macrophages. Various concentrations of heat-killed organisms
were added to the culture of infected BM macrophages 2 h
after the infection with live L. pneumophila, and then bacterial
numbers were compared on day 7 (n = 5). Interestingly, the
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FIG. 4. Suppression of IFN-y production by live and heat-killed L. pneumophila. (A) BM macrophages (10° cells) were infected with several
concentrations of bacteria on day 0, and IL-12 plus IL-18 (10 ng/ml) was added to the wells on day 1. Culture supernatants were collected on day
7, and the concentrations of IFN-y were determined (n = 5). (B) BM macrophages (10° cells) were infected with 10° CFU of bacteria on day 0.
Heat-killed bacteria (HKB) and IL-12 plus IL-18 (10 ng/ml) were added to the wells at 2 h and 24 h after infection, respectively. Culture
supernatants were collected on day 7, and the concentrations of IFN-y were determined (n = 5). The results are expressed as means *+ standard
deviations for five wells. Similar results were obtained in at least two independent experiments. An asterisk indicates a P value of <0.05 in a

comparison with the groups not receiving heat-killed bacteria.
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FIG. 5. Heat-killed L. pneumophila augments replication of the organisms in BM macrophages. BM macrophages (10° cells) were infected with
L. pneumophila on day 0. Heat-killed bacteria (HKB) and IL-12 plus IL-18 (10 ng/ml) were added to the wells at 2 h and 24 h after infection,
respectively. Seven days after infection, bacterial numbers in the wells were determined. The results are expressed as means * standard deviations
for five wells. Similar results were obtained in at least two independent experiments. A single asterisk indicates a P value of <0.05 and a double
asterisk indicates a P value of <0.01 in a comparison with the group receiving IL-12 plus IL-18 but not heat-killed bacteria.

addition of heat-killed organisms promoted the growth of L.
pneumophila (Fig. 5). This growth promoting effect of heat-
killed organisms was concentration dependent, and more than
a 1-log increase on bacterial numbers was observed when 1:10
heat-killed organisms (macrophages:heat-killed bacteria) were
added to the culture. These data are consistent with the ob-
served reduction of IFN-vy in the presence of heat-killed or-
ganisms. Taken together, the present results suggest that
IFN-v is a critical factor for growth suppression of L. pneumo-
phila, and the presence of heat-killed organisms suppresses
IFN-vy induction, which may be associated with the growth
promotion of this organism in BM macrophages.

Heat-killed L. pneumophila induces IL-10 production in in-
fected BM macrophages. To examine the potential mecha-
nism(s) of suppression of IFN-y by heat-killed organisms, we
determined IL-10 levels in the infected BM macrophages
cocultured with heat-killed organisms (n = 5). As shown in Fig.
6A, significant amounts of IL-10 were detected in the culture
supernatants of infected BM macrophages when these cells
were cocultured with 1:2 heat-killed organisms (macrophages:
heat-killed organisms). These results prompted us to examine
effect of anti-IL-10 antibodies on IFN-y production in these
experimental conditions. As shown in Fig. 6B, the neutraliza-
tion of IL-10 by specific antibody resulted in significant in-
crease of IFN-vy in the infected BM macrophages when cocul-
tured with heat-killed organisms. These findings suggest an
important role of IL-10 induction by heat-killed L. pneumo-
phila, which may explain, at least in part, suppression of IFN-y
and the resultant growth promotion of the organisms observed
in the presence of heat-killed bacteria.

Characterization of a bacterial component(s) responsible
for growth promotion in heat-killed L. pneumophila. We next
characterized the bacterial component(s) responsible for
growth inhibitory effects mediated by heat-killed organisms.
Heat-killed bacteria were treated with the proteinase trypsin

for protein digestion (12) or polymyxin B for lipopolysaccha-
ride inactivation (49), then added to the culture of infected BM
macrophages, and the bacterial numbers on day 7 were exam-
ined. As shown in Fig. 7, the treatment of heat-killed L. pneu-
mophila with trypsin significantly abolished the growth enhanc-
ing effects of heat-killed organisms, whereas inactivation of
lipopolysaccharide by polymyxin B failed to alter growth of
bacteria. These data suggests that a heat-stable protein com-
ponent(s) of L. pneumophila may be responsible for growth
promoting effects observed in the infected BM macrophages
cocultured with heat-killed organisms.

Effects of Legionella LPS on bacterial numbers. Finally, we
examined effects of purified L. pneumophila LPS on bacterial
numbers in macrophages. As shown in Fig. 8, we observed
reductions in bacterial numbers in the presence of Legionella
LPS, in a concentration-dependent manner. The Legionella
LPS effects were demonstrated in despite of the presence or
absence of IL-12 plus IL-18. These data are consistent with
data of Fig. 7, and further suggested that Legionella LPS is not
an effector of growth promotion observed in the presence of
heat-killed bacteria.

DISCUSSION

In the present study, cross talk between Th1l and Th2 cyto-
kines was examined in L. pneumophila-infected BM macro-
phages. Our data are consistent with previous reports indicat-
ing a critical role of IFN-y in anti-Legionella activity, and
further demonstrate that L. pneumophila modulates cytokine
balance, probably through IL-10-mediated suppression of
IFN-y production. The present results highlight the critical
involvement of bacterial protein component(s), not only in
Th1-Th2 cytokine cross talk, but also in regulation of growth of
L. pneumophila.

Synergistic effects of IL-12 and IL-18 on IFN-v induction has
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FIG. 6. Heat-killed L. pneumophila induces 1L-10 production in Legionella-infected BM macrophages. (A) BM macrophages (10° cells) were
infected with L. pneumophila on day 0. Heat-killed bacteria (HKB) and IL-12 plus IL-18 (10 ng/ml) were added to the wells at 2 h and 24 h after
infection, respectively. Seven days after infection, IL-10 production in supernatants was determined. The results are expressed as means * standard
deviations for five wells. Similar results were obtained in at least two independent experiments. An asterisk indicates a P value of <0.05 in a
comparison with the group receiving IL-12 plus IL-18 but not heat-killed bacteria. (B) BM macrophages (10° cells) were infected with L.
pneumophila on day 0. Heat-killed bacteria (HKB) were added to the wells at 2 h after infection. Anti-IL-10 antibodies (Ab) and IL-12 plus IL-18
(10 ng/ml) were added to the wells at 24 h after infection. Seven days after infection, IFN-y production in the wells was determined. The results
are expressed as means = standard deviations for five wells. Similar results were obtained in at least two independent experiments. An asterisk

indicates a P value of <0.05 in a comparison with the group receiving IL-12 plus IL-18 and heat-killed bacteria but not antibodies.

been demonstrated in several types of cells, such as T cells (25,
37), B cells (52) and NK cells (53). Furthermore, a recent
report demonstrated that murine macrophages also produce
efficient amount of IFN-vy in response to these cytokines, which
suggests a novel pathway of autocrine macrophage activation
(27). Salins and associates have demonstrated that expression
of IFN-y mRNA was detected in the Legionella-infected mac-
rophages of BALB/c mice (growth restrictive), but not in the
macrophages of A/J mice (growth-permissive), further sup-
porting the importance of macrophage-derived IFN-y in in
vitro L. pneumophila infection (38). Brieland and collaborators
have demonstrated that blocking of endogenous IL-12 and
IL-18 by administration of specific neutralization antibody sup-
pressed production of IFN-vy in lungs of mice infected with L.
pneumophila, confirming a contribution of IL-12 and IL-18 to
induction of IFN-y in vivo (2). In this regard, we did not find
a protective role of exogenous IL-12 in neutropenic A/J mouse
model of L. pneumophila pneumonia, although combination
treatment of IL-12 and IL-18 was not examined (46). In the
present study, we observed IFN-y production in L. prneumo-
phila-infected BM macrophage from A/J mice, although co-
stimulation with IL-12 and IL-18 was required. Since neutral-
ization of IFN-vy by specific antibody completely abolished the
growth inhibitory effects of treatment with IL-12 plus IL-18, it
was concluded that IFN-y-mediated macrophage activation is
the principle reason for exaggerated bactericidal activity.
These data suggest that production of macrophage-associated
IFN-y under costimulation with IL-12 and IL-18 may be im-
portant for regulation of growth of intracellular pathogens,
including L. pneumophila. Moreover, our results suggest a po-
tential role of therapy with IL-12 plus IL-18 against L. pneu-
mophila infection, which is an ongoing study in our laboratory.

During these experiments, we noted suppression of IFN-y
when BM macrophages were infected with higher numbers of
bacteria, which prompted us to examine effect of heat-killed
organisms. Interestingly, we observed that heat-killed L. pneu-
mophila also inhibited the production of IFN-y in a dose-
dependent manner (Fig. 4). The presence of heat-killed organ-
isms in L. pneumophila-infected BM macrophages promoted
the bacterial growth, an effect which correlated with suppres-
sion of IFN-vy. These results suggest that cellular component(s)
of L. pneumophila may produce extracellular signals that mod-
ulate IFN-y production and intracellular multiplication of bac-
teria in BM macrophages. Matsunaga and colleagues demon-
strated that LPS-induced production of IL-12 was down-
regulated in macrophages by infection with virulent L.
pneumophila, but other cytokines, such as IL-6 and IL-10, were
not affected (22). They also suggested an involvement of the
mitogen-activated protein kinase cascade in the inhibition of
IL-12 production by L. pneumophila (23) Since virulent L.
pneumophila, but not avirulent or UV-killed bacteria, sup-
pressed IL-12 production in macrophages, it was speculated
that IL-12 suppression may be dependent on L. pneumophila
virulence and its viability in the macrophages. Although a
correlation between IL-12 suppression by virulent organisms
and the present data of IFN-y inhibition by heat-killed L.
pneumophila is unknown, altering the production of the Thl-
driving cytokines may be a critical means by which bacteria
evade host immune systems.

Significant amounts of IL-10 were detected in L. pneumo-
phila-infected BM macrophages when these cells were cocul-
tured with heat-killed bacteria. Furthermore, neutralization of
IL-10 by specific antibody resulted in a reciprocal increase of
IFN-y in these culture conditions. These data suggest that the
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FIG. 7. Characterization of a bacterial component(s) responsible for bacterial growth promotion by heat-killed L. pneumophila. BM macro-
phages (10° cells) were infected with L. pneumophila on day 0. Heat-killed bacteria (HKB) and IL-12 plus IL-18 (10 ng/ml) were added to the wells
at 2 h and 24 h after infection, respectively. Trypsin-treated (80, 2,000, or 50,000 pg/ml) or polymyxin B-treated (2 or 50 pg/ml) heat-killed bacteria
were added to the wells of infected BM macrophages as described in Materials and Methods. Seven days after infection, bacterial numbers in the
wells were determined. The results are expressed as means * standard deviations for five wells. Similar results were obtained in at least two
independent experiments. Single and double asterisks indicate P values of <0.05 and <0.01, respectively, in a comparison with the groups not

receiving trypsin treatment.

production of IL-10 in response to heat-killed organisms con-
tributes to IFN-y suppression, which may be associated with
growth promotion effects by heat-killed L. pneumophila. The
present results are in agreement with the notion that bacteria
can alter host cytokine networks as a means to enhance patho-
genicity (50). IL-10 is a strong suppressor for IFN-y and a key
factor for driving Th2-type host responses. The role of IL-10 in
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microbial infection has been investigated for several bacterial
and parasitic pathogens (26). In particular, a pathogen-medi-
ated IL-10 production as microbial strategy to evade host im-
mune system was demonstrated in Leishmania major (17) and
Yersinia spp (39, 40). Sing and associates have demonstrated
that Y. enterocolitica releases a virulence factor LerV, which
induces IL-10 through Toll-like receptor-2 and CD14 (40).
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FIG. 8. Effects of Legionella LPS on the growth of bacteria. BM macrophages (10° cells) were infected with L. pneumophila on day 0. Legionella
LPS (in multiplicities of infection) and IL-12 plus IL-18 (10 ng/ml) were added to the wells at 2 h and 24 h after infection, respectively. Seven days
after infection, bacterial numbers in the wells were determined. The results are expressed as means * standard deviations for five wells. Similar
results were obtained in at least two independent experiments. An asterisk indicates a P value of <0.05 in a comparison with the control group.
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Although LecrV homolog, PcrV, has been discovered in
Pseudomonas aeruginosa as a part of type I1I protein secretion/
translocation apparatus (39), the presence of LerV homolog in
L. pneumophila has not yet been demonstrated.

L. pneumophila possesses a variety of virulence factors, in-
cluding LPS, flagella, heat-shock protein (Hsp60) and toxins
(7, 42). More recently, lvgA, a surface-expressed novel viru-
lence factor, has been identified (8, 9). Since treatment with a
protease trypsin, but not the LPS inhibitor polymyxin B, de-
creased the growth promoting effect by heat-killed organisms,
it appears likely that protein component(s) of bacteria may be
responsible for these mechanisms. In fact, we did not observe
the growth promotion effect by adding purified Legionella LPS.
On the other hand, Legionella flagella (15) and a toxin (11)
have been reported thus far as protein components with heat-
stable characteristics. Hawn and colleagues have reported that
flagella proteins of L. pneumophila are a principal stimulant of
proinflammatory cytokine production in lung epithelial cells
(15). They demonstrated that heat-killed L. preumophila
(65°C, 15 min), but not flagellum-deficient mutant, stimulated
IL-8 production in A549 and Calu-3 cells, although the effects
of Legionella flagella proteins on macrophages were not exam-
ined. Another important characteristic of L. pneumophila is
the surface expression of Hsp60, a member of the GroEL
family of chaperonins, as a virulence factor (12). In a study
addressing bacterial Hsp60-host cell interactions, it was shown
that the pretreatment of HeLa cells with Hsp60 of L. prneumo-
phila reduced the adherence and invasiveness of bacteria at 3 h
after infection (12), although the effect of Hsp60 pretreatment
on long-term growth, or the stability of this protein after heat
treatment has not been investigated. Which protein compo-
nent(s) of L. pneumophila is responsible for the growth pro-
motion effects, as well as potential receptor-ligand interaction
and down-stream signaling mechanisms governing growth per-
missiveness in macrophages, are of great interest.

While our study has identified a protein component(s) of L.
pneumophila as an autocrine and/or paracrine enhancer of
intracellular growth within macrophages, the roles and signif-
icance of these phenomenon in vivo remain to be investigated.
L. pneumophila pneumonia is characterized by severe hypox-
emia and a high frequency of complications, such as acute
respiratory distress syndrome and multiple organ failure (10,
35, 47). It is well known that patients with L. pneumophila
pneumonia excrete bacterial antigens into urine, which is now
widely accepted as a diagnostic tool for the disease. Interest-
ingly, urinary antigens are generally detectable within a few
days of illness onset and can remain so for several months to
>300 days after initiation of appropriate antimicrobial therapy
(18). These findings suggest that bacteria or at least bacterial
components/products may exist at sites of infection during
those periods. Previously, we found less extensive IFN-y and
IL-12 responses in the lungs when larger numbers of L. pneu-
mophila organisms were inoculated into the lungs of A/J mice,
suggesting the suppression of Thl-type cytokine responses by
this organism in vivo (unpublished results). In contrast, in the
serum of L. pneumophila pneumonia patients, we did not ob-
serve a correlation between the severity of disease and levels of
IFN-v, although most patients consistently demonstrated
strong Thl-type cytokine responses (45). Recently, Lettinga
and associates reported reduced IFN-y responses in patients
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who had recovered from L. pneumophila pneumonia 1 year
earlier, in comparison with control individuals who were also
exposed but had not developed the disease (19). Since smaller
amounts of IFN-vy were released after whole-blood stimulation
with LPS or IL-12 in the former patients, they concluded that
impaired IFN-y production may contribute to susceptibility to
L. pneumophila infection. Based on our current observations,
an alternative interpretation of these results is that suppression
of IFN-v production may be mediated by ongoing exposure to
L. pneumophila or its antigens, although the duration and
persistence of IFN-y-suppressing effects by heat-killed bacteria
have not yet been examined. Further investigations are war-
ranted in order to better define the mechanisms of pathogen-
esis in L. pneumophila infection, the molecular and cellular
aspects of Th1-Th2 cytokine cross talk, and the clinical signif-
icance of these responses in disease.
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