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We investigated the role of tumor necrosis factor alpha (TNF-a1) in human peripheral monocytes infected
with Legionella pneumophila in vitro. Exogenous TNF-a significantly inhibited the intracellular multiplication
of the bacterium. This effect was concentration and time dependent and was abrogated by anti-TNF antibodies.
TNF-ac levels in the culture supernatants were low but were enhanced by the addition of gamma interferon.
When monocytes were cultured and infected in the presence of pentoxyphilline, a potent inhibitor of TNF-a
synthesis, the intracellular bacterial growth was enhanced. The effect of pentoxyphilline was concentration and
time dependent and was due to the inhibition of TNF-a production, as shown by Northern (RNA) blot
hybridization of total RNA. In addition, the pentoxyphilline partially abolished the inhibitory effect of gamma
interferon on bacterial intracellular multiplication. These results suggest that gamma interferon inhibits, at
least partially, the intracellular multiplication of L. pneumophila by enhancing TNF-at synthesis.

Tumor necrosis factor (TNF), an immunostimulatory cy-
tokine, has multiple biological properties (antitumor effect,
cytostatic and cytolytic effects, and weight loss induction)
(7). TNF has been reported to enhance the phagocytic
activity of human polymorphonuclear neutrophils and to
mediate their adherence to endothelial cells (20), to mediate
natural cytotoxic cell activity (17), and to stimulate the
antiparasitic activity of eosinophils (21). TNF also partici-
pates in the cytokine cascade during the immune response
(10), acting synergistically with gamma interferon (IFN--y).
TNF and IFN--y have been found to activate macrophages
and enhance their antitumor and antimicrobial activities (12).
Legionella pneumophila is a gram-negative facultative

intracellular pathogen that causes pneumonia (11). L. pneu-
mophila can infect human monocytes and alveolar macro-
phages in vitro and in vivo (15). The host may limit infection
to survive. Intracellular multiplication can be inhibited by
IFN--y activation of alveolar macrophages (16). As TNF is
produced in the lungs of L. pneumophila-infected mice (3), it
may participate in limiting the infection. We therefore eval-
uated TNF production and its role in monocytes infected by
L. pneumophila in vitro.

MATERIALS AND METHODS

Bacteria. L. pneumophila serogroup 1 was isolated from
the lung of a patient who died from Legionnaires' disease. A
bronchoalveolar aspirate was plated on buffered charcoal-
yeast extract agar supplemented with a-ketoglutarate and
antibiotics. Plates were incubated at 30°C with 2.5% CO2 for
3 days. A single colony was then taken and plated onto
buffered charcoal-yeast extract medium supplemented with
a-ketoglutarate for another 3 days. The bacteria were har-
vested in sterile distilled water and tested for viability. The
suspension was adjusted to 109 bacteria per ml, divided into
aliquots, and stored at -70°C until use.

* Corresponding author.

Reagents. Recombinant TNF-a (105 U/ml) and human
IFN--y (50 ,ug/ml), a kind gift from Roussel-Uclaf (Romain-
ville, France), were stored at -70°C until use. Pentoxyphil-
line (PTX), a kind gift from Hoechst (Puteaux, France), was
diluted in sterile distilled water and sterilized through a
0.22-,um-pore-size filter; it was stored at -20°C until use.
Monoclonal anti-TNF-a antibodies were a kind gift from
Knoll BASF Laboratories (Munich, Germany) and neutral-
ized 1 U of TNF-a at a 5 x 10-2 dilution.

Preparation of monocytes. Venous blood was obtained
from normal volunteers and diluted one-half in RPMI 1640
medium. It was then layered on MSL solution (Eurobio,
Paris, France) and centrifuged for 30 min at room tempera-
ture. The band of peripheral blood leukocytes was collected
and washed twice by centrifugation in RPMI 1640 medium.
The pellet was resuspended in RPMI supplemented with 5%
heat-inactivated fetal calf serum and 100 mM L-glutamine
(culture medium). Peripheral blood leukocytes were allowed
to adhere to plastic 24-well plates (Costar) for 2 h at 37°C
before washes with medium to remove nonadherent cells.
Adherent cells were incubated in culture medium with 10%
heat-inactivated fetal calf serum at 37°C with 5% CO2 for 3
days before L. pneumophila infection. Selected experiments
done with standard culture medium were repeated for con-
firmation in medium containing heat-inactivated normal hu-
man serum.

Infection with L. pneumophila. Adherent cells were prein-
cubated for various times with the test reagents and then
infected with L. pneumophila (bacteria/cell ratio = 1:10) for
2 h at 37°C. Supernatants were then discarded, and the cells
were washed thrice with culture medium. Fresh culture
medium with or without the test reagents was added, and the
cultures were incubated further at 37°C with 5% CO2 for 3
days. At day 3, the supernatants were discarded, the cells
were washed three times with culture medium, and 1 ml of
sterile distilled water was added. Cells were then removed
from the plates with a rubber policeman, and intracellular
bacteria were released by ultrasonic lysis (5 s; Bioblock
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TABLE 1. Exogenous addition of TNF-a inhibits intracellular
multiplication of L. pneumophila in human peripheral
monocytes in a concentration-dependent fashiona

Concn of TNF-a (U/mi) Addition of IFN--y L. pneumophila CFU/ml
infection (0.01,ug/ml) (mean ± SD)

None - (4 + 0.21) x 106
102 - (1 0.12) x 106
103 - (4 0.32) x 104
104 - (5 0.13) x 104
None + (2.5 ± 0.07) x 103

a The IFN-y inhibitory effect is presented for comparison. The initial
bacterial inoculum was 104 CFU/ml. Values are means of three experiments.

Scientifique 20/200 SX). CFU were counted by plating on
buffered charcoal-yeast extract medium supplemented with
a-ketoglutarate after 3 days of incubation at 30°C with 2.5%
Co2.

Cytokine assays. TNF activity was detected with 5 x 104
L-929 cells per well seeded in 96-well microtiter plates and
suspended in 0.1 ml of RPMI 1640 medium containing 10%
fetal calf serum. Actinomycin D (Sigma) at a final concen-
tration of 1 ,ug/ml was added before the sample dilutions (0.1
ml). The cells were incubated at 37°C for 18 h and then
extensively washed in Hanks' balanced salt solution
(GIBCO). Adherent cells were stained for 10 min with
crystal violet (0.2% in 2% ethanol) and washed with water,
and 0.1 ml of 1% sodium dodecyl sulfate (SDS) was added to
each well to solubilize the stained cells. The A550 of each
well was read. Percent cytotoxicity was defined as the
relative absorbance of the test sample versus that of the
control (medium only) wells, as follows: % cytotoxicity = {[1
- absorbance of samples/absorbance of control]} x 100. The
cytotoxicity titer (units per milliliter) was defined as the
dilution of test sample that caused 50% cytotoxicity.
TNF-a and interleukin-6 (IL-6) production in the culture

supernatants were also measured, using an enzyme immu-
noassay (Medgenix, Brussels, Belgium), and results were
expressed as picograms per milliliter.
RNA preparation and analysis. Total RNA was extracted

from the infected monocytes by the guanidium isothiocy-
anate method. RNA corresponding to 2 x 106 cells (about 15
p,g) was size fractionated by electrophoresis through a 1%
agarose gel containing 0.02 M 3-(N-morpholino)propane-
sulfonic acid buffer and 0.66 M formaldehyde and then
transferred to a nylon membrane and baked. The IL-6
message was detected with a 1.1-kb EcoRI-BamHI fragment
cDNA probe (a kind gift of B. B. Aggarwal). The TNF-ot
message was detected with a 0.810-kb EcoRI fragment
cDNA probe (also a gift from B. B. Aggarwal). For IL-6 and
TNF-a RNA analyses, filters were prehybridized at 42°C for
at least 4 h in 50% formamide solution containing 5 x SSPE
(1 x SSPE is 150mM NaCl, 10mM NaH2PO4 [pH 7.4], 1 mM
EDTA), 5x Denhardt's solution (lx Denhardt's solution is
0.1% bovine serum albumin, 0.1% Ficoll 400, 0.1% polyvi-
nylpyrrolidone), 1% SDS, 5% dextran sulfate, and 200 ,ug of
carrier salmon sperm DNA per ml. The filters were then
hybridized in the same buffer at 42°C overnight with random
hexamer-primed [a_-32P]dCTP-labeled cDNA probes. After
15-min washes at 65°C (2x SSC containing 0.5% SDS and
then 0.5 x SSC), the filters were exposed to Kodac X-Omat
XAR 5 films for 7 days at -80°C.

TABLE 2. Exogenous addition of TNF-a (103 U/ml) inhibits
intracellular multiplication of L. pneumophila in human

peripheral monocytes in a time-dependent fashiona

Time of TNF-a Presence of Addition of L. pneumophila
addition before anti-TNF-a IFN-y CFI/ml
(-) and after antibody
(+) infection (1/10 diluted) (0.01 ,g/mI) (mean + SD)

None - - (6 ± 0.23) x 105
-24 h - - (3 ± 0.20) x 13
-24 h + - (2.8 0.15) x 105
-lh - - (2 0.11) x 103
-1h + - (2+0.57)x105
-30 min - - (1 0.01) x 103
-30 min - + (1 0.27) x 103
-30 min + + (2 0.33) x 103
+30mi - - (3 ± 0.27) x 105
+30 min + + (2.5 ± 0.19) x 103
+30 min - + (2 ± 0.12) x 103

a The IFN-y inhibitory effect is shown for comparison. The initial bacterial
inoculum was 104 CFU/ml. Values are means of three experiments.

RESULTS
Exogenous TNF-oi inhibits intracellular multiplication of L.

pneumophila in human peripheral monocytes in a concentra-
tion- and time-dependent fashion. We incubated human pe-
ripheral monocytes with TNF-a (102 to 104 U/ml) for 1 h
before L. pneumophila infection and assayed the cultures for
bacterial CFU after 3 days. As shown in Table 1, L.
pneumophila multiplication was inhibited in human 4periph-
eral monocytes treated with TNF-a at 103 and 10 U/ml,
while no significant inhibition was observed at lower TNF-a
concentrations (three experiments). The results obtained
with different times (24 h, 1 h, and 30 min) of monocyte
incubation with 103 U of TNF-a per ml before infection were
similar, and the intracellular multiplication of L. pneumo-
phila was found to be consistently inhibited. However, when
the monocytes were incubated with TNF-a 30 min after
Legionella infection, there was no significant inhibition of
bacterial multiplication, even when higher TNF-a concen-
trations were used (104 U/ml; data not shown).
To examine whether the action of TNF-a on the multipli-

cation of L. pneumophila was specific, we attempted to
inhibit its effect with a monoclonal anti-TNF antibody.
When monocytes were incubated with 103 U of TNF-a per
ml plus a monoclonal anti-TNF antibody (diluted 1/10) 1 h
before infection, the effect of TNF-a on L. pneumophila
multiplication was significantly reduced (Table 2). A similar
reduction was observed when TNF-a and the anti-TNF
antibody were added to the cell culture 24 h before infection.

In all experiments, the effect of exogenous IFN--y (0.01
,ug/ml) was studied in parallel. IFN-,y was a strong inhibitor
of intracellular multiplication even when added 30 min after
infection. The addition of both TNF-a and IFN--y did not
potentiate the inhibitory effect of IFN--y further (Table 2).
TNF-a production during L. pneumophila infection in vitro.

TNF-a and IL-6 production by human monocytes infected
with L. pneumophila was determined by biological assays
and enzyme immunoassays in the culture supernatants at
various periods after infection. A moderate increase in
TNF-a production was observed in the culture supernatants
24, 48, and 72 h after infection, while the addition of 10 ,ug of
lipopolysaccharide (LPS) per ml resulted in significant
TNF-a production (Table 3). IL-6 (and IL-1) production was
significantly increased during this period (data not shown).
The enzyme immunoassay confirmed the results obtained by
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TABLE 3. TNF-a production in culture supernatants of human
monocytes infected with L. pneunmophila at various times after

IFN-y (0.1 ,ug/ml) and LPS (10 ,ug/ml) additiona

L. pneumophila Addition of: TNF-a activity (U/ml)
infection IFN-y LPS 24 h 48 h 72 h

- - - <10 <10 <10
+ - - 16 20 25
- + - 16 16 14
- - + 90 70 75
+ + - 60 50 25
- + + 150 120 135

a Values are means of three experiments.

the biological method for TNF-at production (8, 14, and 17 pg
of TNF-a per ml at 24, 48, and 72 h after infection,
respectively). Since the presence of TNF-a in the culture
supematants was not significantly increased during the in-
fection, we studied TNF-ao production after the addition of
IFN--y to the L. pneumophila-infected monocytes: TNF-a
production in the culture supernatants was consistently
increased (Table 3).
PTX, a potent inhibitor of endogenous TNF-ar production,

enhanced intracellular multiplication. When a monoclonal
anti-TNF-at antibody (diluted 1/10) was added to the mono-
cyte cultures before or after infection, bacterial growth was
not modified after 3 days of culture (data not shown). We
therefore studied the effect of PTX, a potent inhibitor of
endogenous TNF-a production (but not of other cytokines
such as IL-lp and IL-6), on bacterial multiplication. Cul-
tures were infected in the presence or absence of PTX and
were assayed for Legionella CFU after 3 days. In the
presence of PTX (10 and 102 ,ug/ml, added to the culture 2 h
before infection), L. pneumophila multiplication was consis-
tently increased. At lower PTX concentrations (1 ,ug/ml) and
when PTX was added to the monocyte culture after Le-
gionella infection, the bacterial multiplication was similar to
that in control human monocytes (culture medium only)
(Table 4). When total RNA was extracted from the cells
infected in the presence of PTX and assessed by Northern
(RNA) blot hybridization with probes specific for TNF-ot
(and IL-6 as a control), we found significant inhibition of
TNF-ot RNA synthesis. The synthesis of IL-6 RNA was not
modified (Fig. 1).

TABLE 4. Addition of PTX to infected monocytes and
interference with the inhibitory effect of IFN--y

on bacterial multiplicationa

Addition of Addition of PTXb L. pneumophila CFU/ml
IFN-y Amt (,g/ml) Time (h) (mean ± SD)

- None (6 0.19) x 105
+ None -2 (8 0.37) x 103
- +100 -2 (2 + 0.21) x 106
_ +10 -2 (3 0.12) x 106
_ +1 -2 (1 0.23) x 106
+ +100 -2 (8 0.21) x 104
+ +10 -2 (2 0.31) x 105
+ +1 -2 (1+0.08)x104
+ +100 +1 (1 0.11) x 104
+ +10 +1 (1 0.02) x 104

a The initial bacterial inoculum was 104 CFU/ml. Values are means of three
experiments.

+, Before infection; -, after infection.

r S~~~~~NFcx
IL-6
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FIG. 1. TNF-a and IL-6 messages of the total RNA from L.
pneumophila-infected monocytes were detected by Northern blot
hybridization, using specific cDNA probes. The addition of various
concentrations of PTX to monocyte cultures infected in the pres-
ence of IFN-y resulted in a significant inhibition of TNF-oa RNA
expression but not IL-6 RNA expression.

IFN-y inhibits intracellular multiplication of L. pneumo-
phila by enhancing endogenous TNF-a production. Infection
was performed in the presence of PTX plus IFN-y, and the
cultures were assayed for Legionella CFU after 3 days. In
the presence of IFN-y (200 U) and PTX (10 and 102 ,ug/ml),
added to the cell culture 2 h before infection, L. pneumo-
phila multiplication was increased relative to cultures in-
fected in the presence of IFN--y alone. PTX at 10 ,.g/ml was
a more potent inhibitor of the IFN--y effect than at the higher
concentration (102 ,ug/ml). At a lower PTX concentration (1
jig/ml), we found no interference with the IFN-,y effect on
bacterial multiplication (Table 4). The addition of PTX to
monocyte cultures infected in the presence of IFN--y resulted
in inhibition of TNF-ot RNA expression but not of IL-6 RNA
expression.

DISCUSSION

The alveolar macrophage is the principal target of L.
pneumophila, which destroys these cells. Since L. pneumo-
phila is a facultative intracellular bacterium, the host con-
trols the infection by cell-mediated immune responses and
by activating macrophages and rendering them resistant to
intracellular multiplication. Macrophages can be activated
by various lymphokines, among which IFN-,y is considered
the most important. Activation of human resident macro-
phages by IFN-,y and enhanced antimicrobial activity against
L. pneumophila have been described previously (16). This
enhanced antimicrobial activity can also concern many other
intracellular pathogens (12, 14). Production ofTNF has been
reported to occur in lung lavage fluid during L. pneumophila
infection (3). In addition, synergy and a cooperative effect
between IFN-y and TNF have been described (12). We
tested the hypothesis that TNF production during L. pneu-
mophila infection confers enhanced antimicrobial activity to
macrophages and participates in controlling the infection.
We found that TNF-a can be produced during monocyte

infection by L. pneumophila in vitro. Significant induction of
TNF-a production, however, was detected only after addi-
tion of IFN--y to the infected monocyte culture. It is unclear
why significantly increased TNF-ot activity was not detected
in the culture supernatants without IFN--y addition even
though IL-6 was present. The low sensitivity of the methods
used for detection of TNF-ax and the existence of TNF
inhibitors and/or receptors may explain our results (6, 19).
Adherent mononuclear cells from three different blood

donors were used in our study, and the results obtained were
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not statistically different. We cannot exclude the possibility,
however, that there exist individual variations in TNF pro-
duction during L. pneumophila infection, and a good diver-
sity of donors would enhance the biological relevance of our
findings.

Legionella LPS may account for the induction of TNF in
monocyte cultures. However, other investigators have re-
ported that infection of C3H/HeJ mice with L. pneumophila
resulted in equivalent levels of TNF in lung lavage fluid,
suggesting that factors other than LPS may be involved in
this induction (3).
The results obtained with the PTX showed that TNF-a

participates in the inhibition of intracellular L. pneumophila
multiplication. PTX has been reported to suppress TNF
biosynthesis by acting to prevent processing of the primary
transcript (8). PTX and dexamethasone inhibit TNF synthe-
sis by macrophages at various points in the signaling path-
way; PTX blocks TNF mRNA transcription, and dexameth-
asone blocks the TNF mRNA transcription and translation
(8, 9). In contrast to the inhibition of TNF production by
PTX, it was reported that this agent has no effect on IL-11 or
IL-6 production (5). In our study, PTX did not affect IL-6
RNA levels.
Our results suggest an interaction between TNF-a and

IFN--y, since PTX partially abolished the inhibitory effect of
IFN-,y. The synergy between TNF-a and IFN--y has been
reported in several other studies (10, 12). IFN--y increases
the transcription of TNF-a mRNA in macrophages (4) and
increases the number of TNF-a receptors (1, 18). TNF-a has
also been reported to be involved in IFN--y production by
natural killer cells (2). The mechanism by which IFN-y (and
TNF-ot) inhibits intracellular bacterial multiplication is not
clear, but recent studies have shown that it may be mediated
by nitric oxide production (12, 14). TNF, IFNs, and endo-
toxin stimulate nitric oxide production by different cells
(endothelial cells, leukocytes, macrophages, neutrophils,
Kupffer cells, and hepatocytes). The formation of nitric
oxide by macrophages was studied essentially in animal
models (mouse and rat), but nitric oxide production by
human macrophages has been described recently (13); we
used human macrophages in the present study.
Taken together, our results show that TNF-a is produced

during infection of human monocytes by L. pneumophila in
vitro and participates in the inhibition of bacterial multipli-
cation in synergy with IFN--y. Whether TNF-a has an
immunomodulating role during human infection remains to
be established.
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