








lavage fluid of group II PLA2-deficient mice 18 h after i.p. admin-
istration of S. aureus(Table II). The concentration of group II
PLA2 and the bactericidal potency of sera increased in parallel in
transgenic mice after the administration ofS. aureus. Removing
human group II PLA2 by adsorption with the anti-human group II
PLA2 IgG abolished the bactericidal potency of transgenic mouse
serum (Fig. 2), whereas preimmune rabbit IgG neither removed
group II PLA2 from serum nor affected its bactericidal properties
(data not shown).

Expression of group II PLA2 and PLA2 response in serum after
i.p. administration ofS. aureus

We studied the expression of group II PLA2 in the transgenic and
PLA2-deficient mice by Northern hybridization, in situ hybridiza-
tion, and by measuring the catalytic activity of PLA2 and the con-
centration of immunoreactive human group II PLA2 in serum after
i.p. administration ofS. aureus. In the transgenic mice, the expres-
sion of human group II PLA2 was induced in the liver 6–24 h after
the administration ofS. aureus. Northern hybridization showed
increased signal for group II PLA2 mRNA at 12 h (Fig. 3A,lanes
2 and 3). Markedly increased expression of human group II PLA2

was observed in hepatocytes, with a peak at 12 h after the admin-
istration ofS. aureus, by in situ hybridization (Fig. 3,B–E). The
catalytic activity of PLA2 in serum of intact transgenic mice was
259.2 6 25.1 U/L (n 5 46) and the catalytic activity in corre-
sponding sera of group II PLA2-deficient mice was 13.36 0.6 U/L

(n 5 49). The catalytic activity of PLA2 and the concentration of
group II PLA2 increased in serum;8-fold in the transgenic ani-
mals, whereas the group II PLA2-deficient mice did not show such
a response (Fig. 4).

Effect of cytokines on serum group II PLA2 response

Administration of biologically active doses (10 ng of cytokine/
mouse) of IL-1, IL-6, or TNF-a to transgenic mice significantly
increased the concentrations of group II PLA2 in serum (Table III).
At 12 h, the levels of group II PLA2 were;7 times higher than the
pretreatment values with all cytokines studied. IL-1- and IL-6-
treated mice showed the highest serum levels of group II PLA2

24 h after the cytokine injections, whereas, in the TNF-a-treated
mice, group II PLA2 reached the highest level 12 h after the ad-
ministration of the cytokine. Group II PLA2 levels decreased in all
groups in 48 h but remained above the pretreatment levels in IL-1-
and IL-6-treated animals.

Discussion
It has been proposed that an elevated level of group II PLA2 in
serum might be harmful to the host in severe inflammatory dis-
eases (10). Increased serum concentrations of this enzyme indicate
poor prognosis of patients with severe diseases, such as sepsis (20)
and multiple organ failure (9). However, the poor prognosis in
sepsis and multiple organ failure is not necessarily the conse-
quence of increased PLA2 activity or concentrations of group II

FIGURE 3. Northern and in situ hybridiza-
tion for the mRNA of group II PLA2 in the
liver. A, Human group II PLA2 mRNA in sam-
ples of the liver of PLA2-deficient mouse (lane
1) and transgenic mouse 0 and 12 h after i.p.
injection ofS. aureus(lanes 2and3). B, Hepa-
tocytes of an untreated human group II PLA2-
transgenic mouse show positive reaction with
the anti-sense human group II PLA2 mRNA
riboprobe. C, Negative control (sense ribo-
probe) reacted on a section from the liver of
the same animal as shown in Fig. 3B. D, The
liver of a transgenic mouse of same litter as
shown in Fig. 3B 12 h after i.p. administration
of S. aureus. E, The liver of a nontransgenic
group II PLA2-deficient mouse. Lack of reac-
tion with the anti-sense riboprobe for human
group II PLA2 mRNA. Hematoxylin and eosin
counterstaining, magnification3360 in Fig. 3,
B–E.
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PLA2 in serum. Thus, appropriate models to study the pathobiol-
ogy of human group II PLA2 in vivo are required. To clarify the
role of group II PLA2 in S. aureusinfection, we investigated the
clinical status and mortality of transgenic mice that express human
group II PLA2, as well as genetically group II PLA2-deficient mice
after i.p. administration of liveS. aureus. The present data show
that expression of human group II PLA2 protects transgenic ani-
mals againstS. aureusadministered in amounts lethal to their non-
transgenic PLA2-deficient littermates and suggest that group II
PLA2 may serve as a protective factor inS. aureusinfection. To
our knowledge, the current data provide the first evidence of hu-
man group II PLA2 as a protective enzyme in bacterial infection in
vivo.

The current transgenic mice provide a model to investigate bi-
ological phenomena mediated by group II PLA2 in various dis-
eases. An advantage of this model is that it also provides nontrans-
genic mice of the same genetic background as the transgenic
animals, but lacking both the human group II PLA2-transgene and
functional endogenous group II PLA2. Moreover, in the transgenic
animals, the concentration of group II PLA2 in serum (;2500
mg/L) is in the same range as in severe infectious diseases in hu-
mans. These diseases include bacterial infections (the concentra-
tion of group II PLA2 in serum 240mg/L) (7), sepsis (880mg/L)
(9), peritonitis (440mg/L) (9), and typhoid fever (1440mg/L) (21).
However, it is important to note that the catalytic activity of PLA2

in serum of the transgenic mice is very high compared with wild-
type PLA2-expressing mice (our unpublished observations) and
that the concentration is two orders of magnitude higher than in
healthy human subjects (10mg/L) (13). Thus, the protective effects
against bacterial infection related to the expression of human
group II PLA2 in this transgenic animal model might lead to an
overestimation of the biological efficacy of group II PLA2, espe-
cially in relation to the other components of innate immunity. As
yet, no information is available on the increases of PLA2 levels in
normal mice following infection or administration of cytokines.

Weinrauch et al. (14) reported that group II PLA2s of human and
rabbit are capable of killingStaphylococciand other Gram-posi-
tive bacteria in vitro. Moreover, they reported that the bactericidal
activity againstS. aureusand the concentration of group II PLA2

in plasma increase in experimentalEscherichia coliinfection of
baboons (22). In the present study, we observed that serum and
peritoneal lavage fluid obtained from transgenic mice were highly
bactericidal againstS. aureus, whereas the body fluids of group II
PLA2-deficient mice did not affect the growth of bacteria. The high
bactericidal potency of serum of transgenic mice was abolished by
eliminating group II PLA2 from serum by precipitation with anti-
group II PLA2 IgG indicating that group II PLA2 is the only sub-
stance responsible for the bactericidal activity againstS. aureusin
the body fluids of the transgenic mice. The reported LD90-values
for purified human group II PLA2 against a clinical isolate ofS.
aureuswere;50 mg/L (14), and concentrations of;100mg/L in
baboon serum were required to killS. aureusin vitro (22). Our
results support these findings. However, our results show some-
what lower bactericidal activity for human group II PLA2 in mouse
serum, maybe due to the differences in our respective experimental
protocols and bacterial strains used. We hypothesize that the main
physiological role of increased concentrations of group II PLA2 in
serum inS. aureusinfection is the defense of the host by killing
invading bacteria.

The detailed mechanisms of bacterial killing by group II PLA2

in serum and other body fluids are not clear. On one hand, the
degradation of bacterial surface phospholipids by group II PLA2

seems to be essential in bacterial killing (23). On the other hand,
structural determinants of some nonmammalian group II PLA2s
have bactericidal properties without any detectable enzymatic ac-
tivity (24). Whereas group II PLA2 alone is able to kill Gram-
positive bacteria in vitro (14, 25), the bactericidal mechanism of
group II PLA2 againstE. coli and other Gram-negative bacteria
requires the presence of the bactericidal/permeability-increasing
protein (23). Opsonization ofE. coli with components of comple-
ment further potentiates the bactericidal effect (26). The dose-de-
pendent bactericidal activity by group II PLA2 in serum and the
complete removal of the bactericidal activity from serum of trans-
genic mice by immunoadsorption of group II PLA2 suggest a dis-
tinctive role for group II PLA2 in the killing of Gram-positive
bacteria in the transgenic animals. We observed earlier that human
group II PLA2 transgenic mice mounted more effective host resis-
tance against experimentalE. coli infection than group II PLA2-
deficient mice (27). However, neither serum nor peritoneal lavage
fluid of transgenic mice was bactericidal againstE. coli in vitro.4

These findings support the bactericidal role for group II PLA2 only
for Gram-positive bacteria, and suggest that there are group II
PLA2-dependent mechanisms other than direct bacterial killing
that may improve host resistance against Gram-negative bacterial
infection.

4 V. J. O. Laine, D. S. Grass, and T. J. Nevalainen. Resistance of human group II
phospholipase A2 transgenic mice toE. coli infection.Submitted for publication.

FIGURE 4. The catalytic activity of PLA2 (open columns) and the con-
centration of human group II PLA2 (shaded columns) in sera of transgenic
and group II PLA2-deficient mice 0, 3, 12, and 24 h after an i.p. injection
of 5.03 106 CFU of S. aureus. Mean6 SEM, n 5 29 transgenic;n 5 29
PLA2-deficient mice at 0 h; andn 5 7–12 animals in both groups at 3, 12,
and 24 h.

Table III. Concentration of human group II PLA2 in transgenic mice
12–48 h after an i.p. injection of cytokines

Concentration of Group II PLA2 (%)a

Treatment

Time (h)

12 24 48

IL-1 655.36 113.9ap 947.36 476.3p 352.06 168.2
IL-6 723.36 213.4p 1549.76 418.9p 445.06 261.7
TNFa 733.36 80.8p 496.06 198.6p 68.26 13.1
NaCl 82.46 22.6 141.36 58.8 58.56 46.5

a The preinjection value is set to 100%, and the values represent concentrations
relative to preinjection values. Mean6 SEM (n 5 3 in each group).

p p , 0.05 in Mann-WhitneyU test.
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The group II PLA2 response following the administration ofS.
aureuswas similar to that seen after the administration of liveE.
coli or E. coli LPS,4 which indicates that both Gram-negative and
Gram-positive bacteria are equally capable of inducing the pro-
duction of group II PLA2 in transgenic mice. Elevated serum levels
of group II PLA2 in transgenic mice were presumably due to the
induced production of the enzyme in hepatocytes as shown by
increased mRNA expression in these cells. Other cell types ex-
pressing group II PLA2 in transgenic mice, e.g., cells of the Bow-
man’s capsule of kidney glomeruli, bronchial epithelial cells (28),
brown and white adipose tissue cells, and fibroblasts at site of
infection (our unpublished observations) may act as local sources
of group II PLA2 in the transgenic mice. It has been hypothesized
that PLA2-deficient mice may in part compensate the defect in
their group II PLA2 expression by production of other PLA2s (12).
In the present study, there was no PLA2-response (increased cat-
alytic activity of PLA2) in serum in the PLA2-deficient mice, sug-
gesting that PLA2-deficient mice are not able to release active
PLA2s into circulation inS. aureusinfection.

IL-1, IL-6, and TNF-a are known to mediate the expression of
group II PLA2 (5, 29). These cytokines are well-characterized
components of the nonspecific host resistance against bacterial in-
fections. Administration of IL-1a or IL-1b before bacterial inoc-
ulation improved host resistance of mice against both Gram-neg-
ative and Gram-positive bacteria, includingS. aureus(30–34).
TNF-a improves the host defense againstChlamydia tracomatis
(35), Klebsiella pneumoniae(36), andStreptococcus pneumoniae
(37). Endogenous IL-6 protects mice againstListeria monocyto-
genesinfection (38). The mechanisms of the cytokine-induced host
resistance are not fully understood. Lately, cytokine-deficient mice
models have been used to study the mechanisms involved in the
innate resistance to bacterial infection. IL-6-deficient mice are vul-
nerable toE. coli (39) andL. monocytogenes(40) infections, pneu-
mococcal pneumonia (41) andC. trachomatis(42) infections. The
mechanism of IL-6-mediated host resistance involves improved
neutrophil response at least inL. monocytogenes(40),E. coli (39),
andC. albicans(43) infections. TNF-a-deficient mice are suscep-
tible to L. monocytogenes, presumably due to defects in the for-
mation of splenic germinal centers and impaired humoral immune
response (44). Interestingly, IL-1-deficient (45), IL-6-deficient
(40), and TNF-a-deficient (44) mice were produced in C57BL/6J
and 129/Sv background. They have a disruption in their gene cod-
ing the endogenous group II PLA2 (12), and, therefore, they have
phenotypes of both cytokine and PLA2 gene deficiencies. Thus, the
results obtained from the experiments done with IL-1-, IL-6-, and
TNF-a-deficient mice do not clarify the role of group II PLA2 in
host response, but may rather demonstrate the effects of cytokines
in host response that are independent on group II PLA2.

The PLA2-response of transgenic mice after bacterial challenge
shown in the present study may be mediated by endogenous cy-
tokines, because C57BL/6J mice are able to produce endogenous
IL-1, IL-6, and TNF-a in response to stimulation with endotoxin
(46). We observed a time-dependent response in serum group II
PLA2 in the transgenic mice after the administration of recombi-
nant human IL-1, IL-6, and TNF-a supporting the role of these
cytokines in the induction of group II PLA2 expression in vivo.
IL-1, IL-6, and TNF-a may provide a possibility to intervene phar-
macologically in infections caused byS. aureus. However, it is
important to note that TNF may have deleterious effects in bacte-
remia (47) and in the septic shock syndrome (48). The role of TNF
in the group II PLA2-dependent mechanisms of local and systemic
host defense should be considered carefully before attempts to
treat infections by this cytokine.

In conclusion, our results indicate that group II PLA2 has an
important role in the host defense againstS. aureusand seems to
be an important member of the group of diverse proteins respon-
sible for innate immunity (49–51).
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