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The role of platelet-activating factor (PAF) as mediator of the endotoxin shock and endotoxin-dependent
tissue injury has been examined. The ability of opsonized bacteria to stimulate the release ofPAF from human
polymorphonuclear neutrophil granulocytes was evaluated by measuring both the activity and the amount of
the mediator released in the supernatant of the cell-bacteria reaction in vitro. There was no significant
difference between gram-positive and gram-negative bacteria in the ability to release PAF from neutrophils.
However, preincubation of the cells with the specific PAF receptor antagonist WEB 2170 decreased release of
PAF from the cells. Furthermore, a possible protective effect of the PAF antagonist was examined during
experimentally induced pneumonia with Kiebsiella pneumoniae in NMRI mice. Oral treatment of mice with
WEB 2170, followed by infection with the microorganisms, resulted in a considerable increase in the animals'
survival (53 to 73%) compared with the control group (40%o); this increase corresponded with a decrease in the
CFU per gram of lung tissue. These findings indicate an important role of PAF in the pathogenesis of
pneumonia in mice.

Platelet-activating factor (PAF) is a potent autacoid (4)
lipid mediator with a unique spectrum of diverse biological
and pharmacological activities. In vitro, PAF induces aggre-
gation and degranulation of platelets (2, 3), contraction of
vascular smooth muscle cells (17), and negative inotropic
and arrhythmogenic cardiac effects (1, 28) and stimulates
chemotaxis and degranulation in polymorphonuclear leuko-
cytes and monocytes (7, 31, 37). In vivo, PAF provokes
vasodilation and increased vascular permeability (22, 23),
edema, systemic hypotension (12), and alteration of lung
function such as bronchoconstriction (30).

It is well known that PAF is produced by various cell
types that are crucially involved in the initiation of inflam-
matory changes in the tissue (6, 26, 32), such as polymor-
phonuclear neutrophil granulocytes (PMN). Although micro-
bial products have been shown to induce the release of PAF
(5, 24), it is presently unknown whether actual contact
between viable microorganisms and PMN leads to the re-
lease of the mediator. The aim of this study was to evaluate
in vitro whether (i) live opsonized bacteria are capable of
stimulating the release of PAF from PMN, (ii) there are
differences between gram-positive and gram-negative micro-
organisms in the ability to induce the release of the mediator
from PMN, and (iii) the generation of PAF can be inhibited
by pretreatment of the cells with a specific PAF receptor
antagonist. Furthermore, we examined whether treatment of
animals with a specific PAF antagonist, in an experimentally
induced bacterial pneumonia model, is reflected in a change
of the pathogenicity of microorganisms in vivo.

* Corresponding author.

MATERIALS AND METHODS

Bacteria. The bacterial strains used were Klebsiella pneu-
moniae 476, Haemophilus influenzae 1447, Streptococcus
pyogenes 68, and Streptococcus pneumoniae 179 (capsular
type 14). All microorganisms were isolated from clinical
specimens from the Department of Infectious Diseases and
Chemotherapy. Bacteria were kept frozen in liquid nitrogen
(- 190°C) at a concentration of 5 x 108 CFU/ml in Trypticase
soy medium supplemented with 2.5% (vol/vol) glycerin until
used (18).

Preparation of PRP, PMN, and opsonized bacteria. Periph-
eral blood of healthy adult volunteers, drawn into 1/10
volume 3.8% citrate, was taken as the source of platelet-rich
plasma (PRP) and PMN. Volunteers were previously
screened for antibacterial antibodies and found to be nega-
tive. PRP was collected after centrifugation of blood at 160 x
g for 20 min at 23'C (26). The platelet concentration in PRP
was adjusted to 2.8 x 108 cells per ml, using platelet-poor
plasma obtained by centrifugation of PRP (2,500 x g, 15 min,
23°C). Human PMN were separated according to the follow-
ing technique. Twenty-five milliliters of blood was layered
carefully over 15 ml of Mono Poly resolving medium-Ficoll-
Hypaque (1.114 g/ml; Flow Laboratories) and centrifuged at
700 x g for 40 min at 23°C. The PMN band, which can be
seen as a single layer within Ficoll-Hypaque, was collected,
and the cells were washed twice in Hanks' buffered salt
solution without Ca and Mg (GIBCO). Pelleted cells were
resuspended in erythrocyte-lysing solution, centrifuged (210
x g, 10 min, 23'C), and washed twice in Tyrode's solution
supplemented with 0.25% bovine serum albumin (Tyrode's
BSA) (26). Cells were resuspended to a concentration of 2 x
107 cells per ml in Tyrode's BSA. Cell suspensions thus
prepared contained 96 to 99% PMN, 93 to 97% of which
were viable, as shown by staining with trypan blue.
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Bacteria were opsonized by rapidly thawing the frozen
(-190°C) bacterial suspensions to room temperature and,
after addition of fresh homologous human serum (10%,
vol/vol), incubating the suspensions at 37°C for 30 min (33).
After incubation, opsonized bacteria were washed thor-
oughly in Hanks' balanced salt solution without Ca and Mg
and resuspended to a concentration of 109 CFU/ml in Ty-
rode's BSA.

Preparation of supernatants. In the standard reaction mix-
ture, PMN (107 cells per ml) were incubated with opsonized
bacteria (5 x 108 CFU/ml) for 60 min or with lipopolysac-
charides (LPS) from Escherichia coli (serotype 055:B5;
Sigma) and K pneumoniae (Sigma) for 18 h at 37°C under
conditions of high humidity and with gentle shaking. When
PMN were stimulated with LPS (36) from K pneumoniae,
cells were incubated with the endotoxin 30 min before
addition of the microorganism itself. When PMN were
treated with the specific PAF receptor antagonist WEB 2170
(kindly provided by Boehringer, Ingelheim, Germany), cells
were incubated with the agent for 5 min before addition ofK
pneumoniae.

The reaction was stopped by centrifugation at 4,000 x g
for 15 min. The supernatant was removed carefully and
filtered through a membrane filter (Millex-GS; pore size, 0.22
,um; Millipore). An aliquot of the filtered supematant was
immediately assayed in the bioassay; the remainder was
diluted with an equal volume of 20% acetic acid and kept
frozen at -80°C until used for the PAF radioimmunoassay
(RIA).

Bioassay and characterization of PAF. Aggregation mea-
surements were performed in an impedance dual-channel
aggregometer (Fresenius Pharmazeutica) linked to a double-
pen recorder. A siliconized cuvette containing 450 p,l of PRP
was transferred into the heating block of the aggregometer
(37°C), where the sample was stirred at 1,000 rpm with a
Teflon-coated bar. Fifty microliters of the supernatant or a
standard solution, prepared from commercially available
PAF (Sigma) in a concentration range of 10-' to 10-6 M, was
added to PRP to stimulate aggregation. The PAF antagonist
WEB 2170 (10-5 M) was added to the platelets 1 min before
addition of the supernatant or PAF standard.
The PAF content in the supematants was quantitatively

determined by an RIA [Platelet Activating Factor (125I) RIA
kit; NEN Research Products; Du Pont]. The samples were
handled as recommended in the instruction manual for the
RIA kit. Recovery of the assay was between 70.9 and 86%,
depending on the PAF content of the samples. The levels of
intraassay and interassay reproducibility were 88.1 to 93.2%
and 92.9 to 94.4%, respectively.
Animal experiment. Female NMRI mice (specific pathogen

free) weighing between 28 and 32 g were obtained from
Charles River, Munich, Germany. The animals were kept
under standard conditions at room temperature and fed ad
libitum.
K pneumoniae 476 was used for the experimental pulmo-

nary infection. Under thiopental anesthesia and after a small
incision was made in the regio colli medialis, the animals
were infected intratracheally below the larynx (19) with 25 ,ul
of a bacterial suspension containing 104 CFU/ml. Prelimi-
nary experiments showed that this inoculum was the one
most suitable for the desired degree of infection. The animals
were treated per os in four groups (n = 15) with three
different doses of the specific PAF antagonist WEB 2170 (1
plus 3 [group 1], 3 plus 10 [group 2], and 10 plus 30 [group 3]
mg/kg of body weight per day) (20) or placebo for the control
group (group 4). The first treatment took place 1 h before
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FIG. 1. Aggregatory activity of the supernatant (SN) from the
reaction of PMN (10 cells per ml) with H. influenzae (5 x 108
CFU/ml) on human PRP (2.5 x 10' cells per ml) and inhibition
caused by treatment of PRP with WEB 2170 (10-5 M) 1 min before
addition of the supernatant.

infection, the second, third, and final treatments took place
6, 24, and 30 h, respectively, after the first application of
WEB 2170 or placebo. The same amounts ofWEB 2170 were
administered for the first and third treatments in each
respective group of animals (1 [group 1], 3 [group 2], and 10
[group 3] mg/kg of body weight). This was also the case for
the second and fourth treatments, which were approximately
three times higher than the first and third treatments because
of the correspondingly longer time interval following the
former (3 [group 1], 10 [group 2], and 30 [group 3] mg/kg of
body weight). Seventy-two hours after the first treatment,
the lungs of the surviving animals were aseptically removed
and homogenized, and the CFU per gram of lung tissue was
determined by agar plating.

Statistical analysis. Data are presented as mean + standard
deviation (SD). Statistical evaluations were made on all
measured values, using Student's t test, variance analysis,
and the Tukey test. Probability values of P < 0.05 were
considered statistically significant.

RESULTS

Bioassay. PAF activity in the supernatants was determined
in a semiquantitative manner by aggregation measurements.
The supernatants of the PMN-bacteria reaction showed an
aggregatory activity in the case of all strains used in this
study. This activity was dependent on the bacterial concen-
tration and the incubation time. Preliminary studies showed
that when increasing concentrations of bacteria were added
to 107 PMN per ml of Tyrode's BSA (final concentration),
the highest aggregatory activity was achieved by using 50
times more bacteria than cells (data not shown). Further-
more, the aggregatory activity of the supernatants was
nearly at the maximum level as soon as 1 h after the start of
incubation (data not shown).
The aggregatory activity of the supernatants could be due

not only to PAF but also to other platelet-active mediators
released during the incubation. To determine PAF activity,
PRP was treated with the PAF receptor antagonist WEB
2170 (10-5 M) for 1 min before addition of the supematant to
inhibit the effects of the mediator. As seen in Fig. 1 (aggre-
gation was caused by the supematant of the reaction be-
tween PMN [107 cells per ml] and H. influenzae 1447 [5 x 108
CFU/ml]), there was a remaining aggregatory activity, al-
though WEB 2170 at this concentration completely inhibited
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FIG. 2. Amount of PAF released in supernatants (SN) of the PMN (1O' cells per ml)-bacteria (5 x 108 CFU/ml) reaction after 1 h of
incubation with the four bacterial strains used. Symbols: 1, K. pneumoniae; F , s. pyogenes; E~, H. influenzae; mm111, s. pneumoniae.

the aggregation caused by the highest PAF standard (10-6
M).

Characterization of PAF by RIA. To characterize the
specificity of the several PAF-induced changes observed at
the semiquantitative level, the presence of PAF was deter-
mined with an RIA, testing the same supernatants as in the
bioassay.
The results of the RIA confirm the findings of the bioas-

say. The platelet aggregation activity of PAF in the cell
supernatant coincides with its appearance as measured di-
rectly by the RIA. In all experiments, no PAF could be
measured in the supernatants of the negative controls (PMN
incubated without bacteria or LPS). The PAF contents of the
supernatants of the cells incubated with S. pneumoniae 179,
K pneumoniae 476, S. pyogenes 68, and H. influenzae 1447
were 2,996 + 1,338, 2,092 + 1,130, 1,990 + 850, and 1,053 ±
384 pg/ml, respectively (Fig. 2). The PAF concentration in
the supernatants of the cells incubated with S. pneumoniae
was significantly higher (P < 0.05) than that in the superna-

z
id 400 ._........................................................
bA

0

Z n=8 n=8

E-U n 7
-I

04.

tant of the PMN-H. influenzae reaction but not than that
from the incubation with K pneumoniae or S. pyogenes.
The PAF concentrations measured in the supernatants of
PMN with K pneumoniae, S. pyogenes, and H. influenzae
were not significantly different.
LPSs from E. coli andK pneumoniae proved to be much

weaker stimuli of PAF production and release from the PMN
than were bacteria. Cells were incubated with four different
concentrations (0.1, 1, 10, and 50 ,ug/ml) of each endotoxin
(Fig. 3). When PMN were stimulated with 0.1 ,ug of LPS per
ml, no PAF release could be detected. Upon stimulation of
PMN with 1, 10, and 50 ,ug of LPS per ml, the PAF
concentrations in the supernatants were 322 + 83, 321 ± 58,
and 281 ± 12 pg/ml for E. coli and 366 ± 164, 480 ± 181, and
311 ± 62 pg/ml forK pneumoniae, respectively. The highest
PAF content (480 ± 181 pg/ml) was measured in the super-
natant of the cells incubated with LPS (10 ,ug/ml) from K
pneumoniae. This value was significantly lower (P < 0.01)
than that in the supernatants of PMN incubated with liveK

10 50 1 10
E. coli LPS X. pneumoniae LPS

FIG. 3. Amount of PAF released in supernatants (SN) after 18 h of incubation of PMN (107 cells per ml) with LPS from E. coli and K
pneumoniae at different concentrations (1, 10, and 50 ,ug/ml).
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FIG. 4. Significant reduction of the amount of PAF released in supernatants (SN) ofPMN (107 cells per ml), pretreated for 5 min with WEB

2,170 (10-s M), after 1 h of incubation with K pneumoniae (5 x 108 CFU/ml) compared with that of untreated cells incubated under the same
conditions with the microorganism (P < 0.05).

pneumoniae (2,092 ± 1,130 pg/ml). Priming of neutrophils
with the same four concentrations of LPS fromK pneumo-
niae before addition of the live microorganism did not alter
the cells' ability to release the mediator (data not shown). As
shown in Fig. 4, treatment of PMN with WEB 2170 (10-' M)
5 min before addition of K pneumoniae to the incubation
mixture resulted in a significant decrease (P < 0.05) in the
amount of PAF in the supernatant (1,088 ± 281 versus 2,092
± 1,130 pg/ml). The decrease in the amount of the released
mediator corresponded with a decrease of the aggregatory
activity of the supernatants.
Animal experiment. Treatment of mice with the PAF

antagonist resulted, depending on the dose, in a considerable
increase of animal survival (Fig. 5). From 15 mice, 9 animals
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FIG. 5. Percentage survival in K pneumoniae-infected mice
treated with WEB 2170 (1 plus 3 [group 1], 3 + 10 [group 2], and 10
+ 30 [group 3] mg/kg of body weight per day) and placebo-treated
controls (group 4).

(60%) in the first group, 11 (73.3%) in the second group, 8
(53.3%) in the third group, and only 6 (40%) in the control
group survived.
With respect to bacterial growth in the lungs of the

surviving animals, all three WEB 2170-treated groups
showed a reduction of the CFU per gram of lung tissue
compared with the control group (Fig. 6).

DISCUSSION

This study demonstrates that live opsonized bacteria are
effective in releasing PAF from PMN. Evidence of PAF
activity in the supematants was obtained semiquantitatively
by a bioassay, which is the standard method for measuring
PAF. The RIA used proved to be an accurate and sensitive
method of detection, even when only low concentrations of
the mediator were present.

In previous studies (10, 14, 16, 34), PAF has been reported
to be a mediator of endotoxin shock. In this study, we found
no significant difference between gram-negative and gram-
positive strains in the ability to release PAF from PMN.
Stimulation of the cells with LPS resulted in the release of
small amounts of mediator, which could be detected only
immunochemically. This result confirms the findings of
Worthen et al. (36). Incubation of PMN with LPS from K
pneumoniae 30 min before addition of the microorganism
itself revealed no marked difference in the amount of PAF
released compared with the control. According to these
findings, the presence of LPS does not appear to have a
major effect on the release of PAF from PMN under bacterial
stimulus. It is more likely that the amount of the mediator
released in the supernatant of the cell-bacteria reaction is
related to the virulence of the microorganisms used (i.e.,
membrane components and/or bacterial products).
WEB 2170 is reported to be a specific PAF receptor

antagonist of the hetrazepine type (21). This agent is a potent
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FIG. 6. Bacterial counts in lung tissue of individual animals surviving infection in all groups tested. Symbols:

2; EI, group 3; _, group 4.

inhibitor of the aggregatory effects of PAF on human plate-
lets. For our study, it was important to determine whether
WEB 2170 has any antimicrobial activity and any immuno-
modulatory action with respect to the function of PMN.
Previous studies (data not shown) have demonstrated that
WEB 2170 lacks antimicrobial activity. Furthermore, the
main parameters of PMN function, such as chemotaxis,
respiratory burst (luminol-dependent chemiluminescence as-
say by stimulating cells with either opsonized zymosan or

N-formyl-L-methionyl-L-leucyl-L-phenylalanine), and intra-
cellular killing, are virtually unaffected by treatment of the
cells with WEB 2170. Treatment of PMN with the PAF
receptor antagonist before addition of K pneumoniae re-
sulted in a significant decrease in the amount of released
PAF compared with untreated controls. This finding sug-
gests that WEB 2170 is capable of interfering with the
autacoid action of PAF released from PMN after challenge
with bacteria.
These findings indicate a possible beneficial action of PAF

antagonists during inflammatory processes occurring in in-
fected tissues. In the infected lung, two sets of phagocytic
cells primarily are available to defend the lung against
inhaled bacteria: resident alveolar macrophages and infil-
trated granulocytes from the circulation. However, the rel-
ative contribution of these two groups of cells appears to be
dependent on the bacterial species involved (27). Rehm and
coworkers (27) showed in experimental lung infections in
mice that neutropenic animals cleared in 4 h only 10.0 +

7.0% of an inoculum ofK pneumoniae, compared to 33.0 +
4.0% clearance in normal animals. This finding indicates that
PMN play a major role in the clearance of this organism from
murine lungs.

Casals-Stenzel showed that treatment of mice with the
hetrazepine WEB 2086 (another specific PAF receptor an-
tagonist closely related to WEB 2170) per os 1 h before
challenge with PAF blocked the effects of the mediator in a
dose-dependent manner (8, 9). Furthermore, Heuer et al.
demonstrated that in vivo oral administration of WEB 2170
is, depending on the species, about 5- to 40-fold more potent
against PAF-induced alterations than is administration of
WEB 2086 (21). Therefore, in the present study in a well-

M, group 1; , group

standardized model, mice were treated with WEB 2170 1 h
before inoculation withK pneumoniae to achieve extensive
protection against the effects of a possible PAF release
during the experimentally induced lung infection.
As shown in Fig. 5, treatment with the PAF antagonist

leads, depending on the dose, to a considerable increase in
survival of the animals. In the animal group treated per os
with 3 plus 10 mg of WEB 2170 per kg per day (group 2),
73.3% of the animals survived, compared with 40% survival
observed in the control group (group 4). This finding corre-
sponds with a reduction of the CFU per gram of lung tissue
in all WEB 2170-treated animal groups and indicates a role of
PAF in the infected lung during bacterial pneumonia. In our
hands, addition of the PAF antagonist or PAF to cultures of
the various microorganisms did not alter bacterial growth.
This finding excludes the possibility of a direct action of the
mediator on the bacterial microorganisms.
Thus, these observations and the fact that the PAF antag-

onist in vitro reduces the release of PAF from PMN, when
challenged with bacteria, suggest that the decrease in micro-
bial growth is achieved by blocking the action of the active
PAF component. In this context, besides living bacteria as
shown in the in vitro experiments, microbial products them-
selves have been shown (5) to stimulate mammalian cells to
release PAF and also arachidonic acid metabolites, all of
which are stimulated by PAF (11, 15, 25) and should be
inhibited by PAF antagonists, since the mediator has been
shown to act through membrane receptors on its target cells
(35). Moreover, it has been reported (13) that some micro-
organisms are capable of synthesizing PAF from its inactive
precursor lyso-PAF, which can be released in larger
amounts from alveolar macrophages (29).

In conclusion, both gram-positive and gram-negative mi-
croorganisms are effective in releasing PAF from PMN in
vitro. This activity seems to be independent of the LPS
content of the bacteria and can be blocked by the specific
PAF receptor antagonist WEB 2170. In vivo, in experimen-
tally induced bacterial pneumonia in mice, treatment with
the PAF antagonist apparently protects animals against the
pathogenicity of the microorganism. Further investigations
will be necessary to determine the possible therapeutic

9

8

a

0

7

6

INFECT. IMMUN.



ROLE FOR PAF IN BACTERIAL PNEUMONIA 2001

consequences of these studies for bacterial pneumonia in
humans.
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