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Abstract Sepsis (blood poisoning) is a severe infectious
disease with high mortality, and no effective therapy is
actually known. In the case of Gram-negative bacteria,
endotoxins (lipopolysaccharides) are known to be respon-
sible for the strong inflammation reaction leading to the
systemic infection. Peptides based on endotoxin-binding
domains of human or animal proteins represent a promising
approach in sepsis research. Although so far no medica-
ment is available, the progress in recent years might lead to
a breakthrough in this field. In this review, recent inves-
tigations are summarised, which may lead to an under-
standing of the mechanisms of action of peptides to
suppress the inflammation reaction in vitro and in vivo
(animal models) and thus may allow the development of
effective anti-septic drugs.
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Introduction

Sepsis, blood poisoning, belongs to the most severe infectious
diseases known. Thus, for example, the number of death cases
alone in the USA is far beyond the number of 200,000
annually (Cross and Opal 1995). This corresponds to the
number of 70,000 reported for Germany regarding the
population sizes. However, new evaluation based on
extrapolation on data from critical care units gives an
estimate of 150,000 cases only for Germany (K. Reinhart,
private communication), which must be seen in the light of
the fact that frequently, the cause of death like organ failure
or pneumonia is a result of a preceding sepsis.

The causative agents of sepsis are in more than 90% of
the cases bacteria, and approximately, each one half results
from Gram-negatives and Gram-positives (Opal and Cohen
1999). Moreover, it has been observed that viral infections
such as the recently worldwide spreading influenza of
serotype H1N1 (‘swine flu’) tend to be followed by a
bacterial infection (‘super infection’), and the cases with
lethal outcome were due to bacterial sepsis.

The ‘pathogenicity’ or ‘virulence factors’ of the bacteria
are for Gram-negatives clearly endotoxins (lipopolysacchar-
ides, LPS), whereas for Gram-positives, this is not completely
known. It was observed that lipoteichoic acid (LTA) may give
rise to a high production of cytokines such as tumour-
necrosis-factor-α (TNF-α) (Yang et al. 2001). The study with
highly purified or synthetic LTA, however, has shown that
probably a lipoprotein (LP) contamination was the reason for
the bioactivity of LTA. Therefore, regarding the data found
in recent years (Hashimoto et al. 2007), it can be assumed
that LP are responsible for the Gram-positive sepsis similar
to the role of LPS for Gram-negatives, although the final
proof as evidenced in the Gram-negative mouse model of
sepsis is still lacking.
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There are various therapeutic approaches to treat sepsis.
However, except for some slight success found for a small
cohort of patients with activated protein C (APC, drotreco-
gin), all clinical phase 3 studies failed to increase survival
of the patients (Lefrant et al. 2010). Starting in the 1990s,
antimicrobial peptides (AMPs) came into the focus of
interest. These compounds were found in various species,
ranging from bacteria, amoeba, insects to mammals.
Furthermore, many AMPs were identified from the LPS-
binding domain of proteins such as lipopolysaccharide-
binding protein (LBP), lactoferrin, or Limulus anti-LPS
factor (LALF) (Hoess et al. 1993), or mixtures of these.
There is a variety of publications dealing with the antimicro-
bial action of the AMP, which, however, does not necessarily
mean that the AMPs are equally potent to kill bacteria as to
neutralise LPS. This represents the main problem of sepsis
research: Conventional antibiotics, for example, may effec-
tively kill bacteria, but in this way they liberate LPS and LP
from the bacteria, which in many cases lead in critical care
units to a worsening of the septic syndromes of the patients
(Morrison 1998). Therefore, the challenge to develop a
new effective anti-sepsis therapy is to find agents or
combinations of agents which fulfil both tasks: killing of the
bacteria and neutralisation of their liberated pathogenicity
factors, essentially LPS and LP. In this review, the progresses
found mainly in the last decade in an effective neutral-
isation of the pathogenicity factors by suitable peptides
are summarised.

In a former review, the mode of action of a variety of
antimicrobial and endotoxin-neutralising peptides was
already presented (Andrä et al. 2006). Most of the findings
described there will thus not be treated here.

Synthetic peptides derived from lytic polypeptides sharing
the saposin fold

Activated cytotoxic T lymphocytes and natural killer (NK) cells
of various species express saposin-like polypeptides, which
exhibit antimicrobial as well as anti-cancer cell activities
(Liepinsh et al. 1997). These polypeptides are cationic,
70–80 amino acid residues in length, and fold into a flexible
α–helical structure, which is stabilised by three disulfide
bonds connecting six cysteine residues in a conserved pattern.
Two members of this family are in particular well charac-
terised, i.e. porcine NK-lysin (Andersson et al. 1995) and
human granulysin (Pena et al. 1997). Homologue polypep-
tides have been identified to date in other mammalian species,
cattle (Endsley et al. 2004) and horse (Davis et al. 2005), and
interestingly also in the nematode Caenorhabditis elegans and
in protozoa (Leippe 1995), suggesting that these polypeptides
are part of an ancient (immune) defence system. A direct
interaction with or a response to LPS has been demonstrated
for most of these compounds and porcine NK-lysin and

granulysin have been used as templates for the generation of
LPS-neutralising peptides (Andrä et al. 2004b), (Chen et al.
2007), (Brandenburg et al. 2010).

Porcine NK-lysin binds to LPS and protects mice from the
lethal effects of LPS in galactosamine-sensitised mice, when
mixed in a test tube and administered. However, protection
got lost when LPS and NK-lysin where administered
separately (Andersson et al. 1999). Moreover, an internal
fragment of it (residues 39–65), termed NK-2, was a very
potent inhibitor of the LPS-induced cytokine production of
human mononuclear cells (Andrä et al. 2004b). Expression
of channel catfish NK-lysin was gradually increased after
challenge with Edwardsiella ictaluri, the causative agent of
enteric septicemia of catfish (Wang et al. 2006). A synthetic
peptide corresponding to the sequence of NK-2 exhibited
antibacterial activity, although to a lesser extent than porcine
NK-2, which may be due to a reduced net charge of +4
compared to +10. The inactivation of LPS by this peptide has
not been investigated yet. A peptide of similar length and
related sequence spanning residues 34–55 of bovine NK-lysin
exhibited activity against Escherichia coli, Staphylococcus
aureus and mycobacteria. Again, porcine NK-2 was superior
over bovine NK-2 in particular against S. aureus (Endsley
et al. 2004).

Besides killing of bacteria and directly interacting with
endotoxins, Deng et al. (2005) demonstrated that granulysin,
the human homologue of NK-lysin, also acts as a proin-
flammtory activator, which actively recruits immune cells to
the site of inflammation and promotes the production of
cytokines by these cells. Granulysin was chemoattractant for
monocytes, certain T cells and mature dendritic cells at a
concentration far below its direct antibacterial activity.
Moreover, chemoattraction could be abrogated by pertussis
toxin indicating the involvement of G-protein coupled
receptors in this process. To understand the molecular basis
behind the facets of polypeptide-mediated modulation of the
biological activity of LPS and to exploit the natural
compounds as lead structures for the development of anti-
sepsis drugs, biophysical studies have been conducted.

Chen et al. (2007) have studied the interaction of
granulysin-derived peptides in D-configuration (Gra-pep) with
endotoxins. These peptides led to a significant inhibition of
the LPS-induced TNFα production in human mononuclear
cells, concomitant with a change of the aggregate structure of
LPS into a multilamellar stack, as obtained by small-angle
X-ray scattering (SAXS). Corresponding to this, cryo-electron
micrographs showed an increase in the aggregation of LPS
particles. The gel-to-liquid-crystalline phase behaviour, how-
ever, showed only slight changes due to the action of the
peptides. Interestingly, there was a clear incorporation of the
Gra-pep into the lipid matrix of phosphatidylserine and the
peptides enhanced the incorporation of LPS into it. This is
shown for the peptide G12.21 (rrvsrrpmrryrsrrprrlv), see the
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comparison of A and B in Fig. 1. These data imply that the
cell activation, as well as its inhibition, is at least partially a
membrane-driven process.

Brandenburg et al. (2010) used microcalorimetry, Zeta
potential measurements, FTIR spectroscopy, and small
angle X-ray scattering to characterise the LPS interaction
of nine porcine NK-2-derived peptides, which differ in
length and net charge. They investigated the capability of
the peptides to inhibit the LPS-induced production of
TNFα by human mononuclear cells and correlated biolog-
ical activity with peptide binding to LPS as well as the
influence of the peptides on the phase transition of the LPS
acyl chains and on the LPS aggregate structure. With
decreasing length and net charge of the peptides the LPS-
neutralising activity decreased considerably. This was not
due to an inability of peptides to bind to LPS, which was
indicated by a compensation of the negative LPS Zeta
potential (surface charge) of LPS-aggregates also in the
presence of inactive peptides. However, only binding of the
most potent LPS-neutralising peptide (NK-2) to LPS led to
an overcompensation of the Zeta potential. This observation

indicates that besides an electrostatic attraction of the
cationic peptides to the negatively charged LPS aggregate,
an additional hydrophobic interaction takes place. In
addition, all active peptides, also moderately active ones,
led to a rearrangement of the LPS aggregate structure into a
multilamellar stack. Most surprisingly, the substitution of a
non-functional cysteine residue in NK-2 by a serine residue
led to a significant decrease in activity (Table 1). This is
noteworthy since the same substitution has been shown
earlier to enhance the antibacterial activity against Gram-
negative bacteria [Andrä et al. 2007b and data in Table 1].
Thus, antibacterial and LPS-neutralising activities of a given
peptide are uncoupled to a certain degree. The authors
conclude that effective peptide-mediated LPS neutralisation
is driven by electrostatic and hydrophobic forces based on
binding of lysine residues of the peptide to the LPS headgroup
phosphates and a partially perturbation of the acyl chain
region by hydrophobic amino acid side chains. The NMR
structure of a peptide-LPS complex of a lactoferricin-derived
peptide supports this thesis (Japelj et al. 2005). These
interactions result in a high-affinity LPS-peptide complex

0 50 100 150 200 250 300
0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

0 50 100 150 200 250 300

1,0

1,1

1,2

1,3

1,4

1,5

0 50 100 150 200 250 300

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

0 50 100 150 200 250 300
0,9

1,0

1,1

1,2

1,3

1,4

1,5

1,6

DC

B

+ G12.21
+ LPS Re

+ LBP

+ Hepes + Hepes
+ LBP

Time (s)

+ Hepes + LPS Re + LBP

F
R

E
T

 s
ig

n
al

 (
I D

/I A
)

F
R

E
T

 s
ig

n
al

 (
I D

/I A
)

A

+ G12.21

+ Hepes + LBP

Time (s)

Fig. 1 Intercalation of granuly-
sin peptide G12.21 into phos-
phatidylserine (PS) liposomes,
and the influence of LPS and
lipopolysaccharide-binding-
protein (LBP). Sequences of
addition at 50, 100 and 150 s,
respectively: Hepes buffer-LPS-
LBP (a), G12.21-LPS-LBP (b),
G12.21-Hepes-LBP (c) and
Hepes-Hepes-LBP (d). Adapted
from Chen et al. (2007)
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unable to activate immune cells since interaction with natural
LPS binding proteins such as LPB and CD14 is competi-
tively inhibited (Andrä et al. 2004b).

Peptides based on lactoferrin

Lactoferrin (LF) is an iron-binding glycoprotein and is released
from neutrophils during inflammation (Elass-Rochard et al.
1998). It was reported that LF binds to the lipid A part in a
way that the LPS-induced cytokine induction in monocytes is
reduced (Appelmelk et al. 1994). A detailed biophysical
study showed a saturation of the [LPS]/[LF] binding at molar
ratios of 1:5–1:10, as obtained by isothermal titration
calorimetry (ITC) and Zeta potential measurement data
(Brandenburg et al. 2001). SAXS measurements exhibited a
conversion of the inverted cubic aggregate structure into a
lamellar one, with slight expression of a multilamellar
expression, i.e. only few lamellae. Interestingly, the LPS-
induced TNFα secretion of MNC is clearly decreased in the
presence of LF, whereas the data in the Limulus amebovcyte
lysate (LAL) test at [LPS]=10 ng/ml found an inhibition due
to LF, but at lower LPS-concentrations no decrease, but
partially even an increase of the LAL activity. From these
data, it became clear that these two biological test systems do
not necessary produce identical results (see later).

The antibacterial and endotoxin-neutralising activity of a
lactoferricidin-derived peptides LF11 (FQWQRNIRKVR)
and the acylated form lauryl-LF11 was investigated by Andrä
et al. (2005). The addition of the acyl chain led to an increase
in both activities, which could be understood, among others,
by the better compensation of the negative charges of LPS
by the binding of the lauryl-LF11, for LPS Re as well as
LPS Ra. The investigation of the phase-transition behaviour
gave no clear dependence on the kind of peptide, and the
SAXS data showed a slight occurrence of reflections
characteristic for multilamellae.

In a continuation of these investigations, peptides
with sequences FWRIRIRR and FWRRFWRR and the

corresponding lipopeptides with an octanoyl group at the
N-terminal end were analysed and showed a significant
ability to inhibit the LPS-induced TNFα production in
human mononuclear cells, in particular at a [peptide]/[LPS]
weight ratio of 100:1 (Brandenburg et al. 2010). The
acylated compound showed also protection in an animal
model of sepsis (50% survivors at [peptide]/[LPS] 500:1
weight ratio), whereas the non-acylated compounds were
less effective. Again, from SAXS data a multilamellarisa-
tion of the LPS aggregates were found, and ITC experi-
ments yielded saturation values at a ratio of [peptide]/[LPS]
2:1 M for the acylated compounds, whereas that of the non-
acylated compound was larger than 3:1 M. These data
indicate that the ability of a given peptide to inhibit the
cytokine secretion directly correlates with a saturation of
the peptide to LPS at low ratios. Interestingly, data from
Förster resonance energy transfer spectroscopy showed that
all peptides were able to incorporate into membranes made
from the negatively charged phosphatidylserine, but also
into LPS aggregates, but there was no correlation to their
inhibition capacity. Disadvantageous, however, was the
observation of a cytotoxic effect in HeLa cells in particular
for the acylated compounds at 100 μg/ml.

Haversen et al. (2010) started with the peptide fragment
from the amino acid residues 14–31 (sequence 14–31) from
the N-terminal end, which corresponds to the antimicrobial
α-helix of human lactoferrin and optimised this lead
structure by downsizing, alanine scanning and the substitu-
tion of specific amino acids. By downsizing, they found that
the original peptide sequence 14–31, could be reduced by
five amino acids, and that the peptide sequence 19–31
showed to be the optimal length for antimicrobial activity.
This peptide with the sequence KCFQWQRNMRKVR has
the capacity to bind to lipid A/LPS. Alanine scanning of the
peptide sequence 20–31 showed that the amino acids Cys20,
Trp23, Arg28, Lys29 or Arg31 were crucial for the
expression of full bacterial killing activity. Also a substitu-
tion of the neutral hydrophilic amino acids Gln24 and Asn26

Table 1 Peptide-mediated inhibition of LPS-induced TNFα release by human mononuclear cells and antibacterial activity of peptides

Peptide Sequence TNFα releasea [relative to control] MIC (MBC)b [μg/ml]

NK-2 KILRGVCKKIMRTFLRRISKDILTGKK 0.053 6.25 (12.5)

NK27 KILRGVSKKIMRTFLRRISKDILTGKK 0.433 3.1 (3.1)

NK11 KI SK R ILTGKK 1.004 >100 (>100)

NK10 I SK R ILTGKK 0.994 >100 (>100)

a Peptides were incubated with rough mutant LPS Ra isolated from Salmonella enterica serovar minnesota R60 in a peptide to LPS molar ratio of 10:13 or
20:14 for 30 min at 37°C. These mixtures were then used to stimulate ex vivo isolated human mononuclear cells. TNFα in the supernatant was determined
by ELISA and is expressed relative to the amount of TNFα released by LPS stimulation only. Data were taken from Brandenburg et al. (2010)
bMinimal inhibitory concentrations (MIC) of peptides were determined against Salmonella enterica serovar Minnesota R60 in 20 mM Hepes, pH 7.0+10%
LB medium overnight at 37°C. For the determination of the minimal bactericidal concentrations (MBC), aliquots were plated out on agar plates and
bacterial colonies were counted after overnight incubation at 37°C
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for Lys and Ala enhanced significantly microbial activity.
The impact of divalent cations like Ca2+ or Mg2+ was also
considered and found that the antagonistic effect of these
ions depends on the peptide structure. For specific optimised
peptides a more than tenfold stronger fungicidal activity
could be achieved.

The study presented by Haversen et al. shows that based
on peptide lead structures derived from natural origins, it is
possible to significantly enhance antimicrobial activity, by
optimising the peptide length and the exchange of specific
neutral amino acids.

Peptides based on Limulus anti-LPS factor and derivatives

The Limulus, the American horseshoe crab, has a very
efficient system to detect bacterial endotoxin, the so-
called LAL, a protein clotting cascade, which inhibits the
uptake of bacteria into the animals (Levin 1987). This
clotting system is commercially available as very sensi-
tive test for LPS, but it must be noticed that the LAL test
recognises also LPS structures, which are inactive in the
human cytokine assay, for example antagonistic penta-
and tetraacylated LPS and lipid A (Gutsmann et al.
2010a). The reason for this is the fact, that the recognition
structure of the LAL test is the diglucosamine 4′-
phosphate, independent of the number of acyl chains
(tri- to heptaacyl chains). A further protein, the LALF,
seems to be a regulation factor of the LAL system, but
does not belong to it. The LALF was crystallised and the
LPS-binding domain was identified (Hoess et al. 1993).
Ried et al. (1996) synthesised peptides based on this
domain and found that their inhibitory capacity was much
larger in a cycled than in a linear form. They found that
the complete binding sequence cLALF22 (amino acid
sequence 31–52 of LALF: GCHYRIKPTFRRLKW-
KYKGKFWCG) had the highest ability to bind to lipid
A, whereas the shortened analogues down to cLALF10
(LALF sequence 38–45, GCTFRRLKKCG) were much
less active. In a following study, Dankesreiter et al.
(2000) arrived at similar results. Beside the LALF part
structures, they designed and synthesised also hybrid
peptides, one part from LALF sequences, and the other
one from AA sequences from the LPS-binding domains of
LBP or BPI. For example, with hybrid LL10-H14 (sequence
KPTFRRLKWKCRWKVRKSFFKLQC), they did not only
get high inhibition of the LPS-induced cytokine secretion in
Mono Mac cells and peripheral blood mononuclear cell, but
also in a mouse model of sepsis at [LL10-H14]/[LPS]
100:1 wt.%. In a series of investigations, Andrä et al.
performed a biophysical analysis of the interaction of LALF
(in recombinant form called ENP=endotoxin-neutralising
protein) and part structures with endotoxins (Andrä et al.
2004a); (Andrä et al. 2004c); (Andrä et al. 2007a). They

found considerable inhibition of the biological activity of
LPS at [ENP]/[LPS] 20 to 200:1 M. The gel to liquid-
crystalline phase transition behaviour of lipid A and LPS
was only slightly modified (increase in the phase-transition
temperature), whereas the SAXS data were indicative of a
change of the lipid A cubic structure into a more lamellar
one. Importantly, determination of the Zeta potential showed
its increase from −70 mV to positive values for lipid A and
LPS Re, indicating an overcompensation of the negative
head group charges of the endotoxins. LALF-derived cyclic
peptides were analysed in the following studies (Andrä et al.
2004c), (Andrä et al. 2007a), starting with the compound
with the complete LPS-binding domain (cLALF22) and
various shortened analogues. The data consistently gave a
change of the endotoxin aggregate structure (LPS Re and
lipid A) from preferentially cubic into a multilamellar one
(Fig. 2) for cLALF18, 20, and 22. Concomitantly, the
morphologies of the LPS Re aggregates, as evidenced by
freeze-fracture electron microscopy, were converted from
‘open egg shells’, i.e. spherical particles in the range 100–
200 nm, into large stacks of some 100 nm size (Fig. 3),
which corresponded to the multilamellae in the SAXS
experiment with periodicities of 6.3–7.5 nm. ITC showed
that the binding was, in all cases, an exothermic process
driven by the Coulomb interaction of the positive charges of
peptides with the negative charges of the endotoxins.
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Saturation occurred, in dependence on the applied peptide, at
molar ratios of [cLALF-Pep]/[LPS] 1 to 2. Additionally, all
peptides exhibited considerable membrane activity by
incorporating into PS liposomes.

Pan et al. investigated the efficacy of the terminal part of
the shrimp anti-LPS-factor, a synthetic peptides with 24 AA,
cyclic and linear with a sequence Ac- ECKFTVKPYLKRFQ-
VYYKGRMWCP, to act antimicrobially (Pan et al. 2007).
Pre-treatment of mice with the cyclic compound led to a
considerable enhancement of survival of mice, which had
been infected with 1.28 106 cfu from Pseudomonas
aeruginosa. The peptides were also able to decrease the
bacterial-induced production of TNFα in the animals.
Unfortunately, the peptides exhibited at a concentration of
already 2 μg/ml significant cytotoxicity in HeLa, MCF-7,
and HT1080 cell lines, as measured by the MTT test. A
synthetic peptides derived from LALF, CLP-19
(CRKPTFRRLKWKIKFKFKC) was tested in vitro as well
as in vivo and was able to provide considerable protection of
endotoxic mice, concomitant with a reduction of TNFα
concentrations in the animals (Ren et al. 2008).

A new series of 19-mer peptides, originally based on LALF
peptides, but with essential changes in the sequence, were
analysed biophysically (Kowalski et al. 2010). Peptide 19–2
(GCKKYRRFRWKFKGKFWFWCG) exhibited strong endo-
toxin binding, as deduced from ITC experiments, which
resulted in a nearly complete blocking of the LPS-induced
TNFα production of human MNC at [Pep]/[LPS] 100:1 wt.%.

A slightly shortened variant exhibited much less anti-
endotoxin, but considerably higher antibacterial activity. This
illustrates again that the two parameters, antibacterial and anti-
endotoxin activity, not necessarily correlate. A further
improvement was obtained by slight modifications in the
sequence, which led to a nearly complete inhibition of the
LPS-induced cytokine secretion at a [Pep]/[LPS] 3:1 M ratio
(Gutsmann et al. 2010b). The same peptide (Pep19–2.5:
GCKKYRRFRWKFKGKFWFWG) and variants of it could
protect animals in the mice model of sepsis already at a
[Pep]/[LPS] ratio of 50:1 wt.% (25 ng LPS and 1,250 ng
peptide), at a peptide concentration, which was far below
any cytotoxicity. As mechanism of action, a change of lipid
A/LPS cubic into a multilamellar structures was proposed,
connected with an extremely low saturation value of binding
at [peptide]/[LPS]=0.3 M/M, i.e. the binding is already
saturated with three peptide and ten LPS molecules. Thus,
human binding proteins such as LBP and CD14 are no more
able to bind to the LPS epitopes and thus cannot initiate the
inflammation reaction. Interestingly, the lead structure
Pep19–2.5 was able to inhibit also the cytokine secretion in
human mononuclear cells induced by a lipoprotein SitC from
Gram-positive source (from S. aureus) (unpublished data).
Since lipoproteins are assumed to represent the ‘Gram-
positive endotoxins’, our peptide 19–2.5 seems to be a
general antiseptic agent.

Peptides based on defensins and cathelicidins

One important and very active antibacterial class of protein
is the cathelicidins, which have been identified in various
mammals including humans (Zanetti et al. 1995). They
contain a highly conserved N-terminal domain called
cathelin and a C-terminal domain that comprises an
antimicrobial peptide. Human and rabbit cathelicidins are
termed 18 kDa cationic antibacterial protein hCAP18 and
rCAP18, respectively. CAP18 was originally isolated from
rabbit granulocytes using the agglutination of LPS-coated
erythrocytes as an assay (Larrick et al. 1991).

CAP18 is stored in the intracellular granules of neutrophilic
granulocytes, which are essential in the primary defence
against intruding microorganisms and is liberated into the
phagocytic vacuoles during phagocytosis (Cowland et al.
1995). It has been shown that hCAP18 is present in seminal
plasma in 70-fold higher concentration than in blood plasma
(1.18 μg/ml) (Malm et al. 2000; Sorensen et al. 1997). The
bactericidal C-terminal fragment of hCAP18 FALL-39
(hCAP18102–140) and its precursors have also been found in
wound fluid (Frohm et al. 1996) and LL-37 (hCAP18104–140)
in alveolar macrophages, bronchial epithelial cells and
bronchial glands (Agerberth et al. 1999). The C-terminal
domain of CAP18 exhibits LPS-binding, LPS-neutralising,
antibacterial and anticoagulant activities (Hirata et al. 1995).

Fig. 3 Freeze-fracture electron micrographs of LPS Re in the presence
of cLALF18 at an [LPS]/[peptide] 3:1 M ratio, adapted from Andrä et al.
(2007a). The figure shows two extended multilamellar stacks from left
to right on the upper part and from the bottom to the middle at the left
part of the picture
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These properties are shared with cationic antibiotics such as
polymyxin B (PMB), defensins and the bactericidal/perme-
ability-increasing protein (BPI). There are, however, no
sequence homologies between these peptides. CAP18
shows a higher binding affinity (KD=0.58 nM) to
biotinylated LPS from Salmonella Minnesota than rBPI21
(KD=3.75 nM) (de Haas et al. 1998). A major difference in
the interaction of human and rabbit CAP18 with cell
membranes is observed in their effect on human red blood
cells: the hCAP18-fragment FALL-9 (hCAP18102–140) is
haemolytic, whereas rCAP18106–142 is not (Travis et al.
2000). A number of groups studied variants of CAP18
including an optimization of the antimicrobial and the LPS-
neutralising activity. Ciornei et al. compared the activities of
LL-37 and fragments obtained by N-terminal truncation
called 106 (aa 106–140) and 110 (aa 110–140). They could
show that the two fragments 106 and 110 inhibited in the
same manner the LPS-induced vascular nitric oxide produc-
tion. However, the fragments were more active against
bacteria in serum and had a decreased cytotoxicity caused by
the removal of the hydrophopic amino acids of the N-
terminus (Ciornei et al. 2005). Ogata et al. used another
approach. They linked CAP18106–138 to immunoglobulin G
via a bifunctional linker. Interestingly, they found out that
EDTA enhanced the LPS capture capability of this complex
leading to a decreased TNF production. In contrast, heparin
decreased the LPS neutralising activity (Ogata et al. 1997).
A 12 residue synthetic peptide derived by substantial modifi-
cation of the bovine cathelicidin bactenecin showed enhanced
innate immune regulatory activity and suppressed the LPS-
induced TNF production (Wieczorek et al. 2010). Bowdish et
al. demonstrated that a peptide based on LL-37 having no
antimicrobial activity was able to protect in animal models of
S. aureus and Salmonella infections (Bowdish and Hancock
2005). They propose that this is possible by exerting
immunomodulatory properties.

Defensins are a class of cationic antimicrobial peptides that
are intensively investigated as antimicrobial agents (Hancock
and Sahl 2006). However, the LPS-neutralising properties
have not been investigated in detail. There are only some
studies describing the activity of beta defensins. Scott et al.
2000 investigated the activity of the human beta defensin-2
(hBD-2) to neutralise LPS (Scott et al. 2000). They
compared the capability of various AMP to reduce the
LPS-induced TNF-α release with the inhibition of LPS-LBP
binding and found a linear correlation.

Based on the lead structure of β-defensin, Motzkus et
al. (2006) have presented a functional analysis of a novel
β-defensin denoted as DEFB123. This new peptide
contains the β-defensin core region. Especially, the six
conserved cysteine residues of human β-defensins are of
relevance to host defence against bacterial, fungal and
viral infections (Lehrer and Ganz 2002). DEFB123 is a 37

amino acid peptide (GTQRCWNLYGKCRYRCSKKERVY-
VYCINNKMCCVKPK). Motzkus et al. (2006) were able to
show that DEFB123 exerted antimicrobial activity against a
broad spectrum of Gram-positive as well as Gram-negative
bacteria. DEFB123 showed also LPS-binding activity and its
prevention of LPS-induced TNF-α secretion in a murine
monocyte cell assay. The peptide was also tested in a murine
model of acute sepsis and it was observed a prevention of
LPS-induced mortality in mice (C57BL/6). Based on their
results, the authors proposed that the physiological role of
β-defensins may include interference with LPS-activity on
macrophages (Motzkus et al. 2006).

Poymyxin B and other peptides

PMB is a cyclic lipo-decapeptide antibiotic with a seven
amino acid peptide ring from Bacillus polymyxa. It
contains a tripeptide side chain and a fatty acid tail of
varying composition (6-methyloctanoic acid=PMB1, 6-
methylheptanoic acid=PMB2, octanoic acid=PMB3, hep-
tanoic acid=PMB4). Under physiological pH conditions,
the five amino acid primary amino groups are ionised,
leading to a positively charged molecule, up to maximal
five positive charges (Garidel and Brandenburg 2009).
The number of charges as well as the spatial position, in
addition to the hydrophobic fatty acid tail, are prereq-
uisites for the interaction of PMB with endotoxin
molecules (Brandenburg et al. 2005), (Howe et al. 2007).

PMB is used for the treatment of various bacterial infections,
in particular related to sepsis. One main concern using PMB
was its toxicity and the severe side effects that were observed
using this antibiotic (Michalopoulos and Falagas 2008). With
the appearance, especially in the last years, of multi-drug
resistant Gram-negative bacteria to most available antibiotics
(Hornef et al. 2002), the use of PMB in the clinical treatment
was re-evaluated, especially its toxic properties and clinical
dosing (for more details see Falagas and Kasiakou 2006;
Garidel and Brandenburg 2009). The main reason for this re-
evaluation is due to the fact that PMB is seen by a number of
clinicians as the “last option therapy”. To reduce or even avoid
bacterial multi-resistance against PMB, it is recommended to
use it with great care in clinical management applications.

PMB is also used “indirectly” as part of an extracorpo-
real hemoperfusion medical device (Cruz et al. 2007) with
the peptide covalently immobilised to an insoluble carrier
material surface fitted in polystyrene fibres. This medical
device is used for selective blood purification from
endotoxins. The advantage of this approach is due to the
fact that PMB is not systemically present in the body of the
patient, and thus avoiding direct PMB toxicity. Such
medical device is used since ca. 15 years for the treatment
of septic shock (for more details see the recent review by
Garidel and Brandenburg 2009).
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Recently, Pini et al. (2009) presented a study using a non-
natural antimicrobial peptide (KKIRVRLSA) that has a
strong capacity to neutralise LPS-induced cytokine release,
and thus prevents septic shock in animals, which were
infected with bacterial species of clinical interest. One
important aspect using peptides is their resistance to
proteolytic degradation in the body fluid of mammals. In
order to achieve this, Pini et al. developed a tetrabranched
peptide derivative with four peptide molecules linked by a
lysine core, because the linearly branched versions were
sensitive to proteolytic degradations, and thus were inactivated
in vivo. The investigated tetrabranched antimicrobial peptide
showed a strong selectivity for Gram-negative bacteria, with a
MIC in the range of 0.3–3 10−6 M for multidrug resistant
clinical isolates like Pseudomonas aeruginosa, Klebsiella
pneumoniae or Acinetobacter baumannii.

As noted by Hancock and Sahl (2006) it is important to
test microbial activity under relevant physiological condi-
tions, because it is known that the antimicrobial activity,
especially for cationic peptides, can be antagonised to a
certain extent by divalent cations or even in the presence of
monovalent cations at physiological relevant ionic strengths.

Therefore, Pini et al. have tested their 9-mer peptide in a
sepsis animal model (mouse) and found a dose-dependent
positive effect.

Conclusions

Various results described above are indicative, that the use
of peptides may be a promising strategy for treating
bacterial sepsis. It could be shown that amphiphilic and
polycationic compounds of suitable chain length in the
range 17–27 AA should be most adequate to neutralise
endotoxins. Shorter analogues, as well as much longer
compounds, may be efficient antimicrobial drugs, but they
do not meet the requirements to bind effectively the lipid A
part of LPS, a prerequisite for inactivation. Necessary
conditions of endotoxin neutralisation are in all cases the
conversion of their aggregate structures into multilamellar
ones, a low saturation molar ratio of peptide/endotoxin
binding and an overcompensation of the negative backbone
charges of LPS by the peptides. In contrast, the change in
the lipid A acyl chain-melting does not necessarily correlate
with the biological effectivity of a given peptide. Of course,
the selectivity, in pharmaceutical words, the therapeutical
index must be high, i.e. the concentration at which effective
endotoxin inactivation is observed must be considerable
lower than any cytotoxic effect in human cells.

The results presented here must be discussed in the light of
other antiseptic therapeutic trials. These range from the use of
anti-LPS antibodies, in particular the IgM monoclonal
antibody HA-1A (Baumgartner et al. 1990), the application

of an antibody to tumour-necosis facftor α (Reinhart and
Karzai 2001) over the administration of anticoagulants such
as activated protein C (APC, drotrecogin alfa®, Dhainaut et
al. 2004) to the use of LPS-antagonists such as E5564
(Tidswell et al. 2010). The former three therapeutic
approaches were shown to be more or less ineffective, while
the use of APC had in a subpopulation of septic patients a
slightly beneficial effect, but with the risk of severe side
effects such as serious increase in bleeding rates. The use of
the LPS antagonist yielded a ‘trend towards a lower mortality
rate’, but must be investigated further for the suitability in
critical care units. This therapy, however, can of course only
be effective in the case of Gram-negative induced sepsis,
because Eritoran represents a TLR4-receptor antagonist (LPS
signalling) and does not involve TLR2-antagonist necessary
for blocking of Gram-positive lipoproteins. Also, the use of
SALP as presented here has the advantage of a simultaneous
anti-microbial activity as outlined above.

So far, no clinical phases with peptides are underway.
We will start a clinical phase 1 in 2012 by utilising the
above-described Pep19 series. One clinical phase is known
which utilises recombinant human lactoferrin to treat severe
sepsis (phase II study, drug talactoferrin alfa, published in
ClinicalTrials, gov). However, up to now, no study results
have been published.
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