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Synthetic Endotoxin-Binding Peptides Block EndotoxinTriggered TNF-␣ Production by Macrophages In Vitro and In
Vivo and Prevent Endotoxin-Mediated Toxic Shock
Silke Dankesreiter, *Adolf Hoess,† Jens Schneider-Mergener,‡ Hermann Wagner,* and
Thomas Miethke1*

E

ndotoxin is a major constituent of the outer membrane of
Gram-negative bacteria and is recognized as a key molecule in the pathophysiology of Gram-negative shock. On
release endotoxin interacts with the endotoxin-binding protein
(LBP),2 an acute phase protein synthesized by liver cells (1, 2).
LBP catalyzes the binding of endotoxin to CD14, which is the
primary receptor for endotoxin and is expressed mainly on macrophages (3). The recently defined membrane proteins Toll-like
receptors 2 and 4, which are structurally related to the Drosophila
protein Toll, appear to be involved in CD14-mediated signal transduction (4, 5). Endotoxin-stimulated macrophages secrete a number of cytokines like TNF-␣, IL-1, IL-6, and others, which in toxic
concentrations are mediators for the development of septic shock
(6, 7). In certain animal models, TNF-␣ is prime for the lethality
induced on injection of endotoxin (8).
To prevent the cascade of endotoxin-induced events in humans,
several approaches have been explored. First, Abs directed against
endotoxin or the structurally conserved lipid A moiety were developed with the aim to neutralize endotoxins generated by different Gram-negative bacteria. However, these Abs appeared not to
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ride component (9). mAbs recognizing core structures of endotoxin of different Enterobacteriaceae may be promising in that they
neutralize endotoxin-mediated toxicity in vivo (10). However,
again their use may be limited because of their lack of cross-reactivity among different kinds of endotoxin. Second, anti-TNF-␣
Abs or TNF receptor antagonists have also been evaluated as very
effective in their potential to protect against lethal endotoxinemia
in several animal models (8, 11, 12). However, none of these molecules appeared to be effective in humans. Furthermore, complete
neutralization of TNF-␣ during an infection is probably disadvantageous, because in physiological concentrations TNF-␣ orchestrates the inflammatory reaction of the infected host (13). Third,
application of endotoxin-binding molecules has been investigated
which may prevent the endotoxin-LBP-CD14 complex formation.
Several candidate molecules with endotoxin-binding and neutralizing capability are known and bactericidal/permeability increasing protein (BPI) may be until now the most promising candidate
(14 –16). Limulus anti-LPS factor (LALF) is a protein from the
horseshoe crab with high potential to block endotoxin-mediated
activities in animals (17–20). Both BPI and LALF crystal structures are known, and the LALF analysis revealed a detailed view
of a potential endotoxin-binding site (21). The site consists of the
aa 31–52 and is characterized by an alternating series of positively
charged and hydrophobic residues forming a positively charged
amphipathic loop (21). Two other endotoxin-binding proteins from
mammals, namely bactericidal/permeability increasing protein
(BPI) and LPS binding protein (LBP), were proposed to have a
similar endotoxin binding site (21). Although unrelated to LALF,
endotoxin-binding domains were identified in both proteins using
synthetic peptides (2, 22, 23). The endotoxin-binding domains of
all three proteins are functionally competent within LBP in domain
exchange mutant proteins (24).
Recent approaches to develop molecules that neutralize endotoxin have concentrated on characterizing lipid A-binding regions
0022-1767/00/$02.00
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Lipid A, the conserved portion of endotoxin, is the major mediator of septic shock; therefore, endotoxin-neutralizing molecules
could have important clinical applications. Here we show that peptides derived from Limulus anti-LPS factor (LALF), bactericidal/permeability increasing protein (BPI) and endotoxin-binding protein, bind to lipid A and block the recombinant LALF/lipid
A interaction in vitro. Because their neutralizing capacity in vitro as well as in vivo has been limited, we created hybrid peptides
comprising two endotoxin-binding domains. The hybrid molecule LL-10-H-14, containing endotoxin-binding domains from LALF
and endotoxin-binding protein, turned out to be the most active peptide within the series of peptides tested here to inhibit the
CD14/lipid A interaction and is able in vitro to block the endotoxin-induced TNF-␣ release of murine macrophages up to 90%.
Furthermore, LL-10-H-14 not only reduced peak serum levels of TNF-␣ of mice when preinjected but also reduced TNF-␣ levels
when given 15 min after the endotoxin challenge. As compared with other peptides, only LL-10-H-14 is able to strongly decrease
endotoxin-stimulated TNF-␣ release by human macrophage cell lines as well as by PBMC. Furthermore, the hybrid peptide is
protective against endotoxin-provoked lethal shock. As such, LL-10-H-14 could have prophylactic and/or therapeutic properties
in humans for the management of septic shock. The Journal of Immunology, 2000, 164: 4804 – 4811.
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from endotoxin-binding peptides and proteins. This includes synthetic peptides derived from sequences of polymyxin B sulfate
(PMB) (25), Tachypleus anti-LPS factor (26), recombinant LALF
(rLALF) (27), BPI (23), CAP-18 (28, 29), and LBP (22).
Here, we further examined the endotoxin-neutralizing potential
of a variety of peptides in in vitro and in vivo studies with the aim
to optimize their endotoxin-neutralizing capacity. We developed a
series of peptides derived from LALF, BPI, and LBP as well as
hybrid peptides, comprising two endotoxin-binding domains. The
peptide LL-10-H-14, a hybrid between LALF and LBP, showed
exceptional activity. It is able to block endotoxin-induced TNF-␣
release of murine and human macrophages as well as peripheral
blood leukocytes. Most surprisingly, LL-10-H-14 is effective in
suppressing TNF-␣ levels in mice pre- or postinjected with endotoxin and to prevent lethality in the endotoxin/D-galactosamine (DGalN) mouse model.

Materials and Methods
C57BL/6 and BALB/c mice were bought from Harlan-Winkelmann
(Borchen, Germany). All mice were ordered with an age of 8 –10 wk and
housed in our own animal facility.

Cell culture
Murine cell lines were cultured in medium containing ⬍0.01 endotoxin
units (EU)/ml endotoxin (very low endotoxon (VLE) RPMI 1640, Seromed, Biochrom, Berlin, Germany). The medium was supplemented with
10% (v/v) FCS (Seromed, Biochrom), 5 ⫻ 10⫺5 M 2-ME (Life Technologies, Karlsruhe, Germany), and antibiotics (penicillin G (100 IU/ml medium) and streptomycin sulfate (100 IU/ml medium)).
For culture of the human cell line Mono Mac 6, the VLE RPMI 1640
medium was supplemented with 5% (v/v) human serum (human serum
(male), Sigma, Deisenhofen, Germany) and 5 ⫻ 10⫺5 M 2-ME. Human
PBMC were also cultured in VLE RPMI 1640 medium but supplemented
with 5% (v/v) of the donor serum and 5 ⫻ 10⫺5 M 2-ME.

Reagents
Peptide sequences are given in Table I. All experiments were performed
with endotoxin from Salmonella enteritidis (Sigma). lipid A, and PMB
were purchased from Sigma. D-GalN came from Carl Roth (Karlsruhe,
Germany). CD14 was kindly donated by Dr. C. Schütt (Institute of Immunology, Greifswald, Germany). LALF was generously provided by Dr.
R. C. Liddington (Dana Farber Cancer Institute, Boston, MA). For the
generation of stock solutions, all reagents were dissolved in endotoxin-free
water (water for embryo transfer, Sigma).

Peptide synthesis
Peptides were prepared on an automated peptide synthesizer (Abimed
Analyes-Technik, Langenfeld, Germany) using a standard Fmoc (N-(9fluorenyl)methoxycarbonyl) machine protocol. For detection purposes, all
peptides were biotinylated using 2 eq of biotin activated with 2 eq of
benzotriazole-1-yloxytripyrrolidinophosphonium hexafluorophosphate and
4 eq of N-methylmorpholine. The cleaved peptides were worked up according to the manufacturer’s protocols and purified with reversed phase
HPLC to a purity of ⬎95%. Cyclic peptides were obtained by incubating
cysteine-containing peptides in 10% DMSO for 24 h at room temperature
(30). The peptides were then purified by reversed phase HPLC to a purity
of ⬎95%. The characterization of the peptides was done by laser desorption-time of flight mass spectroscopy.

Competitive inhibition of rLALF/lipid A binding
Lipid A (100 l, 0.5 g/ml), dissolved in PBS, was coated on a microtiter
plate (Polysorp U96, Nunc, Wiesbaden, Germany) for 120 min at 37°C.
After blocking with PBST for 20 min (room temperature), the solid phase
was incubated for 60 min with 100 l containing increasing amounts of
peptides (0.01–100 g/ml) mixed with rLALF (0.2 g/ml, dissolved in
PBS plus Tween (PBST)). After three washings with PBST, the ELISA
was developed with a rabbit antiserum against rLALF (incubation time, 60
min) and a second anti-rabbit Ab conjugated (Sigma) to alkaline phosphatase (incubation time, 60 min). p-Nitrophenyl phosphate (1 mg/ml) was

used as a substrate, and the absorbance was quantitated at 405 nm with a
microplate reader. Each measurement was performed in duplicate.

Competitive inhibition of CD14/lipid A binding
CD14 A (100 l, 5 g/ml), dissolved in PBS, was coated on a microtiter
plate (Polysorp U96) for 120 min at room temperature. After blocking with
PBST for 30 min (room temperature), the solid phase was incubated for
120 min with 100 l peptides (10 g/ml) mixed with FITC-labeled endotoxin (2.5 g/ml, dissolved in PBST). After three washings with PBST, an
alkaline phosphatase-coupled anti-FITC mAb (dissolved 1:2500 in PBST,
Boehringer Mannheim, Mannheim, Germany) was added. After another
wash cycle, the ELISA was developed with p-nitrophenyl phosphate (1
mg/ml) as substrate, and the absorbance was quantitated at 405 nm using
a microplate reader. Each measurement was performed in duplicate.

Stimulation protocol
To analyze the inhibitory effect of the peptides on TNF-␣ release in vitro,
the murine macrophage cell line ANA-1 (1 ⫻ 105 cells/well), the human
monocyte cell line Mono Mac 6 (1 ⫻ 105 cells/well), as well as PBMC
(5 ⫻ 105 cells/well) were incubated with different peptides (5 g/ml), and
5 min later the cells were stimulated with endotoxin (40 ng/ml for ANA-1
and Mono Mac 6 cells, 5 ng/ml for PBMC) for 30 min (37°C, 5% CO2).
To remove unbound endotoxin and peptide, the cells were washed twice
and incubated for another 4 h (37°C, 5% CO2). At this time point, supernatants were harvested and stored at ⫺20°C until the TNF-␣ content was
measured by ELISA. To analyze cell viability a 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed as described below. Cell cultures were performed in 96-well, flat-bottom microtiter plates (Nunclon surface, Nunc).

Injection protocol
To induce endotoxin shock, mice were preinjected with D-GalN (i.p., 4
mg/mouse in 100 l) and after 1 h challenged with endotoxin (i.p., 1
g/mouse in 50 l). For prevention of shock or systemic TNF-␣ release
mice were pretreated 15 min before the endotoxin injection with peptides
(i.p., 100 g/mouse in 50 l), PMB (i.p., 100 g/mouse in 50 l), or
solvent (endotoxin-free water, i.p., 50 l).

Serum preparation
Treated and control animals were killed and blood was drawn from the
heart. Subsequently, the samples were centrifuged at 10,000 rpm (7 min),
and the supernatant was collected and stored at ⫺20°C until used in the
TNF-␣ ELISA.

Determination of TNF-␣
Murine TNF-␣ serum levels were determined using commercially available TNF-␣ ELISA kits (DuoSeT, Genzyme, Cambridge, MA). The assay
was performed as described by the manufacturer except that the capture Ab
was used in a concentration of 3 g/ml, experimental samples and standards were incubated overnight (4°C), and the detecting Ab was added in
a concentration of 2.1 g/ml. Serum samples and culture supernatants were
used at a dilution of 1:2 and measured twice. Human TNF-␣ was monitored
using the TNF-␣ ELISA (OptEIA) from PharMingen (San Diego, CA).
The assay was performed as described by the manufacturer.

MTT assay
To measure cell viability, the MTT assay was performed. Briefly, the cultured cells (1 ⫻ 105 ANA-1 cells/well, 1 ⫻ 105 Mono Mac 6 cells/well, or
5 ⫻ 105 PBMC/well) were incubated with MTT (420 g/ml, Sigma),
which is metabolized by living cells in 3 h. After solubilization of MTT
crystals with HCl-isopropanol (150 l/well), the OD was determined at
570/690 nm.

Results
Endotoxin-neutralizing potential of LBP
To analyze the potential of peptides derived from LBP, BPI, and
LALF to neutralize endotoxin, we compared their ability to block
the binding of lipid A to rLALF. The cyclic LALF-derived peptide
LALF-14 was chosen in that it has been described as the smallest
unit still possessing full endotoxin-binding capacity (Ref. 31 and
Table I). Analogues peptides derived from BPI (B-14) and LBP
(H-14) were prepared based on the alignment as proposed by
Hoess et al. (21). Both, H-14 and B-14 were derived from amino
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Table I. LALF-derived peptides
Peptide Designation

LALF protein
LL-10
LALF-14
LALF-22
LBP-derived peptide
H-14
BPI-derived peptide
B-14
Dimeric peptides
LL-10-L-11
LL-10-L-14
LL-10-H-14
B-10-H-14
Control peptides
NEU-10
PA-10

Comment

D-H-E-C-H-Y-R-I-K-P-T-F-R-R-L-K-W-K-Y-K-G-K-F-WC-P-S
K-P-T-F-R-R-L-K-W-K
G-C-K-P-T-F-R-R-L-K-W-K-Y-K-C-G
G-C-H-Y-R-I-K-P-T-F-R-R-L-K-W-K-Y-K-G-K-FW-C-G

aa 28–54 Ⳏ binding domain
LALF aa 36–45, linear
LALF aa 36–47, cyclic
LALF aa 31–52, cyclic

C-R-W-K-V-R-K-S-F-F-K-L-Q-C-G

hLBPa aa 90–101 Ⳏ binding domain, cyclic

C-K-W-K-A-Q-K-R-F-L-K-M-S-C-G

hBPI aa 90–101 Ⳏ binding domain, cyclic

K-P-T-F-R-R-L-K-W-K-C-K-C-T-F-R-R-L-K-W-K-C-G
K-P-T-F-R-R-L-K-W-K-C-K-P-T-F-R-R-L-K-W-K-Y-K-C-G
K-P-T-F-R-R-L-K-W-K-C-R-W-K-V-R-K-S-F-F-K-L-Q-C
K-K-I-E-S-A-L-R-N-K-C-R-W-K-V-R-K-S-F-F-K-L-Q-C-G

Linear
Linear
Linear
Linear

G-A-T-P-Q-D-L-N-T-M-K
P-R-R-W-T-F-K-L-K-K

Neutral net charge
LALF aa 36–45, linear, randomized
sequence

⫹ cyclic LALF
⫹ cyclic LALF
LALF ⫹ cyclic hLBP
hBPI ⫹ cyclic hLBP

h, human.

acid regions 90 –101 of LBP or BPI, respectively, and comprise 12
aa from the endotoxin-binding domain as well as 2 cysteines at
both ends to form a cyclic peptide after oxidation (Table I). The
cyclic peptide LALF-22 consists of the complete endotoxin-binding domain of LALF (Table I). As controls, we used a linear peptide comprising the minimal LALF/endotoxin-binding domain
(LL-10) and NEU-10 with a neutral net charge. In agreement with
Ried et al. (31), we observed that the cyclic peptides LALF-14
(Fig. 1, E) and H-14 (Fig. 1, f) efficiently blocked the rLALF/
lipid A interaction in contrast to the linear peptide LL-10 (Fig. 1,
F) and the cyclic peptide B-14 (Fig. 1, 䡺). The control peptide
NEU-10 was inactive as expected (Fig. 1, ⽧). The cyclic peptide
LALF-22 (Fig. 1, Œ) was as active as the positive control PMB
(Fig. 1, ‚). At least 10 g/ml of an active peptide were required
to display full activity. Similar results were obtained when the
peptides LALF-14, H-14, and B-14 were analyzed for their ability

FIGURE 1. Inhibition of the rLALF/lipid A interaction by endotoxinbinding peptides. Microtiter plates were coated with lipid A (0.5 g/ml)
and subsequently incubated with a mixture of rLALF (0.2 g/ml) and
graded doses of the peptides LL-10, LALF-14, H-14, B-14, LALF-22,
PMB, and NEU-10. Bound rLALF was detected using an anti-rLALF serum and an alkaline phosphatase-conjugated second Ab. The peptide
NEU-10 (neutral net charge) and PMB served as negative and positive
control, respectively.

to bind to lipid A or to block the LBP/lipid A interaction (data not
shown). Based on these results, the peptides derived from LALF
and LBP were further investigated as candidates to block release of
TNF-␣ by endotoxin-stimulated macrophages.
Analysis of endotoxin-binding peptides based on their ability to
reduce TNF-␣ secretion in vitro
TNF-␣ is a key molecule in the pathophysiology of septic shock
(8, 32). It has been shown that Abs against TNF-␣ protect experimental animals in endotoxin- as well as superantigen-induced lethal shock models, which are considered as model systems for
Gram-negative and Gram-positive sepsis, respectively (8, 33, 34).
To explore the potential of the endotoxin-binding peptides to inhibit TNF-␣ release by endotoxin-stimulated macrophages we first
evaluated cells of the murine macrophage cell line ANA-1. Accordingly, the peptides LALF-14, H-14, B-14, LALF-22, NEU-10,
and PA-10 (another control peptide with a randomized LL-10 peptide sequence) were compared with Polymyxin B (PMB) in their
ability to neutralize endotoxin. Most of the cyclic peptides tested
failed to block endotoxin-induced TNF-␣ secretion by the cell line
(Fig. 2A). However, the cyclic peptide LALF-22 (which consists of
the complete endotoxin-binding domain of LALF) was effective in
that it blocked up to 65% of the endotoxin-induced TNF-␣ secretion (Fig. 2A). In fact, the inhibitory activity of LALF-22 was
comparable with that of PMB (Fig. 2A). As expected, the control
peptides NEU-10 and PA-10 did not influence TNF-␣ production
in this in vitro system (Fig. 2A). To verify that the peptides were
not toxic for ANA-1 cells, the metabolic activity of the cells was
analyzed using the MTT assay. As demonstrated in Fig. 2B, the
peptides did not diminish the metabolism of MTT. The statistical
significance of the data are presented in Table II. Whereas the
extent of LALF-22 mediated inhibition of TNF-␣ release by
ANA-1 cells differed significantly from inhibition by the negative
control peptide PA-10, this was not the case for the peptides H-14,
B-14, and LALF-14. Because peptides LALF-14 and H-14 bind
lipid A and block the LBP/lipid A interaction but failed to neutralize natural endotoxin-induced cytokine production, we conclude that effective peptides, such as LALF-22, need to consist of
the complete endotoxin-binding domain.
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Table II. Statistical analysis of the data of several independent experiments concerning the peptide-mediated inhibition of endotoxin-induced TNF-␣
releasea
Inhibition of TNF-␣ Release by ANA-1 Cells:
Comparison Between
Peptide 1

NEU-10
PMB
LALF-22
H-14
B-14
LALF-14
LL-10-H-14
B-10-H-14
LL-10 ⫹ H-14
LL-10-H-14
LL-10-H-14
a

Inhibition of TNF-␣ Release by Mono Mac 6
Cells: Comparison Between

Peptide 2

Result

␣b

Peptide 1

Peptide 2

PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PMB
LALF-22

c

0.520
⬎0.001
0.001
0.310
0.274
0.426
⬎0.001
0.947
0.612
0.432
0.096

NEU-10
PMB
LALF-22
H-14
B-14
LALF-14
LL-10-H-14
B-10-H-14
LL-10 ⫹ H-14
LL-10-H-14
LL-10-H-14

PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PMB
LALF-22

H0
H1d
H1
H0
H0
H0
H1
H0
H0
H0
H0

Univariate analysis of variance.
Probability of error.
H0, no significant difference between two peptides, ␣ ⬎0.05.
d
H1, significant difference between two peptides, ␣ ⬍0.05.
b
c

Result

H0
H1
H0
H0
H0
H0
H1
H0
H0
H0
H1

Inhibition of TNF-␣ Release In Vivo:
Comparison Between

␣

Peptide 1

Peptide 2

0.591
0.004
0.709
0.624
0.762
0.528
0.007
0.805
0.614
0.784
0.006

NEU-10
PMB
LALF-22
H-14
B-14
LL-10
LALF-14
LL-10-H-14
B-10-H-14
LL-10 ⫹ H-14
LL-10-H-14
LL-10-H-14

PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PA-10
PMB
LALF-22

Result

H0
H1
H1
H0
H0
H0
H0
H1
H0
H0
H0
H0

␣

0.725
⬎0.001
0.008
0.276
0.604
0.371
0.126
⬎0.001
0.734
0.915
0.905
0.225
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FIGURE 2. A, Peptide-mediated inhibition of TNF-␣ release from endotoxin-stimulated ANA-1 cells. The murine macrophage cell line ANA-1 (1 ⫻
105 cells/well) was stimulated with endotoxin (40 ng/ml) for 30 min. Subsequently, the cells were washed and cultured for another 4 h. At this time point,
the supernatant was removed and analyzed for TNF-␣ by ELISA. Five minutes
before the endotoxin stimulus, the indicated peptides (5 g/ml) were added.
The peptides NEU-10 (neutral net charge) and PA-10 (randomized LL-10
sequence) were used as negative controls. PMB (5 g/ml) served as positive
control. LPS-co depicts cells stimulated with endotoxin in the absence of peptides; cell-co shows unstimulated cells. Error bars represent the SD of duplicates. The experiment represents one of three identical experiments. B, Viability of endotoxin-stimulated and peptide-treated ANA-1 cells. The viability
of ANA-1 cells described in A was analyzed by the MTT assay. After removal
of the supernatant, MTT (420 g/ml) was added, and the cells were incubated
for 3 h. After solubilization of the MTT crystals with HCl-isopropanol (150
l/well) the optical density was determined at 570/690 nm. H2O-co demonstrates a hypotonic negative control where unstimulated cells were incubated
with H2O. Error bars represent the SD of duplicates.

Endotoxin has been described to form multimeric complexes (35).
In an attempt to increase the biological potential of endotoxinbinding peptides, we reasoned that two endotoxin-binding domains encoded by one peptide might increase the binding activity
to endotoxin because of an avidity effect. Therefore, we developed
peptides consisting of two endotoxin-binding domains (“dimeric”
peptides). It was important for the design of the dimeric peptides
to select these peptides with high endotoxin-binding capacity and
with as few amino acids as possible because the peptide synthesis
efficiency decreases with the growing length of the peptide chain.
The peptides LL-10-H-14 and LL-10-L-14 are based on the linear
LALF-derived peptide LL-10 fused with the cyclic LBP-derived
peptide H-14 or the cyclic LALF-derived peptide LALF-14, respectively (Table I). Peptide B-10-H-14 consists of the linear BPIderived peptide B-10 plus the cyclic LBP-derived peptide H-14
(Table I). We used the combination of a linear with a cyclic peptide, as the combination of two cyclic peptides with the need of
four cysteines would have been to complicated to be prepared. We
then compared the ability to block the CD14/endotoxin interaction
of the dimeric peptides with the cyclic peptides LALF-14 and
H-14. As detailed in Fig. 3, LL-10-H-14, LL-10-L-14, and B-10H-14 inhibited binding of endotoxin to CD14 to a higher degree
than LALF-14 or H-14. Importantly, the potency of LL-10-H-14 to
neutralize endotoxin and thus to suppress the release of TNF-␣ by
stimulated ANA-1 cells was higher than that of LALF-22 and was
at least as effective as PMB (Fig. 4A). The magnitude of suppression of the TNF-␣ release could not be enhanced by the addition
of the single peptides LL-10 and H-14 to the cell culture, indicating that the two endotoxin-binding domains of LL-10-H-14 must
be in close proximity for efficient neutralization of endotoxin (Fig.
4A). The dimeric peptide LL-10-L-14, in which the cyclic LBPderived domain was substituted with a LALF-derived cyclic domain, was incapable of blocking TNF-␣ release (Table I, Fig. 4B).
Substitution of the linear part of LL-10-H-14 with a linear peptide
derived from BPI resulting in the peptide B-10-H-14 (Table I) also
diminished its capacity to inhibit TNF-␣ release (Fig. 4B). In addition, the two dimeric proteins LL-10-L-11 (consisting of a linear
LALF-derived part plus a shorter cyclic LALF-derived part) and
B-10-L-14 (consisting of a linear BPI-derived part plus a cyclic
LALF-derived part) displayed no capacity to inhibit TNF-␣ release
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(data not shown). Statistical analysis of the data revealed that LL10-H-14 differed significantly in its potential to block the release of
endotoxin-mediated TNF-␣ release in comparison to the negative
control peptide PA-10 (Table II). There was no difference when
PMB and LL-10-H-14, or LL-10-H-14 and LALF-22 were comFIGURE 5. Inhibition of TNF-␣ release from endotoxin-stimulated
Mono Mac 6 cells and human PBMC by endotoxin-binding peptides. A,
The human macrophage cell line Mono Mac 6 (1 ⫻ 105 cells/well) was
stimulated with endotoxin (40 ng/ml). Five minutes before the endotoxin
stimulation, the indicated peptides (5 g/ml) were added. After 30 min, the
cells were washed and subsequently cultured for another 4 h. The supernatant was removed and the TNF-␣ content was analyzed. LPS-co represents cells stimulated only with endotoxin, cell-co depicts unstimulated
cells, and PMB shows cells treated with PMB (5 g/ml) instead with peptides. Error bars represent the SD of duplicates. The experiments was repeated twice with identical results. B, The experiment was performed as
above except that 5 ⫻ 105 PBMC were stimulated with endotoxin at a
concentration of 5 ng/ml. Error bars represent the SD of duplicates.

pared (Table II). These data suggested that LL-10-H-14 and
LALF-22 display the highest potency for the neutralization of endotoxin among the peptides examined.
Endotoxin-induced TNF-␣ secretion of the human macrophage
cell line Mono Mac 6 as well as peripheral blood leukocytes is
reduced by endotoxin-binding peptides

FIGURE 4. Analysis of dimeric peptides. The experiments were performed with the indicated peptides as described in Fig. 2. A, Comparison
of the activity of LL-10-H-14 with LALF-22, or with the combination
LL-10 plus H-14. Error bars depict the SD of duplicates. The comparison
between LL-10-H-14 and LALF-22 was performed three times and the
comparison between LL-10-H-14 and the combination LL-10 plus H-14
twice, always with identical results. LPS-co represents cells stimulated
only with endotoxin. B, Comparison of different dimeric peptides. Error
bars depict the SD of duplicates. The experiment represents one of two
identical experiments.

To address the question of whether endotoxin-binding peptides are
also able to reduce TNF-␣ release of human cells on endotoxin
stimulation, we used the human macrophage cell line Mono Mac
6 and tested the peptides in the same system as described for the
murine cell line ANA-1. As demonstrated in Fig. 5A, LL-10-H-14
reduced TNF-␣ levels by ⬃66%. The observation that LALF-22
was ineffective in blocking TNF-␣ release from the human Mono
Mac 6 cell line contrasted to the results obtained with the murine
ANA-1 cell line. As described for murine cells, the combination of
peptides LL-10 plus H-14 was also incompetent to block the release of TNF-␣ by endotoxin-stimulated Mono Mac 6 cells (Fig.
5A). A statistical analysis of the data showed that LL-10-H-14
differed significantly from the control peptide PA-10 in its potential to inhibit TNF-␣ release by Mono Mac 6 cells (Table II). This
was not the case for LALF-22. Comparison of LL-10-H-14 with
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FIGURE 3. Inhibition of the CD14/lipid A interaction by dimeric endotoxin-binding peptides. Microtiter plates were coated with CD14 (5 g/
ml). Subsequently, a mixture of the indicated peptides (10 g/ml) and
FITC-labeled endotoxin (2.5 g/ml) was added. Bound endotoxin was detected by adding an anti-FITC Ab conjugated with alkaline phosphatase.
The peptide NEU-10 (neutral net charge) served as negative control. Error
bars depict SD of the results of at least two independent experiments.
B-10-H-14 was analyzed only once.
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PMB showed no difference; however, LL-10-H-14 differed significantly from LALF-22 (Table II). Finally, we analyzed human
PBL. Fig. 5B shows that LL-10-H-14 was also able to diminish the
endotoxin-stimulated TNF-␣ release. Again LALF-22 was ineffective. These data show that LL-10-H-14 is the most active peptide on human cells within the series of peptides analyzed here.
Suppression of TNF-␣ release in vivo

The endotoxin-binding peptide LL-10-H-14 protects mice in the
endotoxin/D-GalN model
It is most critical to determine whether a synthetic peptide is able
to prevent endotoxin-induced lethality and therefore might be a
candidate for treatment of septic shock. We therefore used the
murine endotoxin/D-GalN shock model (36). D-GalN sensitizes
mice to the toxic effects of TNF-␣ by several orders of magnitude
by an ill-defined, UTP-depleting, hepatotoxic mechanism (37).
Pretreatment of D-GalN-sensitized C57BL/6 mice with the peptide
15 min before the endotoxin challenge increased the survival rate
to 100% (Fig. 7). In this experiment, mice were sensitized with 4
mg D-GalN/mouse. Higher concentrations of D-GalN (which renders mice more susceptible to TNF-␣ (36)) reduced the ability of
LL-10-H-14 to increase survival of endotoxin challenged mice.
Accordingly, sensitization with 8 mg D-GalN/mouse resulted in a
survival rate of only 40% of LL-10-H-14 pretreated mice (data not
shown).

Discussion
Septic shock is considered as a serious problem in intensive care
units. Despite effective antibiotics the lethality of septic shock remains high (38). This problem is likely to increase as more aggressive operations with immunosuppressed patients will be performed. Although our knowledge of the pathophysiology of septic
shock increases its complexity is far from being understood. It is,
however, accepted that once invading bacteria have triggered the
complex cascade leading to septic shock, therapeutic interventions
my often be too late in time. Strategies thus would need to be
developed which prevent pathophysiological reactions of the infected host. Gram-negative bacteria are the most frequent cause of
septic shock and endotoxin, an integral part of the outer membrane

FIGURE 6. A, Inhibition of endotoxin-induced TNF-␣ release in vivo.
Groups of BALB/c (n ⫽ 2) and C57BL/6 (n ⫽ 2) mice were treated with
endotoxin (1 g/mouse) or PMB (100 g/mouse) plus endotoxin (1 g/
mouse) or LL-10-H-14 (100 g/mouse) plus endotoxin (1 g/mouse). After 75 min, the mice were sacrificed and TNF-␣ serum levels were analyzed. Control mice were injected only with solvent (H2O). Error bars
depict the SD of two equally treated mice. The experiments represents one
of two identical experiments. B, Comparison of the in vivo efficiency of the
dimeric peptide LL-10-H-14 with cyclic and linear peptides. Groups of
BALB/c mice (n ⫽ 3, PA-10 injected mice n ⫽ 2) were pretreated with the
peptides (100 g/mouse) indicated. After 15 min, the mice were injected
with endotoxin (1 g/mouse). The mice were sacrificed 75 min after the
endotoxin injection, and serum was prepared to quantify the TNF-␣ content
by ELISA. PMB-pretreated mice (n ⫽ 3, 100 g/mouse) served as positive
control for TNF-␣ inhibition. LPS represents mice (n ⫽ 3) treated only
with endotoxin; H2O depicts mice (n ⫽ 3) injected only with solvent (H2O,
100 l/mouse). The error bars represent the SD within groups of mice. C,
Kinetics of LL-10-H-14-mediated inhibition of TNF-␣ release in vivo.
With respect to the endotoxin injection (1 g/mouse), groups of BALB/c
mice (n ⫽ 2) were pretreated, coinjected, or subsequently treated with
LL-10-H-14 (100 g/mouse) as indicated. H2O ⫹ LPS represents mice
(n ⫽ 2) injected with endotoxin (1 g/mouse) and solvent (H2O, 100
l/mouse). The error bars represent the SD within groups of mice.

Downloaded from http://www.jimmunol.org/ by guest on October 18, 2019

To address the issue whether endotoxin-binding peptides are functional in vivo we analyzed whether LL-10-H-14 blocks systemic
TNF-␣ release in mice challenged with endotoxin. To this
C57BL/6 and BALB/c mice were pretreated with LL-10-H-14 and
15 min later challenged with endotoxin. TNF-␣ serum levels were
determined at the peak response, i.e., 75 min after the endotoxin
challenge. Fig. 6A demonstrates that LL-10-H-14 inhibited the endotoxin-induced TNF-␣ serum level by ⬃75% in both strains of
mice and was as effective as PMB. When compared with the linear
peptide LL-10 and the cyclic peptides LALF-14 and LALF-22,
LL-10-H-14 appeared to be more effective, although there were no
differences to LALF-22 (Fig. 6B). Statistical evaluation of the data
revealed that only LL-10-H-14 and LALF-22 were significantly
different to the control peptide PA-10 (Table II). As described for
the experiments with murine ANA-1 cells, there was no difference
between LL-10-H-14 and LALF-22 (Table II). To evaluate how
long the peptide LL-10-H-14 is effective in vivo the time interval
between peptide injection and endotoxin challenge was varied
from 1 h pre- to 1 h post-endotoxin challenge. TNF-␣ serum levels
were suppressed maximally if peptide was injected in an interval
15 min before or after endotoxin challenge (Fig. 6C). Longer intervals of pretreatment or a further delayed injection were less or
not effective (Fig. 6C). Obviously, LL-10-H-14 is functional in
vivo for ⬃15 to 30 min.
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FIGURE 7. LL-10-H-14 prevents lethality in the endotoxin/D-GalN
model. Two groups of BALB/c mice (n ⫽ 5) were pretreated with D-GalN
(4 mg/mouse) for 1 h. Subsequently, the mice were challenged with endotoxin (1 g/mouse). E, Mice treated with LL-10-H-14 (100 g/mouse)
15 min before the endotoxin injection; F, mice that received solvent (H2O).

murine cells in repeated experiments (Figs. 4A and 5). The combination of the single peptides LL-10 plus H-14 did not result into
the same effectiveness (Figs. 4A, 5, and 6B), emphasizing the importance of two endotoxin-binding domains being in close proximity. The exchange of the cyclic part H-14 with different LALFderived cyclic peptides as well as substitution of LL-10 with B-10
destroyed the functional capacity of the dimeric peptide (Fig. 4B).
Thus, endotoxin-binding domains from different endotoxin proteins cannot be exchanged on the peptide level, in contrast to mutant LBP proteins where the endotoxin-binding domain of LBP can
be substituted with the domain from LALF as well as BPI without
destroying the function of the protein (24).
There is evidence that peptides derived from LBP, BPI and
LALF containing the endotoxin-binding domains may inhibit the
endotoxin-mediated release of TNF-␣ in vivo (45). However, the
interpretation of these data is clouded because in these experiments
the peptides were mixed with endotoxin in vitro and the mixture
used for challenge in vivo. Hence, we separated the injection of the
peptide and endotoxin in time to mimic more closely the clinical
situation. Using this injection protocol, we show that the peptide
LL-10-H-14 was able to inhibit endotoxin-triggered TNF-␣ release
in vivo (Fig. 6). Although LL-10-H-14 did not completely impair
TNF-␣ production, mice were protected from endotoxin-mediated
lethal shock (Fig. 7). A complete blockade of TNF-␣ production is
probably not desirable because physiological concentrations of
TNF-␣ are required to orchestrate inflammatory reactions aimed to
localize bacterial invaders. For example, using the sublethal model
of cecal ligation and puncture, Echtenacher et al. (13) showed that
mice treated with a neutralizing anti TNF-␣ Ab succumbed to
peritonitis, whereas untreated mice were able to control the infection. The ability of LL-10-H-14 to protect mice from lethal endotoxin shock was confined to a narrow window of D-GalN concentrations. Thus, mice sensitized with higher concentrations of
D-GalN were only partially protected, and although the TNF-␣
levels were reduced they were presumably still sufficient to induce
lethal shock.
The peptide LL-10-H-14 was as effective as PMB. Although in
some experiments, LL-10-H-14 seemed to be more active, the statistical analysis revealed no differences between the two compounds. The biggest disadvantage of PMB is its well known toxicity which impairs severely its clinical use. Adverse reactions
include nephrotoxicity, which is the most serious toxic effect, neurotoxicity, and hypersensitive reactions. We observed no toxic side
effects in mice bolus-injected with LL-10-H-14. On the other, we
did not analyze the potential toxicity of the compound after prolonged or repeated administration. Clearly, additional experiments
need to be done to show that the peptide LL-10-H-14 is less toxic
than PMB.
A limitation of the peptide LL-10-H-14 is the fact that the peptide is only active in vivo for ⬃30 min (Fig. 6C). Because of its
low m.w., the agent is presumably rapidly cleared via the kidneys.
Because endotoxin is given as a bolus injection in the model analyzed here, TNF-␣ serum levels are increased for only a short
period of time (⬃4 h). In this case, the short period where the
peptide LL-10-H-14 is effective in vivo is sufficient to inhibit systemic TNF-␣ secretion. However, in experimental models of bacterial infection as well as in an infectious clinical situation, a continuous supply of endotoxin is generated. In this situation, peptides
like LL-10-H-14 must be either administered continuously or coupled to, e.g., protein carriers to increase their half-life in vivo.
Experiments addressing this issue will be performed.
In comparison with murine macrophages, human macrophages
are much more sensitive toward endotoxin; i.e., picogram amounts
of endotoxin are sufficient to trigger TNF-␣ secretion in these
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of Gram-negative bacteria, is key to initiate the complex reaction
pattern of the host (39 – 41). Here we show that the cyclic peptides
H-14, B-14, LALF-14, and LALF-22 derived from the endotoxinbinding molecules LBP, BPI, and LALF, respectively, are able to
bind to lipid A and block the rLALF/lipid A (Fig. 1 and Ref. 31)
and the LBP/lipid A interaction (data not shown). LBP catalyzes
the transfer of endotoxin from the solubilized to the membranebound form; i.e., it promotes the binding of endotoxin to the endotoxin receptor CD14 on macrophages, and this process is
thought to represent the starting point of the shock cascade (1, 3,
42). In view of the ability of the peptides to block this interaction,
we anticipated that they inhibit TNF-␣ secretion by endotoxinstimulated macrophages. However, it turned out that the cyclic
peptides H-14, B-14, and LALF-14 failed to be effective (Fig. 2A).
In contrast, the cyclic peptide LALF-22 which consists of the complete endotoxin-binding domain of LALF was more effective (Fig.
2A). Thus, inhibition of endotoxin-induced TNF-␣ release may
require larger structures than the minimal endotoxin-binding domains, which could be explained by the decreased affinity of the
peptides as compared with the wild-type proteins. Alternatively,
the different requirements are related to the structural differences
between lipid A used for the binding to rLALF or LBP and natural
endotoxin which was taken for the stimulation of macrophages.
However, this seems unlikely because H-14 and LALF-14 bind to
natural endotoxins of different Enterobacteriaceae (Ref. 31 and
data not shown). The reason why LALF-22 was inactive on human
cells is at present unclear (Fig. 5). In both in vitro settings, the
identical endotoxin was used. Furthermore, LALF-22 was also ineffective when the human cells were stimulated by endotoxin in the
presence of FCS, which was also used in the murine system, ruling
out the possibility that different LBPs might be responsible for the
differences observed (data not shown). The sequences of mouse
and human CD14 show 66% amino acid identity (43). Therefore,
it is possible that endotoxin is recognized by mouse and human
CD14 in such a different way that LALF-22 is able or unable to
interfere with this process, respectively.
To further increase the efficiency of endotoxin-binding peptides,
we created a series of dimeric peptides, i.e., peptides containing
two endotoxin-binding domains. The idea for the development of
dimeric peptides was based on the rationale to increase the avidity
of the peptide for endotoxin and that natural endotoxin-binding
proteins like LBP may bind more than one endotoxin molecule per
molecule of LBP (44). The dimeric peptide LL-10-H-14 consisting
of the linear LALF-derived peptide LL-10 and the cyclic LBPderived peptide H-14 displayed the highest activity of the series of
peptides tested here to block the release of TNF-␣ by human and
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cells. Therefore, the effectiveness of the peptide LL-10-H-14 to
block endotoxin-mediated TNF-␣ secretion by human macrophages could be much lower. However, as compared with all other
peptides, only LL-10-H-14 was able to block release of TNF-␣ by
endotoxin-stimulated human macrophages and PBMC to an extent
similar to that observed with murine macrophages (Fig. 5). We
think that the peptide LL-10-H-14 could be the basis for the development of endotoxin-neutralizing drugs for clinical use.
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