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Abstract. Legionella pneumophila-induced production of both membrane-associated and
secreted interleukin 1 (miL-1 and slL-1, respectively) was examined utilizing peritoneal
macrophages from BALB/c mice. The Legionella preparations for these studies included
viable bacteria and formalin-killed whole cell preparations. Both of the preparations
induced miL-1 and siL-1 in a dose-dependent fashion. However, the viable bacteria
required about 1log lower concentrations than the formalin-killed bacteria to induce the
same level of IL-1 activity measured in the thymocyte proliferation assay. Kinetic studies
showed that miL-1 and slL-1 were detectable within 4 hr after addition of either of the
L. pneumophila preparations to the peritoneal macrophage cultures, with peak levels
achieved within 24 hr. These results indicate that L. pneumophila is a potent inducer of

both miL-1 and sIL-1 in normal mouse peritoneal macrophage cultures.

[P.S.E.B.M. 1989, Voi 191]

during the outbreak of Legionnaires’ disease in

Philadelphia, is the etiologic agent of diseases
in man that range from relatively mild, febrile illness
to life-threatening pneumonia (1). Seroepidemiologic
studies indicate that a large percentage of individuals
have been exposed to this bacterium based on antibody
positivity. However, many of these individuals have no
history of serious pulmonary disease (2—-4). Such obser-
vations have led to the suggestion that the majority of
individuals exposed to this bacterium either have sub-
clinical infections or a mild illness (5).

During the years since the initial isolation of L.
pneumophila numerous studies have been performed
to determine the mechanisms of resistance to this bac-
terium, with the results suggesting a probable role of
cell-mediated immunity (CMI) as being important. Evi-
dence for the role of CMI includes the capacity of L.
pneumophila to readily grow within resting mononu-
clear phagocytes while being inhibited or killed by
“lymphokine-activated” macrophages (6-8) along with
the lack of effect of antibody plus complement on
survival of this bacterium (9). The role of CMI is further
supported by observations that patients receiving im-
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munosuppressive therapy or those with cellular im-
munosuppression due to a malignant state are signifi-
cantly more susceptible to Legionnaires’ disease than
are individuals with intact CMI responses (10, 11).

One of the common characteristics of symptomatic
infections with L. pneumophila is the presence of a
relatively high fever (12). Since interleukin 1 (IL-1) is
now recognized, along with tumor necrosis factor, as
one of the major endogenous pyrogens (13), we per-
formed a series of experiments to determine the ability
of various preparations of this bacterium to induce 1L-
1 production by murine macrophages. Previous studies
in this laboratory indicated that formalin-killed L.
preumophila can elicit IL-1 like activity in both murine
peritoneal macrophage and human peripheral blood
monocyte cultures as measured by the thymocyte com-
itogenic assay system (14). The M, of this factor was
15.5 kDa as measured by gel filtration, which is similar
to molecular weights reported for murine IL-1 induced
by other stimuli (13). The studies presented in this
report expand upon these observations to include assays
for both secreted IL-1 (sIL-1) and macrophage mem-
brane-associated IL-1 (mIL-1) using viable L. prneumo-
phila as well as formalin-killed organisms as IL-1 in-
ducers.

Materials and Methods

Experimental Animals. Male BALB/c mice, 6-8
weeks old, obtained from The Jackson Laboratory (Bar
Harbor, ME) were used as the source of macrophages



in all of the studies. C3H/HeJ mice (6-8 weeks old)
also purchased from The Jackson Laboratory, were
used as the source of thymocytes in the IL-1 assays. All
mice were maintained in groups of five to six animals
per cage and fed water and commercial mouse pellets
ad libitum.

Bacteria. A clinical isolate of L. pneumophila,
serogroup 1, was originally derived from an autopsy
specimen from Tampa General Hospital and was main-
tained on buffered charcoal yeast extract agar as de-
scribed previously (15). Preparations of formalin-killed
bacteria and preparation of viable bacterial suspensions
were performed exactly as described previously (15).

Macrophage Cultures. Mice were sacrificed by
cervical dislocation and resident peritoneal macro-
phages were collected by intraperitoneal injection of 5
ml of phosphate-buffered saline solution and recovered
after gentle peritoneal lavage. The cells were washed
twice with Hanks’ balanced salt solution and resus-
pended in RPMI 1640 medium (Gibco, Long Island,
NY) containing 10% fetal bovine serum (Hyclone; Ster-
ile Systems, Logan, UT). The cell concentration was
adjusted to 1 X 10° viable cells/ml as determined by
hemocytometer counts and exclusion of trypan blue
dye.

Interleukin 1 Production and Assay. Interleukin
1 was induced by incubating 1 X 10° macrophages with
varying numbers of either viable or formalin-killed L.
preumophila in wells of 96-well tissue culture plates for
24 hr at 37°C in an atmosphere containing 5% CO, in
air. Supernatants from these cultures were collected for
assessment of sIL-1 production. The adherent macro-
phages were washed with Hanks’ balanced salt solution
and fixed with 1% paraformaldehyde in phosphate-
buffered saline for 1 hr, then washed three times with
Hanks’ balanced salt solution and two changes of com-
plete medium for 30 min at 37°C prior to testing for
mlL-1 as described below. IL-1 assays were performed
using the thymocyte proliferation assay described pre-
viously (14). Briefly, 100 gl of a thymocyte suspension
(15 x 10°/ml) were added to wells of 96-well tissue
culture plates along with supernatant fluids from the
macrophage cultures to test for sIL-1 whereas mIL-1
activity was assessed by adding aliquots of the same
thymocytes to the fixed macrophage cultures. Tritiated
thymidine (0.5 uCi, specific activity 20Ci/mmol; New
England Nuclear, Boston, MA) was added after 48 hr.
The amount of label incorporated was determined 18
hr later by harvesting the cultures onto glass fiber filters
and liquid scintillation counting as described previously
(15). Data are expressed as the A cpm, which is obtained
by subtracting the background cpm from the cpm in
the test sample, and represent the mean + SE of three
experiments.

Statistical Analysis. The data presented represent
the mean + SE for four to nine separate experiments.
Each experiment was performed on separate days using

peritoneal macrophages from a pool of two to three
mice per experiment. Differences between the level of
IL-1 activity induced by the formalin-killed and viable
Legionella were analyzed utilizing Student’s ¢ test (16).

Results

Previous results from this laboratory had indicated
that L. pneumophila induces sIL-1 production by mu-
rine peritoneal macrophages during a 24-hr incubation
with a formalin-killed preparation of the bacteria (14).
Therefore, we designed a series of experiments to ex-
pand upon this observation to assess the effect of live
bacteria and to examine mlL-1 as well. Additionally,
we examined earlier time points for IL-1 induction.
Figure 1 summarizes results of studies in which murine
peritoneal macrophages were incubated for 4 hr with
graded doses of viable or formalin-killed Legionellae
and assayed for production of sIL-1. This form of IL-1
was readily detectable in the supernatants of macro-
phages incubated with either form of bacteria, with the
viable bacteria inducing greater levels of sIL-1 than
equal concentrations of the formalin-killed organisms,
particularly at the lower concentrations (10°/ml). Sim-
ilar results were observed when the cultures were incu-
bated 24 hr with the stimuli, i.e., the viable bacterial
preparations led to substantially greater concentrations
of sIL-1 than did equivalent concentrations of the for-
malin-killed preparations, with the exception of the
highest concentration (107/ml) tested in which there
was no demonstrable difference between the two induc-
ers (Fig. 2).

The cells producing the sIL-1 also were examined
for mIL-1 activity, using both the 4-hr and 24-hr time
points. Results of the 4-hr incubation studies are sum-
marized in Figure 3. Both the viable and formalin-
killed L. pneumophila preparations induced production
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Figure 1. slL-1 induction by L. pneumophila: 4-hr incubation. Super-
natant fluids were collected from macrophage cultures incubated for
4 yhr with the indicated concentration of either viable or formalin-killed
Legionellae and tested for sIL-1 activity. Data are expressed as mean
+ SE for four separate experiments. *P < 0.05 comparing induction
of IL-1 by equivalent concentrations of vaccine and live Legionella
preparations utilizing Student’s ¢ test.
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Figure 2. slL-1 induction by L. pneumophila: 24-hr incubation. Su-
pernatant fluids were collected from macrophage cultures incubated
for 24 hr with the indicated concentration of either viable or formalin-
killed Legionellae and tested for sIL-1 activity. Data are expressed as
mean + SE for nine separate experiments. *P < 0.05 comparing
induction of IL-1 by equivalent concentrations of vaccine or live
Legionella preparations utilizing Student’s ¢ test.
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Figure 3. miL-1 induction by L. pneumophila: 4-hr incubation. Mac-
rophage cultures were incubated for 4 hr with the indicated concen-
tration of either viable or formalin-killed Legionella, and then washed
and fixed with paraformaldehyde as described in Materials and Meth-
ods. The fixed cells were then tested for miL-1 activity. Data are
expressed as mean + SE for four separate experiments. There was
no statistically significant difference between equivalent concentra-
tions of the vaccine and live Legionella preparations when compared
utilizing Student’s ¢t test.

of mIL-1 in a dose-dependent fashion during the 4-hr
incubation, with the viable bacteria again inducing
greater activity than the equivalent concentration of
the formalin-killed preparation, except at the highest
concentration (10’) where the levels were approxi-
mately equal. Similar results were observed at 24-hr
incubation (Fig. 4).

Additional studies were performed utilizing a li-
popolysaccharide (LPS) preparation kindly supplied by
Dr. H. K. Wong of the Centers for Disease Control and
an outer membrane preparation of L. prneumophila
supplied by Dr. William Johnson of the University of
Iowa in induction of both mIL-1 and sIL-1 production
by murine peritoneal macrophages. Both of these prep-
arations were active in inducing the production of each
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Figure 4. miL-1 induction by L. pneumophila: 24-hr incubation. Mac-
rophage cultures were incubated for 24 hr with the indicated concen-
tration of either viable or formaiin-kilied Legionellae, and then washed
and fixed with paraformaldehyde as described in Materials and Meth-
ods. The fixed cells were then tested for miL-1 activity. Data are
expressed as mean + SE for nine separate experiments. *P < 0.05
comparing IL-1 induction by equivatent concentrations of vaccine and
live Legionella preparations utilizing Student’s ¢ test.
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Figure 5. slL-1 and miL-1 induction by L. pneumophila LPS and
outer membrane antigens. Macrophage cultures were incubated for
24 hr with 10 ug/mi of the indicated Legionella antigen preparation.
The supernatants were collected for assay of slL-1 activity and the
macrophages were washed and fixed for assay of milL-1 activity.
Data are expressed as mean * SE for three to four separate experi-
ments.

of the forms of IL-1 tested (Fig. 5), indicating that
Legionella LPS and possibly other outer membrane
constituents may be important in the induction of IL-
1 by this bacterium.

Discussion

Several observations by ourselves and other inves-
tigators suggest that IL-1 may be important in resistance
to L. pneumophila and possibly in some of the clinical



features of infection with this bacterium. First, a high
fever is one of the common features observed in patients
infected with L. pneumophila (1, 12), which is now
known to be due in part to the action of IL-1 on the
central nervous system to increase the thermoregulatory
set point (13). Second, the macrophage is a host for the
growth of L. pneumophila (6-8) and the macrophage is
a major producer of IL-1 in response to a number of
stimuli, including gram-negative bacteria and their
endotoxins (13). Third, lymphokine-activated macro-
phages appear to be important in the control of growth
of this bacterium (7, 8). Recent studies by Chen et al.
(17) indicate that IL-1, tumor necrosis factor, and -
interferon are all required for optimal activation of
macrophages for tumoricidal activity (17). We are not
aware of any published reports concerning the require-
ment for IL-1 in activation of macrophages for en-
hanced killing of intracellular parasites; however, the
observations of Chen et al. do indicate that II-1 is an
important component in the process of macrophage
activation measured by other assays. Finally, Czupryn-
ski et al. (18) have demonstrated that exogenously
administered IL-1 increases the resistance of mice to
challenge with Listeria monocytogenes, which is similar
to Legionella in being a facultative intracellular para-
site.

The data presented in this report clearly demon-
strate that L. pneumophila is an inducer of both mIL-
1 and sIL-1 production by murine peritoneal macro-
phages in vitro. Both forms of IL-1 were detectable
within 4 hr after addition of the bacteria to the macro-
phage cultures, inducing IL-1 in direct correlation with
the concentration of bacteria added. We compared the
production of IL-1 in response to viable L. preurmophila
and formalin-killed preparations of the organism. In-
terestingly, at lower concentrations (10° and 10%/ml)
the viable bacteria induced significantly greater levels
of both membrane-associated and secreted forms of IL-
1 activity than did the equivalent concentration of
formalin-killed bacteria. The difference between the
response to viable and formalin-killed forms of the
bacteria was still present at the 10’/ml concentration
for mIL-1, although the magnitude of the difference
was less while there was no difference seen with the two
forms of the bacteria for the induction of sIL-1 at this
higher concentration.

The reason for the enhanced production of IL-1 in
response to viable vs formalin-killed L. preumophila is
not clear; however, it may be due to either continued
production of a stimulatory factor(s) by the viable
bacteria or possibly due to the inactivation of a stimu-
latory factor(s) during the formalin fixation procedure.
It should be noted that erythromycin along with routine
tissue culture antimicrobial agents are added to mac-
rophage cultures 1 hr after addition of the bacteria to
inhibit the growth of extracellular bacteria and to pre-
vent the overgrowth of intracellular bacteria. This pro-

cedure is effective since we recover no viable Legionel-
lae after 4-24 hr (data not shown). Therefore, the effects
of bacterial growth would be limited to an early event
in the macrophage-bacterial interaction. We have noted
that as the concentration of viable L. pneumophila is
increased to 107/ml (100 bacteria/macrophage) that we
begin to see decreased viability in the macrophage
cultures, even though we add erythromycin to the cul-
tures and recover no viable bacteria after incubation.
This suggests that the effect of the high concentration
of viable bacteria on the subsequent production of IL-
1 by the infected macrophages occurs early in the
interaction of the macrophage with the bacterium or
that the continued viability of the intracellular bacteria
is not required for the decrease in IL-1 production
observed in some experiments.

The demonstration that L. pneumophila induces
both mIL-1 and sIL-1 activities is important in light of
the recent suggestions that these two forms of IL-1 may
have different in vivo significance, with the membrane-
associated form possibly being more important in im-
mune amplification whereas the secreted form may be
important in the systemic reactions such as fever (19,
20).
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