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Abstract

 

LPS-binding protein (LBP) recognizes bacterial LPS and
transfers it to CD14, thereby enhancing host cell stimula-
tion, eventually resulting in pathogenic states such as septic
shock. Recently, LBP also was shown to detoxify LPS by
transferring LPS into HDL particles in vitro. Thus, the pre-
dominant in vivo function of LBP has remained unclear. To
investigate the biological activity of acute phase concentra-
tions of recombinant murine LBP, high concentrations of
LBP were investigated in vitro and in vivo. Although addi-
tion of low concentrations of LBP to a murine macrophage
cell line enhanced LPS-induced TNF-

 

a

 

 synthesis, acute
phase concentrations of LBP blocked this effect in compari-
son to low-dose LBP. When injected into mice intraperito-
neally, LBP inhibited LPS-mediated cytokine release and
prevented hepatic failure resulting in a significantly de-

 

creased mortality rate in LPS-challenged and 

 

D

 

-galac-
tosamine–sensitized mice, as well as in a murine model of
bacteremia. These results complement a recent study re-
vealing LBP-deficient mice to be dramatically more suscep-
tible to an intraperitoneal 

 

Salmonella

 

 infection as compared
with normal mice. We conclude that acute phase LBP has a
protective effect against LPS and bacterial infection and
may represent a physiologic defense mechanism against in-
fection. Despite the limitations of any murine sepsis model,
the results shown may imply that LBP could have beneficial
effects during gram-negative peritonitis in humans. (

 

J. Clin.
Invest.

 

 1998. 101:2065–2071.) Key words: lipopolysaccharides 

 

•

 

antagonist and inhibitors 

 

•

 

 gram-negative bacterial infec-
tion 

 

•

 

 septic shock therapy 

 

•

 

 macrophage activation

 

Introduction

 

Infection or trauma can lead to sepsis or the systemic inflam-
matory response syndrome, respectively, representing severe
clinical syndromes characterized by cytokine release, in-
creased expression of adhesion molecules, chemotactic recruit-

ment of lymphoid cells, increased phagocytotic activity of mac-
rophages, release of reactive oxygen species, and expression of
acute phase proteins (1–3). This cascade of events may eventu-
ally lead to life-threatening complications including multiple
organ failure and a decrease in blood pressure resulting in
shock (4, 5). Recent reports calculate that 100,000–300,000
deaths in the United States are caused annually by sepsis (6).
LPS, a constituent of the outer membrane of gram-negative
bacteria, apparently is one of the major toxins responsible for
initiating this pathophysiological cascade (7–10). In addition to
cases caused directly by gram-negative microorganisms (ac-
counting for 30–40%) in bacteremia involving gram-positive
bacteria or in systemic inflammatory response syndrome, LPS
may also play a pathogenic role due to bacterial translocation
from the gut (11).

LPS-binding protein (LBP)

 

1

 

 binds to LPS (12, 13) and
transfers it to the LPS receptor CD14 (14–17) and into HDL
(12, 18). LPS-mediated stimulation of CD14-positive cells is
enhanced 100–1,000-fold when LBP is added to serum-free
systems and therefore LBP has been thought to participate in
the pathogenesis of septic shock (19, 20). LBP was first de-
tected in rabbits, where serum levels are relatively low as com-
pared with other species, including mice and humans. There-
fore, concentrations of 100 ng/ml were used in a series of initial
studies examining the in vitro function of LBP, all demonstrat-
ing LPS-enhancing activities of LBP. However, humans ex-
hibit higher constitutive levels of LBP of 5–15 

 

m

 

g/ml (21–23).
Furthermore, we have shown by promoter analysis studies that
the LBP gene is transcriptionally activated during the acute
phase response (24), and acute phase serum levels of LBP dur-
ing sepsis, consistent with these studies, are clearly elevated
reaching peak levels of up to 200 

 

m

 

g/ml (23). LBP can be de-
tected in several body fluids including peritoneal exudate, and
in peritonitis LBP concentrations approach those in plasma
and are increased 3–10-fold as compared with noninfected in-
dividuals (25, 26). In mice, as we show here, constitutive LBP
levels are also in the microgram per milliliter range and the
acute phase response leads to fivefold elevated serum levels of
LBP. It has remained unclear why the host organism upregu-
lates expression and synthesis of a protein that until now was
thought to enhance LPS effects potentially leading to sepsis.

Previous results have shown that LBP is also able to medi-
ate binding of LPS to membrane CD14 and subsequent inter-
nalization of LPS without cell stimulation (27). It was demon-
strated that LBP not only mediates binding of LPS to CD14,
but also binding of whole gram-negative bacteria to CD14
leading to phagocytosis and subsequent clearance of bacteria
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(28, 29). Additionally, LBP was found to mediate LPS transfer
to reconstituted HDL, attenuating its stimulatory effects (12,
18). HDL-bound LPS lacks cell stimulatory activity and recon-
stituted HDL in vitro and in vivo inhibits the toxic effects of
LPS (30–32). Because of these potentially conflicting results
the primary in vivo function of LBP has remained controver-
sial, as has the question of whether the acute phase rise of LBP
is a protective measure, or enhances the inflammatory cascade
triggered by LPS. Despite the large number of in vitro studies
showing that addition of LBP to serum-free systems enhances
LPS effects, no experiments have been reported using high
concentrations of LBP comparable to those observed in septic
patients. Neither have there been any in vivo animal studies
using recombinant LBP in the context of experimental sepsis.
Furthermore, LBP-deficient mice are not suitable to differen-
tiate between the roles of low constitutive versus high acute
phase LBP levels (33, 34). In the study presented here we de-
scribe the in vitro and in vivo effects of high-dose recombinant
murine LBP (mLBP). In vitro, high concentrations of LBP
surprisingly blocked the LPS-induced stimulation of a murine
macrophage cell line, both in the absence and in the presence
of murine serum. In addition, LBP inhibited LPS-mediated se-
cretion of cytokines in mice sensitized with 

 

D

 

-galactosamine
and decreased LPS-induced hepatic failure. Finally, when in-
jected with LBP, mice survived an otherwise lethal challenge
with LPS or live bacteria.

 

Methods

 

Construction of the LBP expression vector.

 

The cDNA of mLBP
(kindly provided by D. Heumann, Lausanne, Switzerland) was ampli-
fied by PCR using primers generating a XhoI site at the 5

 

9

 

 and a BglII
site at the 3

 

9

 

-end. Using these restriction sites, the mLBP cDNA was
inserted into the baculovirus expression vector pAcGHLT-B (Phar-
Mingen, Hamburg, Germany) containing the glutathione 

 

s

 

-trans-
ferase (GST) gene for purification of the resulting fusion protein. The
mLBP cDNA lacking the signal sequence was cloned behind the GST
gene leading to the mLBP-pAcGHLT-B vector.

 

Expression and purification of mLBP-GST fusion protein.

 

Sf-9
insect cells were cotransfected with BaculoGold baculovirus DNA
(PharMingen) and the mLBP-pAcGHLT-B vector using lipofectamine
(Gibco, Eggenstein, Germany). Cells were grown in EX-CELL 401
medium (Biozol, Eching, Germany) containing 10% FCS and antibi-
otics. Sf-9 insect cells were infected with recombinant baculovirus at a
multiplicity of infection of 

 

z

 

 5 viruses per insect cell, harvested after
3–4 d, washed with PBS, shock frozen in liquid nitrogen, and stored at

 

2

 

70

 

8

 

C. To purify GST-fusion protein, Sf-9 cells were lysed for 45 min
on ice with lysis buffer (10 mM Tris, pH 7.5, 130 mM NaCl, 1% Triton
X-100, 10 mM NaF, 10 mM NaPi, 10 mM NaPPi) containing 16 

 

m

 

g/ml
benzamidine HCl, 10 

 

m

 

g/ml phenantroline, 10 

 

m

 

g/ml aprotinin, 10 

 

m

 

g/
ml leupeptin, 10 

 

m

 

g/ml pepstatin A, and 1 mM PMSF. After centrifu-
gation of the lysate, GST-Sepharose 4B (Pharmacia Biotech GmbH,
Freiburg, Germany) was added to the supernatant. The lysate was
mixed for 90 min at 4

 

8

 

C on a rocking platform, followed by washing
with PBS, 1 mM DTT, and 0.1% Triton X-100. Then, the GST-
Sepharose was incubated with 6 U/ml of thrombin (ICN Biochemi-
cals, Eschwege, Germany) for 45 min at 4

 

8

 

C. Cleaved mLBP was re-
leased into the supernatant, and subsequently Triton X-100 was re-
moved by incubating with Calbiosorb (Calbiochem, Bad Soden,
Germany) overnight at 4

 

8

 

C on a rocking platform. Thrombin was re-
moved using small quantities of Benzamidine-Sepharose 6B (Phar-
macia Biotech GmbH). The absence of Triton X-100 was monitored
by measuring absorbance at 270 nm, and thrombin activity was deter-
mined using a chromogenic thrombin assay according to a published
protocol (35). Purity of mLBP was 

 

. 

 

95% as confirmed by SDS-

 

PAGE and Coomassie blue staining. LPS contamination, determined
by conventional Limulus assay (Labortechnik Peter Schulz, Munich,
Germany), was 

 

,

 

 0.3 pg LPS/

 

m

 

g mLBP.

 

Stimulation of RAW 264.7 cells using recombinant mLBP and
Escherichia coli O111:B4 LPS in the absence or presence of murine
serum.

 

5 

 

3

 

 10

 

5

 

 cells per well of the murine macrophage cell line RAW
264.7 cells (kindly provided by T. Blankenstein, MDC, Berlin, Ger-
many) were grown in RPMI containing 10% FCS overnight in 96-well
tissue culture plates. Subsequently, cells were washed with serum-
free RPMI and stimulated with 

 

E. coli O111:B4 

 

LPS (Sigma, Deisen-
hofen, Germany) and increasing concentrations of recombinant
mLBP in the absence or presence of murine serum. After 4 h, super-
natants were harvested and stored at 

 

2

 

70

 

8

 

C. As shown in Fig. 1, 10
ng/ml mLBP gave nearly maximal TNF-

 

a

 

 response, and therefore 1%
murine serum corresponding to 15 ng/ml mLBP was used in a subse-
quent experiment. During gram-negative infection, LPS concentra-
tions in the lower nanogram range are usually observed and therefore
an LPS concentration of 330 pg/ml was chosen.

 

Cytotoxicity tests for mLBP towards RAW 264.7 cells.

 

To exclude
cytotoxic effects of high-dose mLBP towards RAW 264.7 cells, sev-
eral experiments were performed. To determine viability of RAW
264.7 cells after exposure to 330 pg/ml LPS and 10 

 

m

 

g/ml mLBP for 4 h,
trypan blue exclusion was assessed using light microscopy. In addi-
tion, the release of lactate dehydrogenase (LDH) activity indicating
impaired cell membrane function was determined using a commercial
LDH cytotoxicity assay (Boehringer-Mannheim, Mannheim, Ger-
many) according to the manufacturer’s instructions. Supernatant of
RAW 264.7 cells stimulated for 4 h with 330 pg/ml LPS in the absence
and presence of 10 

 

m

 

g/ml mLBP was tested for LDH activity. As stan-
dard, serial dilutions of RAW 264.7 cell lysates prepared from a
known number of cells were included. Additionally, PMA (Sigma),
an LPS-independent stimulus for TNF-

 

a

 

 synthesis, was added at a
concentration of 50 ng/ml for 4 h to RAW 264.7 cells in the presence
and absence of 10 

 

m

 

g/ml mLBP. Subsequently the amount of TNF-

 

a

 

synthesis was determined by ELISA in order to assess cellular func-
tion.

 

Induction of cytokine release and hepatic injury by LPS in 

 

D

 

-galac-
tosamine–sensitized mice.

 

10–14-wk-old female C57Bl/6 mice (Bom-
holtgaard, Ry, Denmark) were injected intraperitoneally with 20 mg

 

D

 

-galactosamine, 2.5 ng 

 

E. coli

 

 

 

O111:B4 

 

LPS, and 100 

 

m

 

g mLBP in a
total volume of 400 

 

m

 

l. Three groups, each containing five animals,
were injected with LPS and 

 

D

 

-galactosamine; LPS, 

 

D

 

-galactosamine,
and mLBP; or 

 

D

 

-galactosamine and mLBP. 75 min and 7 h after injec-
tion, animals were bled retroorbitally and the blood collected was al-
lowed to clot for 1 h on ice, centrifuged, and the serum was stored in
small aliquots at 

 

2

 

70

 

8

 

C. For each subsequent determination of LBP,
cytokines, or liver enzymes, fresh aliquots were thawed.

 

mLBP-ELISA.

 

ELISA plates were coated with 10 

 

m

 

g/ml of puri-
fied polyclonal anti-mLBP antibody which was obtained by immuniz-
ing rabbits with purified recombinant mLBP. The resulting poly-
clonal antibody showed no cross-reactivity with bovine and human
LBP but was highly cross-reactive with rat LBP. Samples and recom-
binant mLBP standard were detected using a biotin-labeled poly-
clonal rabbit anti-mLBP antibody at 5 

 

m

 

g/ml. The detection limit of
the ELISA is 25 pg/ml.

 

Murine TNF-

 

a

 

 and IL-6 ELISA.

 

ELISA plates were coated with
5 

 

m

 

g/ml anti-mTNF mAb (Endogen, Boston, MA). Samples and re-
combinant mTNF standard (R&D, Wiesbaden, Germany) were incu-
bated and bound mTNF was detected using a polyclonal rabbit anti-
mTNF-

 

a

 

 antibody (Endogen, Boston, MA) at 10 

 

m

 

g/ml. IL-6 levels
were determined using a commercial cytokine ELISA kit (R&D) ac-
cording to the manufacturer’s instructions.

 

Determination of hepatic injury by measurement of alanine ami-
notransferase (ALT) activity.

 

Determination of ALT activity was
carried out using a commercial kit for quantitative colorimetric deter-
mination of ALT (Sigma) according to the manufacturer’s instruc-
tions.

 

Mortality of C57Bl/6 mice injected with 

 

D

 

-galactosamine and LPS
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with or without mLBP, or with E. coli O111:B4 with or without
mLBP.

 

10–14-wk-old female C57Bl/6 mice were injected intraperito-
neally with 20 mg 

 

D

 

-galactosamine, 2.5 ng 

 

E. coli

 

 

 

O111:B4 

 

LPS
(Sigma), and 100 

 

m

 

g recombinant mLBP, or control buffer, respec-
tively, in a total volume of 400 

 

m

 

l. Mortality was assessed at 12, 24,
and 36 h. 

 

E. coli

 

 

 

O111:B4 

 

bacteria (No. 33780; American Type Cul-
ture Collection, Rockville, MD) were grown at 37

 

8

 

C, washed, and
quantitated by measuring OD at 600 nm. Additionally, C57Bl/6 mice
were injected intraperitoneally with 10

 

7

 

 colony-forming units of 

 

E. coli
O111:B4 

 

and 100 

 

m

 

g recombinant mLBP, or bacteria and control
buffer, respectively, in a total volume of 500 

 

m

 

l. Mortality was as-
sessed after 5 d and no further deaths occurred subsequently.

 

Statistical analysis.

 

Data in Figs. 1 and 2 represent mean

 

6

 

SD.
For data analysis, a one-way ANOVA followed by Duncan’s post-hoc
test were performed. 

 

P

 

 

 

5

 

 0.05 was considered significant. In Figs. 3
and 4 real data points are shown. For detection of significant differ-
ences between groups a nonparametric Kruskal-Wallis one-way
ANOVA was used. 

 

P

 

 

 

, 

 

0.05 was considered significant. In case of a
significant difference between groups, a Mann-Whitney U-Wilcoxon
rank sum 

 

w

 

 test was used to test significance between two groups. To
compare survival data in Fig. 5, a Kaplan-Meyer test was performed
using log rank statistics. Significance levels of Figs. 1–5 were as stated
in the figure legends. All statistical calculations were performed using
the SPSS 6.0 software for windows (SPSS Inc., Chicago, IL).

 

Results

 

LBP-dependent stimulation of RAW 264.7 cells by LPS.

 

To in-
vestigate the activity of mLBP, the murine macrophage cell
line RAW 264.7 was stimulated with various concentrations of
LPS in the presence of increasing quantities of mLBP. Stimu-
lation of RAW 264.7 cells with 

 

E. coli

 

 

 

O111:B4 

 

LPS at concen-
trations 

 

# 

 

3 ng/ml was clearly LBP-dependent (Fig. 1). LBP at
concentrations up to 1 

 

m

 

g/ml corresponding to normal LBP
concentrations present in murine serum was able to increase
TNF-

 

a

 

 synthesis. In contrast, when LBP concentrations were
further increased to 10 

 

m

 

g/ml corresponding to serum levels
during the in vivo acute phase reaction in mice, LPS-induced
TNF-

 

a

 

 response was clearly inhibited as compared with TNF-

 

a

 

levels measured in the presence of 0.1 

 

m

 

g/ml of LBP. Toxicity
tests, i.e., trypan blue exclusion and release of LDH indicating
cytolysis, revealed that maximum mLBP concentrations used
(10 

 

m

 

g/ml) failed to display any toxicity towards RAW 264.7
cells (Table I). Additionally, PMA-mediated TNF-

 

a

 

 synthesis
was not substantially impaired by high mLBP concentrations.

 

Synergistic inhibition of LPS effects in vitro by LBP and se-
rum.

 

In the presence of 1% murine serum, 330 pg/ml LPS
stimulated RAW 264.7 cells to secrete 1.8 ng/ml TNF-

 

a

 

 (Fig.
2). 1% serum corresponding to 15 ng/ml native mLBP gave

only a slightly lower signal, as compared with incubation of the
cells in the presence of 1% serum and 1 

 

m

 

g/ml recombinant
LBP. These results are in line with the experiments shown in
Fig. 1. There, 10 ng/ml LBP induced TNF response, and in-
creasing the LBP concentration up to 1 

 

m

 

g/ml did not lead to a
further rise of TNF-

 

a

 

 levels. LBP concentrations of 10 

 

m

 

g/ml
in the presence of serum dramatically reduced the TNF-

 

a

 

 re-
sponse of RAW 264.7 cells. The signal decreased to 0.6 ng/ml
TNF-

 

a

 

 when 10 

 

m

 

g/ml of LBP and 1% murine serum was

Figure 1. LBP-dependent stimulation of RAW 264.7 cells. RAW 
264.7 cells were stimulated with E. coli O111:B4 LPS and increasing 
concentrations of recombinant mLBP, as indicated, in serum-free 
RPMI medium for 4 h. Cell culture supernatants were analyzed for 
TNF-a content by ELISA. LPS concentrations decrease from top to 
bottom (indicated at the right side of each diagram) and inhibitory ef-
fects of mLBP can be observed only when high concentrations of 
mLBP and low concentrations of LPS were used. Different x axis 
scales were used to better depict the reaction pattern. Shown are 
mean values of quadruplicate measurements6SD. *Significant differ-
ences (P , 0.05) to stimulation in the absence of LBP. **Significant 
differences (P , 0.05) to stimulation without LBP and with 10 mg/ml 
LBP. ***Significant differences (P , 0.05) to stimulation without 
LBP and to stimulation with 1 or 10 mg/ml LBP.

 

Table I. Lack of Cytotoxicity of High Concentrations of 
mLBP (10 

 

m

 

g/ml) Towards RAW 264.7 Cells

 

mLBP concentration

0 

 

m

 

g/ml 10 

 

m

 

g/ml

 

Toxicity (% dead cells)* evaluated by
Trypan blue exclusion

 

,

 

 1

 

,

 

 1
LDH release 0.31 0.39

TNF-

 

a

 

 synthesis (ng/ml)

 

‡

 

0.62 0.55

*Incubation was carried out in the presence of 330 pg/ml E. coli O111:
B4 LPS or ‡50 ng/ml PMA in RPMI for 4 h at 378C.
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added. The left panel of Fig. 2 shows that cells stimulated with
50 ng/ml PMA in the presence and absence of 1% murine se-
rum secrete similar quantities of TNF-a.

LBP serum concentrations in D-galactosamine–sensitized
mice injected with LPS, LPS and mLBP, or with mLBP
alone. Having observed the distinct effects of high concentra-
tions of LBP in vitro, we were interested in determining
whether recombinant mLBP can also suppress LPS-induced
cytokine synthesis in vivo. For monitoring mLBP concentra-
tions and to assess half-life of recombinant mLBP in vivo,
mLBP serum levels during the acute phase reaction and af-
ter mLBP treatment were determined using an ELISA specific
for mLBP (Fig. 3). Injection of a dose of 350 mg LPS resulted
in a sixfold increase in serum LBP levels from 1.5 mg/ml in un-
treated mice to 8.9 mg/ml LBP in acute phase mouse serum
(Fig. 3, right). In mice injected with small amounts of LPS (2.5
ng) alone in the presence of D-galactosamine, we found LBP
serum concentrations of 1.5 mg/ml, corresponding to mLBP
concentrations measured in untreated mice. In mice given 100
mg recombinant mLBP and D-galactosamine, 7.7 mg/ml LBP
were detected in the circulation 75 min after injection. This
concentration corresponds to LBP concentrations observed
during the murine acute phase and to LBP quantities, which
inhibited TNF-a secretion of LPS-stimulated RAW 264.7 cells
in vitro. When LPS and mLBP were injected simultaneously,
mLBP levels were 6.1 mg/ml, which is slightly below animals
treated with mLBP alone and may be due to LBP–LPS inter-
action. After 7 h, LBP concentrations in all three animal
groups were back to baseline levels.

Influence of mLBP on in vivo cytokine release and hepatic
injury, indicated by ALT, in LPS-treated D-galactosamine–sen-
sitized mice. Next, serum TNF-a and IL-6 levels were assessed

75 min and 7 h after injection of LPS with or without mLBP
(Fig. 4). TNF-a concentrations 75 min after injection of LPS
alone in the presence of D-galactosamine increased from unde-
tectable background levels to 75 pg/ml (Fig. 4 A). Similarly, as
seen in the in vitro cell stimulation experiments, LBP also sig-
nificantly blocked the increase in TNF-a levels in vivo, result-
ing in serum levels of only 10 pg/ml TNF-a 75 min after LPS
challenge. The IL-6 concentration measured 75 min after in-
jection of LPS was 2,000 pg/ml. In the presence of 100 mg
mLBP, similar to TNF-a, only 100 pg/ml IL-6 was measured in
serum after LPS stimulation (Fig. 4 B). 7 h after injection of
LPS, levels of IL-6 decreased to nearly background concentra-
tions. Since hepatic failure is the reason for LPS toxicity in
LPS/D-galactosamine–treated mice, we studied the influence
of mLBP treatment on serum concentrations of a marker en-
zyme for hepatic injury, ALT (36). We found elevated concen-
trations of ALT of 60 U/liter 7 h after LPS treatment, but not
at the early time point of 75 min after injection of LPS (Fig.
4 C). In contrast, in serum of mice treated with LPS and 100 mg
mLBP, or with mLBP alone, only 20 U/liter, and 15 U/liter, re-
spectively, of ALT activity was measured.

Mortality of D-galactosamine–sensitized mice treated with
LPS with or without mLBP. Since mLBP was able to de-
crease serum levels of proinflammatory cytokines and to in-
hibit liver failure as indicated by ALT serum concentrations,
we were interested in determining the influence of mLBP on
LPS-induced mortality in D-galactosamine–sensitized mice, as
well as in an infection model using live E. coli O111:B4 bacte-
ria. First, mice were injected with a dose of 2.5 ng LPS per ani-
mal in combination with or without 100 mg mLBP per animal.
Mortality was monitored 12, 24, and 36 h after injection (Fig.

Figure 2. LBP-dependent stimulation of RAW 264.7 cells in the 
absence and presence of murine serum. RAW 264.7 cells were stimu-
lated with 330 ng/ml E. coli O111:B4 LPS, and different concentra-
tions of mLBP (right) or 50 ng/ml PMA (left), respectively, in serum-
free RPMI or in RPMI containing 1% murine serum for 4 h. Shown 
are mean values of quadruplicate measurements of TNF-a in nano-
grams per milliliter. *Groups 2 and 5 were significantly different (P , 

0.05) to all groups; groups 1 and 6 to all groups except to each other, 
group 3 to groups 1, 2, and 6, and group 4 to group 1, 2, 5, and 6.

Figure 3. Serum LBP concentrations in mice injected with recombi-
nant mLBP. C57Bl/6 mice sensitized with 20 mg D-galactosamine 
were injected with 2.5 ng E. coli O111:B4 LPS alone, LPS and 100 mg 
mLBP, or 100 mg mLBP alone (n 5 5 per group). Shown are serum 
mLBP concentrations in micrograms per milliliter 75 min and 7 h
after injection. As control, mice not sensitized with D-galactosamine 
were injected with 350 mg of LPS in order to induce an acute phase 
response, or with PBS for determination of normal LBP levels (n 5 5 
per group). Shown are real data points. (Left) Differences between 
groups at the 75-min time point were significant (P 5 0.002) whereas 
differences at the 7-h time point were not (P 5 0.06). ***Significant 
differences to the LPS/D-gal group (P , 0.01) at the 75-min time 
point.
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5). After 12 h, 12 out of 20 mice treated with LPS had died,
whereas only 5 out of 20 animals treated with LPS and mLBP
had died. Within a further 12-h observation period, only one
animal in each group died and at 36 h after injection of LPS
with or without mLBP, 35% of the mice treated with LPS, but
70% of the mice treated with LPS and mLBP had survived.
Additionally, in an infection model animals treated with 107

live E. coli and 100 mg mLBP had a fourfold higher survival
rate, as compared with animals injected with E. coli and a con-
trol buffer. 8 out of 19 mice treated with bacteria and mLBP
survived for a period of 5 d, whereas only 2 out of 19 animals
treated with bacteria alone survived (Table II). No further
deaths occurred subsequently.

Discussion

Since the release of proinflammatory cytokines is thought to
be a pathogenic element in sepsis, it has remained unclear why
the host releases large quantities of LBP, thereby further en-

hancing LPS-induced cytokine secretion. Our results show that
high levels of LBP, as seen during the acute phase response in
vivo, inhibit LPS effects both in vitro and in vivo and protect
mice from bacterial challenge. RAW 264.7, a CD14-positive
murine macrophage cell line, secretes high quantities of TNF-a
in response to LPS even in the absence of serum proteins (37).
For lower LPS concentrations (# 1 ng/ml), however, repre-
senting more closely the clinical sepsis situation, stimulation of
RAW 264.7 cells is LBP dependent, as we show here. This
LBP dependency is of a bipolar nature. Addition of mLBP at
concentrations up to 1 mg/ml, corresponding to constitutive
mLBP levels, resulted in an increased secretion of TNF-a in
vitro. High concentrations of LBP (10 mg/ml), simulating the
acute phase rise of LBP, however, resulted in a clearly de-
creased TNF-a response, as compared with the TNF-a re-
sponse in the presence of 0.1 mg/ml LBP. Intraperitoneal injec-
tion of mLBP in vivo also was able to inhibit LPS-mediated
secretion of cytokines in D-galactosamine–sensitized mice.
LBP concentrations leading to an in vivo blockade of LPS ef-
fects were similar to those observed during the murine acute
phase and to those inhibiting TNF-a secretion in vitro. How-
ever, the inhibitory effect of mLBP towards LPS was limited to
the peritoneal space and was not observed when LPS or LBP
was injected intravenously (data not shown). Lipoproteins, as-
sociated with LBP (18) or LPS in serum, could be responsible
for this discrepancy of LBP activity in serum versus the perito-
neal cavity.

Figure 4. In vivo induction of TNF-a, IL-6, and ALT in D-galac-
tosamine–sensitized mice. C57Bl/6 mice sensitized with 20 mg
D-galactosamine were injected with 2.5 ng E. coli O111:B4 LPS alone, 
LPS and 100 mg mLBP, or mLBP alone (n 5 5 per group). Shown are 
serum TNF-a (A) and IL-6 levels (B) in picograms per milliliter and 
ALT (C) in units per liter as real data points 75 min and 7 h after in-
jection, assessed by ELISA (A and B) or enzymatic activity assay (C). 
Differences between groups were significant at the time point 75 min 
in A (P 5 0.009) and B (P 5 0.005), and at the 7-h time point in A
(P 5 0.034) and C (P 5 0.008). **Significant differences to the LPS 
group (P , 0.02). ***Significant differences to the LPS group
(P , 0.01).

Figure 5. Mortality of D-galactosamine–sensitized mice injected with 
LPS with or without mLBP. C57Bl/6 mice sensitized with 20 mg
D-galactosamine were injected with 2.5 ng E. coli O111:B4 LPS alone, 
or LPS and 100 mg recombinant mLBP (n 5 20 per group). Mortality 
was monitored 12, 24, and 36 h after injection. Statistics were per-
formed using the Kaplan-Meyer test. *Statistical significance (log 
rank) between LPS-treated and LPS and LBP–treated groups was 
0.027.

Table II. Mortality of Mice Injected with Live E. coli O111:B4 
with or without mLBP

Treatment* Mice (survived/total)

107 E. coli O111:B4 1 100 mg mLBP 8/19
107 E. coli O111:B4 1 control buffer 2/19

*C57Bl/6 mice were injected with live E. coli O111:B4 bacteria (107)
and 100 mg mLBP, or with bacteria and control buffer, respectively. Sur-
vival was assessed after 5 d.
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It is known that the lethal effects of LPS in mice sensitized
with D-galactosamine are due to hepatotoxic effects of LPS-
induced cytokines like TNF-a (38, 39). Intraperitoneal injec-
tion of mLBP in our experiments blocked the rise in cytokine
levels, prevented liver damage, and also reduced LPS-medi-
ated mortality significantly. These results seem to be in con-
trast to results of Gallay et al. who found a decreased mortality
in LPS/D-galactosamine–treated mice if they were treated with
a polyclonal anti-mLBP antibody (40, 41). However, treatment
with this antibody did not lead to in vivo LBP depletion but
may have enhanced LPS clearance involving Fc-mediated
clearance of LPS–LBP antibody immune complexes. Our re-
sults and those from others using LBP-deficient mice are con-
cordant with the results presented here. LPS-induced cytokine
release was absent in vivo and in whole blood obtained from
LBP-deficient animals (33, 34) corresponding to our in vitro
data where low concentrations of LPS in the absence of mLBP
failed to induce TNF-a. Furthermore, in an intraperitoneal
Salmonella infection model, a reduced survival rate in LBP-
deficient mice indicating a protective role of LBP was ob-
served (33). This result complements our finding of LBP pro-
tection against an intraperitoneal E. coli infection, as shown in
Table II.

A somehow similar bipolar nature of biologic activity has
been described for another protein involved in LPS recogni-
tion, CD14. In vitro, intermediate concentrations of soluble
CD14 increased the LBP-dependent stimulation of neutro-
phils, whereas high concentrations of soluble CD14 inhibited it
(42). CD14-deficient mice are resistant (43), and transgenic
mice expressing human CD14 are sensitized to LPS (44). On
the other hand, administration of high doses of recombinant
soluble CD14 has a protective effect towards the toxic proper-
ties of LPS (45). LBP and soluble CD14 in vivo both seem to
protect from LPS toxicity and bacteremia if elevated, although
both proteins in vitro seem to contribute to LPS recognition
and LPS-mediated cell stimulation. Furthermore, our in vivo
results are in line with recent studies indicating inhibitory ef-
fects of high concentrations of human LBP in vitro (46–48).

The results reported here for the first time show a protec-
tive role of LBP in an intraperitoneal murine sepsis model.
The mechanism of how mLBP protects mice from LPS-induced
sepsis and bacteremia currently is not clear. It has been de-
scribed that LBP in vivo is associated with HDL (18) and that
LBP increases LPS transfer into HDL, resulting in a protective
effect towards LPS toxicity (18, 31, 32). However, LPS block-
ing activity of high concentrations of mLBP in the absence of
serum (and HDL), observed by us, indicates that this may not
be the only explanation for the inhibitory activity of mLBP.
Another potential mechanism for LBP-mediated protection
could be an enhanced clearance of LPS from the circulation.
However, Jack et al. failed to detect any difference in LPS
clearance in LBP-deficient mice as compared with heterozy-
gous animals (33). A mechanism for improving survival of bac-
terial infection could be the ability of LBP to enhance CD14-
dependent phagocytic uptake of bacteria (28, 29). However,
we found high concentrations of mLBP reducing uptake of
bacteria in vitro as compared with uptake of bacteria in the
presence of low LBP concentrations (data not shown), ruling
out that enhanced phagocytosis is the major mechanism for
protection against bacteremia by LBP. Our in vitro data imply
that the LPS/LBP ratio is critical for the cellular reaction pat-
tern of the host, confirming recent reports of others (49). LPS-

dependent interaction of LBP with immobilized HDL has also
been found recently to depend on the ratio of LPS and LBP
(50). In human sepsis serum, LPS levels are in the nanogram
per milliliter range, whereas acute phase levels of LBP ap-
proach 100 mg/ml. Therefore, a molar ratio of LPS/LBP of
1:10,000 may occur during sepsis in humans. Normal mice are
very resistant to LPS. Only in D-galactosamine–sensitized mice
can a similar LPS/LBP ratio be achieved, enabling the finding
of inhibitory activity of LBP (reported here). One recent re-
port and our own unpublished results showed that persisting
high LBP levels in sepsis patients are correlated with a poor
prognosis (51). However, these results do not prove that high
levels of LBP are part of the pathophysiology of sepsis and
thus are a cause of death. On the contrary, high levels of LBP
may also reflect an upregulated defense mechanism that fails
to overcome sepsis successfully.

We conclude that acute phase levels of mLBP suppress
LPS-induced cytokine release and mortality in a murine intra-
peritoneal sepsis model and may be a physiologic defense
mechanism of the host against endotoxemia. Despite the limi-
tations of murine sepsis models, the results presented here
may point furthermore to a potential use of recombinant LBP
as a therapeutic intervention strategy in sepsis, using a natural
defense mechanism of the host against overstimulation by bac-
terial products. For any clinical application of LBP, however,
further investigation on the exact timing and dosing regimen in
order to exhibit a protective role of LBP is needed.
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