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ABSTRACT C-reactive protein (CRP), the prototypic
acute-phase reactant in humans, is synthesized in liver in
response to a wide variety of inflammatory stimuli. We have
generated a line of transgenic mice that express rabbit CRP
from the rat phosphoenolpyruvate carboxykinase (PEPCK)
promoter in response to gluconeogenic signals. Here we show
that transgenic mice expressing high levels of CRP were
partially protected from a lethal challenge of bacterial lipo-
polysaccharide compared with littermates in which CRP
expression had been suppressed. Similar protection was ob-
served with challenges from platelet-activating factor (PAF)
and the combination of tumor necrosis factor « (TNF-«) plus
interleukin 183, but not with TNF-« alone. We further dem-
onstrate that although PAF was able to bind CRP, the
mechanism by which CRP provides protection probably does
not involve sequestration of PAF. The biologically inactive
precursor of PAF, lyso-PAF, also bound CRP but did not
render the transgenic mice sensitive to PAF when CRP-
expressing animals were simultaneously challenged with PAF
and an excess of lyso-PAF. These results suggest that CRP
functions in vivo by modulating host defense systems.

C-reactive protein (CRP) is the prototypic human acute-phase
reactant synthesized rapidly in liver in response to inflamma-
tory stimuli (for reviews, see refs. 1-4). In humans and rabbits,
CRP is normally present in serum at concentrations of less
than 0.5 ug/ml, with levels increasing as much as 1,000-fold
following inflammatory stimuli. CRP is a cyclic pentamer
composed of five noncovalently bound, identical 23.5-kDa
subunits that is capable of binding a number of biologically
significant ligands in vitro, including phosphocholine (PC) and
other phosphate ester-containing compounds (2, 4), with
consequent activation of the complement system by the clas-
sical pathway (5). CRP has been reported to bind to monocytes
(6, 7) and neutrophils (8) cells. These properties, combined
with a high degree of evolutionary conservation, including the
presence of CRP-like molecules in primitive invertebrates,
imply that CRP plays a significant role in host defense systems
4,9).

To define the in vivo functional role of CRP during acute
inflammatory states, we have established a strain of transgenic
mice that expresses rabbit CRP from the promoter for the rat
cytosolic form of phosphoenolpyruvate carboxykinase
(PEPCK) (10). The mouse was selected as the host for this
transgene because this species is unusual among mammals, in
that CRP levels remain low, <2 pg/ml, even after an acute
inflammatory stimulus (11). Rabbit CRP synthesis in these
transgenic mice responds to gluconeogenic signals such as
protein-rich diets; circulating CRP levels as high as 300 pg/ml
were observed 18-24 hr after shift from a carbohydrate-rich
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diet to an isocaloric protein-rich diet and were maintained for
2-3 days thereafter. The CRP expressed in these transgenic
mice was found to be structurally and functionally indistin-
guishable from native pentameric rabbit CRP (10).

It is widely held that the bacterial cell wall constituent,
endotoxin or bacterial lipopolysaccharide (LPS), is the caus-
ative agent of septic shock induced by Gram-negative bacteria
(reviewed in ref. 12). Circulating levels of as little as a few
micrograms per milliliter can activate leukocytes and lead to
fever, hypotension, tachycardia, and tachypnea. Shock can
progress rapidly and may result in multiple organ damage and
death within hours (13, 14). Much of this damage comes not
from the invading pathogen, but from the body’s complex
reaction to it. In blood, LPS binds to the LPS binding protein
and the complex interacts with CD14 receptors on several
inflammatory cell types (15). In response to this interaction,
inflammatory mediators such as platelet-activating factor
(PAF), interleukin 18 (IL-1B), and tumor necrosis factor a
(TNF-a) are rapidly produced. These mediators are them-
selves capable of inducing a shock syndrome similar to that
produced by LPS (16). Endogenous factors such as interleukin
1 receptor antagonist (IL-1ra) (17, 18) and interleukin 4,
secreted during inflammatory states, can reduce this super-
sensitive reaction (13). Other antagonists to these mediators,
such as antisera to TNF-« or IL-1, or inhibitors of the
processing enzymes that generate the mature cytokines, have
been shown in model systems to block LPS-induced septic
shock (reviewed in ref. 19). Here we report that rabbit CRP
protects transgenic mice from mortality induced by LPS by the
combination of IL-18 and TNF-« as well as by PAF. This
protection appears to result from alterations in host defense
mechanisms rather than from interactions of CRP with either
LPS or PAF.

MATERIALS AND METHODS

Materials. LPS, from Escherichia coli serotype 055:BS, PAF,
Lyso-PAF, and D-galactosamine were purchased from Sigma.
Human recombinant TNF-« and human recombinant IL-13
were gifts from N. Staite (Upjohn). Phosphocholine linked to
BSA (PC-BSA) was a gift from F. Robey (National Institutes
of Health, Bethesda, MD).

Animals. PC-12 mice were produced as described (10) and
contained a transgene (PEPCK-CRP) consisting of the pro-
tein-coding region of the rabbit CRP gene linked to the
promoter/regulatory region of the cytosolic form of the rat
PEPCK gene. Animals were maintained on normal lab chow
to 2-3 months of age (20-25 g). For experiments, animals were
provided a carbohydrate-rich diet (10) for 4-7 days, which
suppressed transgene expression to levels <20 pg/ml. To
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stimulate transgene expression, randomly selected animals on
the carbohydrate-rich diet were shifted to an isocaloric pro-
tein-rich diet (20). When tested 1824 hr after the dietary shift,
expression of CRP in plasma was typically 75-200 ug/ml, with
high levels being maintained for 2-3 days before declining (10).
Outbred, Swiss Webster CF1 mice (Charles River Breeding
Laboratories) served as controls. The transgenic founder
animals (B6.SJL F1s) were outbred to CF1s prior to sibling
matings to generate lines homozygous for the PEPCK-CRP
transgene. CF1 mice were maintained on the same diet
regimens as the transgenic mice in parallel in all experiments.
Animal care for all experiments was according to institutional
guidelines.

CRP assays. The circulating level of rabbit CRP in transgenic
mice was determined in 50- to 100-ul blood samples collected
by retroorbital bleeding 30—60 min prior to challenge. Only
one sample was taken from each animal. Because the CRP
response to diet is variable (10), the measured CRP level, prior
to challenge, may not represent the peak CRP response
achieved. CRP concentrations were determined by a radial
immunodiffusion assay in agarose, as described (21), employ-
ing a goat anti-rabbit CRP antiserum specific for native rabbit
CRP. This method is sensitive to levels as low as 1-2 ug/ml.

Induction of endotoxic shock. Agents in 0.9% sterile saline
were injected either i.p. or i.v. into groups of 4-6 animals at
the following doses. For LPS, three preparations were em-
ployed. With two preparations, doses of 15-18 mg/kg (usually
in 2.05 mg/kg increments) were used; with the third, 23-27
mg/kg was required to observe lethal effects. The reason for
this variability was unclear. In GalN sensitized mice, LPS
challenges of 0.45-1.1 ug/kg were employed using the LPS
preparations described above (225 ng/kg increments). For
PAF, doses usually ranged from 30 to 40 ug/kg (5 ug/kg
increments) with 45 ug/kg being employed in two experi-
ments. For TNF-«, aliquots of a single preparation were
employed with doses ranging from 1 to 2.5 mg/kg. For the
combination of TNF-« and IL-1p, a constant amount of IL-183
(45 ng/kg) was employed, whereas the dose of TNF-a was
varied between 250 and 350 pg/kg in 50 pug/kg increments. For
all experiments, low CRP animals were maintained on the
carbohydrate-rich diet and high CRP levels were induced by a
shift to the protein-rich diet 18-24 hr before challenge.

Detection of CRP binding to PAF. Binding of CRP to PAF
and to lyso-PAF was demonstrated using an ELISA that
measures competition for binding to PC-BSA (22). Microtiter
wells were coated with 25 ng of PC-BSA in coating buffer (0.1
M sodium carbonate, pH 9.6), followed by blocking with 2%
BSA (in coating buffer). Plates were incubated with 25 ng
biotinyl-CRP standard or biotinyl-CRP mixed with varying
concentrations of competitor (PC, PAF, or lyso-PAF) in 100 ul
TBS Ca*? (10 mM TrissHCl, pH 7.5/0.15 M NaCl/1 mM
CaCl,). Excess CRP or CRP-competitor mixture was washed
away, and the remaining biotinyl-CRP was detected with
alkaline phosphatase-linked strepavidin and colorimetric sub-
strates for the linked enzyme. The assay yielded an apparent
K; for inhibition with PC of 4 uM in close agreement with
previous measurements (22).

Biotinylation of rabbit CRP was performed as described
(10). Rabbit CRP [400 mg; 1.4 mg/ml in Hepes buffered
normal saline (HBNS; 20 mM Hepes, pH 7.4/0.15 M NaCl)]
was incubated at room temperature for 60 min with 4 ug
NHS-LC-Biotin (1 mg/0.25 ml in HBNS). Glycine (5 pl; 1 M
in HBNS) was added and incubated an additional 60 min
followed by dialysis against HBNS.

Transgenic CRP purification. Serum was obtained from
PC-12 animals following heart puncture 24 hr after the shift
from a carbohydrate-rich to a protein-rich diet to induce CRP
synthesis. SAP and other nonspecific Sepharose-binding pro-
teins were removed by passing the sera over a Sepharose-4B
column (50 ml; Pharmacia) in TBS Ca*2. CRP was purified

Proc. Natl. Acad. Sci. USA 94 (1997)

from the eluate by passage through a PC-Sepharose affinity
column (1 ml; Sigma) eluting with TBS/10 mM citrate. The
resulting material appeared homogenous following Coomassie
blue staining of material fractionated by SDS/PAGE. For
passive immunization, 100 ug of transgenic CRP was admin-
istrated i.v. 30 min before a PAF challenge or mixed with PAF
and simultaneously injected.

RESULTS

Fig. 1 shows a typical experiment in which 15 CRP-expressing
PC-12 transgenic mice (provided with a protein-rich diet 24 hr
before challenge) were found to be more resistant to i.p.
injection of LPS than were transgenic littermates expressing
low levels of CRP (animals maintained on a carbohydrate-rich
diet). Groups of 10 animals, 5 on the high protein diet and 5
on the high carbohydrate diet, received injections of LPS of
either 16, 17.5, or 18 mg/kg. Serum CRP levels were >75
pg/mlin the high protein-fed group and <20 wg/ml in the high
carbohydrate-fed group, in a single sample obtained 30-60
min before LPS challenge. Of 87 mice analyzed following
injection of 16-27 mg/kg LPS (Fig. 2), 70% (31/44) of the
animals expressing high levels of CRP in response to the
protein-rich diet survived the challenge over the course of 5
days, compared with 35% (15/43) of the mice expressing low
levels of CRP in response to the carbohydrate-rich diet (P <
.005). Nontransgenic CF1 control mice maintained on the
same regimens of protein-rich or carbohydrate-rich diets as the
transgenic mice were equally sensitive to LPS challenges (Fig.
3). The results imply that CRP in transgenic mice is responsible
for the relative resistance to LPS-induced mortality.

The effect of high protein-induced CRP levels on mortality
was also studied following LPS administration to GalN-
sensitized mice, with similar results. GalN, a hepatotoxin that
decreases available pyrimidine nucleotide pools for transcrip-
tion of liver genes, causes an increase in sensitivity to the lethal
effects of endotoxin by 100,000-fold (23). As shown in Fig. 2,
44% (20/45) of the animals on the protein-rich diet survived
a simultaneous challenge by GalN (15 mg per mouse) and LPS
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FiGc. 1. Survival following endotoxin (LPS) injection in transgenic
mice expressing or not expressing CRP. Fifteen PEPCK-CRP trans-
genic mice, strain PC-12, were maintained on a carbohydrate-rich diet
(dashed line), while another 15 transgenic mice were provided an
isocaloric protein-rich diet (solid line) for the 24 hr prior to i.p.
injection of 16, 17.5, or 18 ug/kg endotoxin (LPS) in 0.5 ml 0.9% NaCl.
Survival of the animals was followed over the next 7 days. PC-12 mice
on the protein-rich diet showed serum CRP levels of 75-200 pg/ml,
and those on the carbohydrate-rich diet had serum levels of <20 pg/ml
during this period. Serum CRP levels were measured with a specific
radial-immunodiffusion assay as described (10). The data shown are
from a representative experiment. The survival difference between the
two groups showed a P < 0.02 calculated by the chi square test with
Yates’ correction. A summary of all experiments is shown in Fig. 2.
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F1G. 2. Survival following injection of endotoxin (LPS), PAF, or cytokine mediators of endotoxic shock in transgenic mice expressing or not
expressing CRP. This figure summarizes results of all experiments employing all agonists. The protocols were as described in the legend to Fig.
1. Dietary manipulations began 18-24 hr before the administration of agonists. The total number of animals used in each group is indicated above
each bar. Hatched bars represent animals provided with the protein-rich diet and expressing high levels of CRP. Open bars represent animals
maintained on the carbohydrate-rich diet and expressing low levels of CRP. GalN, when employed, was injected with the inflammatory agent at
a concentration of 15 mg per animal. IL-18 was injected at a dose of 45 ug/kg. The dose range used with each agent is indicated at the bottom
of the figure. P values indicated at the bottom of the figure were calculated using the chi square test with Yates’ correction.

(dose range 0.45-1.1 pg/kg) over a 5-day period compared
with 10% (4/43) of the transgenic animals on the carbohy-
drate-rich diet (P < .001). We conclude that CRP affords
relative protection against LPS-induced septic shock in the
presence or absence of GalN.

CRP Protection Against Mediators of Endotoxic Shock.
One possible mechanism by which LPS protection could have
been achieved in these experiments was by sequestration of
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Fic. 3. Effect of diet on survival of CF1 control mice following
injection of endotoxin (LPS) or PAF. Nontransgenic CF1 mice were
maintained on the carbohydrate-rich and protein-rich diets as de-
scribed for PC-12 transgenic mice in the legend to Fig. 1. The animals
were injected with the indicated reagents, and survival was monitored
over the next 7 days. GalN, when employed, was injected i.p. at a dose
of 15 mg per animal. The number of animals used in each group is
indicated above each bar. Hatched bars represent animals provided
with the protein-rich diet, and open bars represent animals maintained
on the carbohydrate-rich diet.

LPS by binding to CRP. However, it has been shown that CRP
is unable to bind LPS directly, even though the latter contains
a phosphate ester (24). We therefore tested the possibility that
the observed protection was due to the ability of CRP to block
the effects of mediators induced by LPS. LPS stimulates the
expression of several inflammatory mediators, most notably
TNF-e, IL-1B, and PAF (25). Lv. injection of PAF causes a
rapid anaphylactic reaction in mammals (25, 26), which results
in death at high doses. Table 1 shows a dose response
experiment in which CRP-expressing transgenic mice (provid-
ed with a protein-rich diet 24 hr before challenge) were found
to be more resistant to i.v. injection of PAF in the range of
15-40 pg/kg than were transgenic mice not expressing CRP
(maintained on a carbohydrate-rich diet). At 33 and 40 ug/kg
PAF, complete separation was achieved between the CRP-
expressing (all 13 mice survived) and nonexpressing (all 10
mice died) groups of animals. Mortality to high-dose lethal
challenges with PAF was rapid compared with LPS, with most
mice succumbing to the former in 30—60 min compared with

Table 1. Dose curve of PAF effects on transgenic mice expressing
high levels of CRP

PAF dose,*
ng/kg Diet % Survivalf
15 Protein-rich 100
15 Carbohydrate-rich 83
33 Protein-rich 100
33 Carbohydrate-rich 0
40 Protein-rich 100
40 Carbohydrate-rich 0
48 Protein-rich 0
48 Carbohydrate-rich 0

*Six animals were challenged in each group.
fSurvival was measured 60 min after challenge.
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18-24 hr for the latter. Fig. 2 shows a summary of all
experiments with PAF challenges between 30 and 45 ug/ke.
Ninety-four percent (45/49) of high CRP-expressing animals
survived compared with 35% (17/48) of low CRP-expressing
animals (P < .001). These results are presumed to be due to
CRP being expressed in the transgenic mice, because the same
diet regimens provided to nontransgenic CF1 mice, as de-
scribed above, showed no statistically significant protective
effects (Fig. 3).

In contrast to these findings with PAF, no statistically
significant difference in survival was found between transgenic
mice expressing or not expressing CRP following challenge
with TNF-« in either GalN-sensitized or non-GalN-sensitized
animals. The doses employed in these studies ranged between
1 and 2.5 mg/kg for non-GalN-sensitized animals and 0.4 and
0.7 mg/kg in GalN-sensitized mice (Fig. 2). In some experi-
ments we did observe a difference, with high-CRP-expressing
mice surviving slightly better than low-CRP-expressing mice,
but the window for protection in our animals appeared to be
small and difficult to demonstrate consistently. With TNF-«
plus IL-1 challenges, however, significant protection by CRP
was observed (Fig. 2). In these experiments, the IL-13 dose was
constant at 45 ng/kg and TNF-« ranged between 0.25 and 0.35
mg/kg. Seventy-seven percent (37/48) of the mice survived in
the high-CRP-expressing groups compared with 39% (18/49)
in the low-CRP-expressing groups (P < .001).

PAF Protection Is Probably Not Mediated Through CRP
Binding. One hypothesis that would explain our results is that
CRP protection against PAF- and LPS-mediated shock was
due to binding of PAF by CRP, with consequent inactivation
of PAF by sequestration. PAF is a glycerolipid that contains a
phosphocholine moiety (27) and has been previously demon-
strated to bind CRP at the PC binding site at PAF concen-
trations below its critical micelle concentration (28). To test
whether protection from PAF lethality was due to CRP
binding, we employed excess lyso-PAF to determine whether
it would increase the toxicity of PAF by competing for CRP
binding. Lyso-PAF is a nonacetylated precursor of PAF that
contains a PC moiety but that has no biologic activity (29). Fig.
4 shows results of an ELISA that measures the ability of PAF
and lyso-PAF to inhibit CRP binding to PC-BSA, employing
biotinylated CRP detected with alkaline phosphatase-linked
strepavidin (22). As shown in Fig. 4, both PAF and lyso-PAF
efficiently bound CRP and were indistinguishable in their
abilities to compete for CRP binding to PC-BSA. Both had an
apparent K; of inhibition of 150 nM.
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Fi6.4. PC-BSA competitive ELISA for PAF and lyso-PAF binding
to CRP. An ELISA that measures CRP binding to PC-BSA was
modified from that previously described (22) to determine whether
PAF or lyso-PAF could compete for CRP binding.
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We next did an experiment in which lyso-PAF (225 ug/kg)
was injected into groups of high-CRP-expressing transgenic
mice at the same time as a PAF challenge (40 ug/kg).
Lyso-PAF had no effect on the ability of CRP-expressing mice
to survive the PAF challenge. Of those animals expressing
CRP, 78% (15/18) survived the PAF challenge in the presence
of lyso-PAF compared with 33% (6/18) of littermates that
were not expressing CRP at the time of lyso-PAF plus PAF
administration. Assuming that both lyso-PAF and PAF bind
CRP through their PC moieties at the known single PC binding
site on CRP (30), this result implies that the protective effect
seen in the CRP-expressing animals was not due to seques-
tration of PAF by PC binding to CRP. Assuming a maximal
CRP response in these animals of 200 ug/ml and a 1 ml serum
volume, we calculated the concentration of PC binding sites on
CRP to be 8 uM and the circulating concentration of lyso-PAF
to be 9.3 uM. Thus, the concentration of lyso-PAF was likely
to be in excess of that of CRP and above the K;. The
experiments used a relatively high dose of PAF, 40 pg/kg (see
Table 1), to accentuate any possible effects of lyso-PAF if it
was able to interfere with CRP-mediated protection. The
ability of CRP, even in the presence of excess lyso-PAF, to
provide protection from a PAF challenge suggests that seques-
tration of PAF by CRP is not essential for the effect. These
data suggest that the in vivo effect of CRP on LPS, PAF, and
TNF-« plus IL-1B-generated septic shock is not mediated by
direct binding of CRP to PAF.

Passive Administration of CRP. We attempted to duplicate
the partial protection to PAF-induced lethality we observed in
transgenic mice by injecting CRP into animals not expressing
CRP. In these experiments, 100 ug of CRP, purified from
PC-12 transgenic mice as described in Materials and Methods,
was injected either 30 min prior to or simultaneously with PAF
in doses between 30 and 40 ug/kg. In contrast to our results
in transgenic mice, passive administration of CRP did not
provide any significant protection to PAF-induced mortality in
either of these experiments.

DISCUSSION

Our major conclusion is that mice expressing high levels of
transgenic rabbit CRP are partially protected against lethal
challenges by mediators of septic shock, including LPS, PAF,
and the combination of TNF-« plus IL-1p, in the presence or
absence of D-galactosamine.

Protection against endotoxic shock in mice has been dem-
onstrated with several agents, including antibodies to portions
of LPS itself, a mode of treatment, however, that is dependent
on the bacterial species from which the LPS was derived. More
general protection has previously been achieved by anticyto-
kine treatments such as IL-1ra, soluble cytokine receptors, and
antibodies to TNF-« (19). These therapeutic successes have
contributed to the perception that sepsis is a condition in which
excessive cytokine production leads to lethality (16). CRP has
no reported direct anticytokine effects, but our data are
consistent with a model in which the cascade of detrimental
cytokine stimulation induced by LPS is blocked by CRP.

Several reports have demonstrated that CRP can stimulate
cytokine production in vitro in peripheral blood mononuclear
cells (PBMC) (31) as well as in alveolar macrophages (32), in
apparent contradiction to our speculations. However, in PB-
MCs, CRP has also been found to stimulate IL-1ra production
to a greater extent than it stimulates IL-18 production (33).
Thus, the net antiinflammatory properties of CRP we observe
in vivo may be due, at least in part, to the induction of this or
other natural antagonists by CRP.

CRP has previously been shown to effectively prevent
mortality from pneumoccocal challenges (34, 35). In these
experiments, a bolus injection of either human or rabbit CRP
provided protection against a subsequent, potentially lethal
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injection with pneumoccoci of several serotypes. Similar re-
sults were obtained with transgenic mice expressing human
CRP (36). The conclusion from these studies was that it was
likely that the opsonic properties of CRP were responsible for
its protective effects (34, 36).

We were unable to protect nontransgenic mice from medi-
ators of septic shock by injection of transgenic CRP isolated
from PC-12 mice. The reason for this failure is unclear but may
be due to an inability to attain a sufficiently high concentration
of circulating CRP to observe an effect with LPS or PAF as the
agonist. CRP is rapidly degraded after injection, with a
half-life of 30—60 min (10) in mice. If 100 wg of CRP were
injected, its concentration could be as low as 25 ug/ml during
the period of response to agonist. This may not be adequate.

The possibility of direct binding of LPS to CRP has been
evaluated; binding was not demonstrated (24). CRP binds PAF
and lyso-PAF with equal affinity, but an excess of the latter had
no effect on the protective action of CRP against the former
in vivo, indicating that a mechanism other than PAF binding
was probably preventing death. This conclusion must be
tempered by the recognition that we do not know the exact
level of lyso-PAF excess to CRP because the timing and
magnitude of the CRP response in the transgenic animals is
variable (10) and our single sampling may not be at its peak.
Our calculations are based on a maximal CRP response that,
if anything, underestimates the actual level of lyso-PAF excess.
We also do not know whether PAF and lyso-PAF actually
compete for the same binding site on CRP in vivo, although it
is likely that the PC moiety in each case binds to the single PC
binding site on each CRP subunit (30). Similarly, we do not
know whether the half-lives of PAF and lyso-PAF are identical
in our animals. These limitations stated, the most straightfor-
ward interpretation of our data is that CRP affords protection
to PAF toxicity through a binding-independent mechanism.
PAF-mediated septic shock is primarily triggered by dissemi-
nated clot formation, but other cytokine-induced cascades may
contribute and it may be the latter that is CRP-sensitive.

It is still formally possible that our observations are due to
effects of the diets employed and not CRP, because the CF1
strain used for the diet control is not identical to the PC-12
transgenic line. This possibility is, in our view, highly unlikely.
First, the Swiss-Webster CF1 mice chosen for use as the diet
control are genetically related to the PC-12 transgenic strain in
that the PEPCK-CRP transgenic founder animal was outbred
to CF1 mice. CF1 is not an inbred line and was used for
outbreeding because it is genetically variable and not prone to
deficiencies and susceptibilities in its immune or inflammatory
responses. It serves as the control because the PC-12 trans-
genic strain is homozygous for the transgene and therefore
unique. Second, except for carbohydrate source, the protein
and carbohydrate-rich diets are nearly identical to standard
laboratory chow (20). Both special diets are highly nutritious,
consumed normally, and provided for a relatively short period
of time—Iless than 1 week. It is therefore unlikely that such an
exposure over such a short period could so radically alter the
susceptibilities to challenges with mediators of septic shock.

Our results are consistent with the view that CRP plays a
significant role in host defense other than direct opsonization.
They suggest that the protection against mediators of septic
shock we found is probably not due to simple sequestration or
opsonization of mediators by CRP binding, but rather that it
reflects an effect on host defense mechanisms.

The putative alternate mechanism by which CRP suppresses
PAF toxicity is uncertain. In vitro, CRP has been reported to
block PAF-induced calcium mobilization (37), B-glucuroni-
dase production (38), and superoxide release (38) in macro-
phages. In neutrophils, CRP blocks PAF-induced superoxide
release (37), and in platelets, CRP blocks PAF-induced
arachadonic acid release and aggregation (39, 40). Freeze-
thawed CRP had the opposite effect and augmented the
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aggregation of PAF-treated platelets (41). Prevention of plate-
let aggregation by native CRP did not require CRP-PAF
binding, because CRP stabilized platelet membranes, thus
blocking PAF-mediated aggregation and lysis (40). These PAF
antagonistic properties of CRP are consistent with the pro-
tective effects we observed in vivo and again indicate that CRP
is capable of effects on PAF toxicity by mechanisms other than
sequestration of PAF. Finally, CRP has been shown in vitro to
bind to and influence the behavior of monocytic cells (42),
neutrophils (43, 44), and lymphocytes (45). It is likely that one
or more of these properties observed in vitro is responsible for
the in vivo effects reported here. As the interaction of CRP and
leukocytes is likely to be complex, it is difficult to be precise
as to the mechanism of CRP action. One possibility we are
currently exploring is that CRP suppresses cytokine synthesis
in inflammatory cell types induced by mediators of septic
shock or other inflammation-associated agents. This activity
would limit the escalation of cytokine synthesis that follows
induction of the inflammatory response.
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