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Abstract: The main function of the innate immune system from insects to mammals is to detect the presence of and act 

against invading microorganisms by recognizing their unique molecular signatures, most importantly, components of bac-

terial cell walls. A large number of peptides and derivatives, both synthetic and of natural origin, are known to influence 

immune responses in mammals by interacting with the conserved microbial structures, making the former attractive 

targets for drug development. This review focuses on structural aspects of the immunomodulating peptides and their 

receptors, including primary constitution, stereochemistry, conformation, binding and hydrophobic properties.

INNATE IMMUNITY 

 In vertebrates endowed with innate and adaptive immune 
systems the former is the first line of defence against invad-
ing microorganisms whereas it is the only defense in inver-
tebrates and plants. The innate immune system, which is 
highly conserved from insects to mammals, recognizes patho-
gens using pattern recognition receptors (PRRs) that include 
members of the Toll-like receptor (TLR), nucleotide-binding 
oligomerization domain (NOD) and peptidoglycan recogni-
tion protein (PGRP) families. Microbes are carrying unique 
molecular signatures called pathogen-associated molecular 
patterns (PAMPs) which are absent from the host cells so 
they can serve to discriminate between self and non-self via
binding to PRRs of the host. TLRs recognize conserved mi-
crobial structures, such as bacterial lipopolysaccharide (LPS) 
and viral double-stranded RNA, and activate myeloid differ-
entiation primary-response protein 88 (MyD88) - dependent 
pathways to activate intracellular signalling cascades that 
rapidly induce the expression of a variety of overlapping and 
unique genes involved in the inflammatory and immune re-
sponses. NOD proteins are intracellular receptors and recog-
nize distinct structures derived from peptidoglycan that are 
not ligands for TLR and do not seem to activate MyD88 (for
reviews, see: [1-4]). TLRs transduce downstream signalling 
via their Toll-interleukin-1 receptor (TIR) domain. Intracel-
lular receptors like NODs lack the TIR domain; instead, the 
caspase activation and recruitment domain (CARD) and 
PYRIN domains are involved in the signalling pathways. It 
was therefore proposed that TIR, CARD and PYRIN repre-
sent the three arms of innate immune detection of microor-
ganisms in mammals [5].  

 Among the most important ligands for these receptor 
families are naturally occurring molecules that are released 
from microbial sources, and synthetic structures based on 
them. A large number of peptides and derivatives, both syn-
thetic and of natural origin, are known to influence immune 
responses in mammals, making them attractive targets for  
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drug development despite of known difficulties with rapid 
degradation of peptides in the organism. A lot more nonpep-
tidic immunomodulators of natural or synthetic origin have 
the potential or are being used in anti-infective therapy [6, 
7]. Immunomodulating agents may either suppress or stimu-
late the immune response. Immunosuppressors are useful in 
organ transplant or autoimmune situations; stimulators or 
adjuvants, on the other hand, act by strengthening the host 
defence against pathogens. Peptide immunomodulators of 
both types have been discussed in an excellent review by 
Dutta in 2002 [8]. 

 In the present review peptides with adjuvant activities 
will be discussed, with emphasis on the latest developments. 
A prerequisite for understanding biological function at atomic 
level is the knowledge of three-dimensional structures of the 
molecular entities involved. We will therefore focus on the 
structural aspects, in a broad context, of immunomodulating 
peptides and their receptors, including primary constitution, 
stereochemistry, secondary structure, conformation, binding, 
electrostatic and hydrophobic properties.  

PEPTIDOGLYCANS 

 LPS, constituting the outer cell membrane of Gram-
negative microorganisms, is classically regarded to be the 
primary agent to induce septic shock in the host organism 
(vide infra). The outer cell wall of Gram-positive bacteria, 
however, consists of a thick layer of peptidoglycan (PGN), 
accounting for approx. 50 % of the cell wall mass [9], inter-
twined with lipoteichoic acid (LTA): yet, these microorgan-
isms are at least as efficient in inducing sepsis as the gram-
negative ones [10]. LTA consists of a poly(glycerolphosphate) 
part connected to a gentiobiosyl diacylglycerol lipid anchor 
[11], its composition depending, however, on the bacterial 
strain [12]. LTA is similar to LPS in physicochemical pro-
perties and capable of inducing inflammatory response which 
is different [13] from that of LPS but of similar potency [11], 
or even stronger [14]. PGN is a polymer made up of alter-
nating N-acetyl-D-glucosamine (GlcNAc) and N-acetylmura-
mic acid (MurNAc: 3-O-(D-2-carboxy)ethyl-GlcNAc) units 
linked together with -(1-4)-glycosidic bonds and crosslinked 
by short peptides attached to MurNAc. The amino acid at 
position 3 in the pending peptide chain of PGN is L-lysine in 
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most Gram-positive bacteria and meso-diaminopimelic acid 
(m-Dap) in Gram-negative ones (Fig. 1). The recognition of 
PGN by, and the mechanisms of defence response from the 
host’s immune system have been described at length in sev-
eral recent reviews (see, e.g.: [2, 9, 11, 15, 16, 17]), therefore 
a brief summary will suffice here. 

Fig. (1). Schematic structures of Dap-type and Lys-type pepti-

doglycan (PGN) constituents of the cell walls for Gram-negative 

and Gram-positive bacteria, respectively.

 Insects are the best models to study innate immunity be-
cause adaptive responses may interfere with the results in 
mammals. In Drosophila, the prototype insect system, one of 
the most important mechanisms to fight invading bacteria is 
the production of anti-microbial peptides which is triggered 
through contact with bacterial PGN [15]. Two separate sig-
nalling pathways were identified to activate insect anti-
microbial peptide genes: the Toll and the Imd. TLRs, especi-
ally TLR2, are cell surface transmembrane proteins serving 
as receptors for polymeric PGN (and LTA components) of 
Gram-positive bacteria. This function of TLRs, in insects at 
least, has recently been questioned suggesting that they are 
not PRRs to PGN but rather receptors to bind the endoge-
nous cytokine Spätzle [15]. On the other hand, several P-
GRPs on the surface of insect fat body or hemocyte cells 
trigger the Imd signalling pathway, on binding to bacterial 
PGN, to produce antibacterial peptides like attacin, cercopin 
or diptericin [15].  

 In mammals TLR2, which is expressed on monocytes, 
macrophages, dendritic cells and B-cells, is a receptor to 
polymeric PGN (but not to smaller PGN fragments) and this 
interaction results in the activation of NF- B which turns on 
the transcription of cytokine and chemokine genes such as 
TNF-  and IL-8 and other mediators of inflammation. CD14, 
another cell-activating surface protein with multiple functi-
ons, such as LPS-binding (vide infra), is a co-receptor of 
TLR2. It is of note that, while LPS-signalling through the 

Toll pathway (using different TLRs, however) is similar to 
that induced by PGN, the in vivo effects are strikingly diffe-
rent: for instance, LPS is highly toxic and induces septic 
shock, even death; this is not the case for PGN [9, 17].  

 An alternative signalling pathway (in mammals) is pro-
vided by the intracellular NOD proteins: this activation is 
independent of TLR- and MyD88. NOD1 specifically recog-
nizes the L-Ala-D-iGlu-mDap sequence, characteristic for 
Gram-negative PGN [18], whereas the minimum PGN-frag-
ment is MurNAc-L-Ala-D-iGlu (muramoyl-dipeptide: MDP) 
for NOD2 [17]. Human NOD1, however, was shown to speci-
fically detect the disaccharide-tripeptide fragment GlcNAc-
MurNAc-L-Ala-D-iGlu-mDap of Gram-negative PGN [19]. 
MDP is a common sequence in both Gram-positive and –
negative PGNs therefore, NOD2 can sense all bacteria [20]. 
Relatively minor differences in the primary structures of 
PGNs are therefore important for the recognition process 
leading to immune response. In other cases, the 3D spatial 
structure, or conformation, of epitopes are responsible for 
specific binding properties and, hence, biological activity, 
such as in the case of heterodimerization between PGRP-
LCa nad PGRP-LCx induced by tracheal cytotoxin (TCT, 
see below, under “X-ray Structural Studies”). In order to get 
detected by NODs bacterial PGNs have to enter the host 
cells and generate NOD-activating fragments inside; this 
occurs, however, only with certain types of bacteria [17].  

 PGRPs are recently discovered [21-23] actors playing 
important roles in the innate immunity of animals from in-
sects to mammals with recognition, signalling and effector 
functions. Insect PGRPs are involved in Toll and Imd activa-
tion mechanisms, as mentioned before, as well as in the 
prophenoloxidase cascade [21, 24] which results in the gen-
eration of polymeric melanin that promotes healing at the 
site of the infection. In mammals four PGRPs have been 
identified thus far: PGLYRP1 to -4 (formerly: PGRP-S, 
PGRP-L, PGRP-I  and PGRP-I , respectively; this nomen-
clature will be used throughout the text). The main function 
of mammalian PGRPs, especially that of PGRP-S which is 
an N-acetylmuramoyl-L-alanine amidase, seems to be diges-
tion of bacterial PGN rather than action as PRRs, as is the 
case for their insect counterparts [17]. Nevertheless, the role 
of PGRPs in mammals is still not clear [10, 17, 25]. The 
bacteriolytic activity of lysozyme, a glucanohydrolase that 
cleaves the glycosidic bond between GlcNAc and MurNAc 
units of PGN, has long been known. The amidase and glyco-
sidase activities of PGRPs both have the important function 
to turn off excessive immune response [15]. Bacterial LPS, 
on the opposite, is likely to overactivate the host’s immune 
response: a dangerous course of events which may even lead 
to death of the host by septic shock (vide infra).  

MUROPEPTIDES 

 One of the main weapons the innate immune systems uses, 
from insects to mammals, to combat bacterial infections are 
antimicrobial peptides (AMPs) produced by the hosts. Some 
aspects of antimicrobial peptides will be discussed later in 
this article. In what follows we are going to briefly discuss 
PGN-related peptides and their activity to modulate the 
immune response, including induction of AMPs. The 
immunostimulatory activity of bacterial cell walls has long 
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been recognized: “Freund’s adjuvant” to treat pulmonary 
infection consisted of a suspension in oil of killed myco-
bacteria [26]. Later it turned out that the cell wall peptidogly-
can was responsible for this activity in several inflammatory 
diseases like arthritis, meningitis or septic shock. Analysis of 
peptidoglycan fragments led to the identification of MurNAc-
L-Ala-D-iGln (“muramyl dipeptide”: MDP, Fig. 2) as the 
minimal structure to possess biological activity [27-31]. Fol-
lowing this discovery hundreds of derivatives have been syn-
thesized and tested in vitro and in vivo (for reviews, see: 
http://www.infectio-lille.com/diaporamas/xdlt/murabutide-02. 
PDF, [32-34]). 

 In addition to have an adjuvant effect by itself, MDP is 
known to synergize with LPS on the induction of synthesis 
of proinflammatory cytokines like TNF- . It was also shown 
that MDP acts through receptors other than those responsible 
for transducing the effects of LPS (CD14, TLR2 or TLR4) 
[35]. This receptor was then identified to be the NOD2 [36, 
37]. Subsequent studies showed that, in addition to MDP, 
GlcNAc- (1-4)-MDP and 6-O-stearoyl-MDP were also ca-
pable of dramatically enhance LPS-induced cytokine release 
through monocyte activation [38].  

 A simple derivative of MDP, murabutide (MB; MurNAc-
L-Ala-D-iGln-n-butyl ester), shows interesting pharmacol-
ogical properties and is well tolerated even by humans [39, 
40]. MB was found to selectively activate CD4 lymphocytes 
leading to dramatic suppression of HIV replication in vitro.
Several clinical trials indicated that the diminished innate 
immunity in HIV-infected subjects could be successfully 
boosted by administration of MB [39-42]. On the other hand, 
antigen-specific IgE responses were down-regulated in mice 
by MDP and MB [43]. MB was proposed to improve the 
therapeutic index interferon-alpha (IFN- ) in clinical trials. 
Co-administration of MB and IFN-  was well tolerated and 
resulted in induction of anti-inflammatory cytokines and of 
human HIV-1-suppressive -chemokines [44].  

 Lipophilic derivatives of MDP such as B30-MDP (MDP 
acylated with a C30 saturated fatty acid at C-6 of MurNAc) 
and MDP-Lys(18) or romurtide (N -stearoyl-MurNAc-L-
Ala-D-iGln-L-Lys) display adjuvant activities on the induc-
tion of antibody response antigens or vaccines, such as hepa-
titis B surface antigen [45, 46], tetanus toxoid vaccine [47], 
or a hantavirus-inactivated vaccine [48]. MDP-Lys(L18) was 
found to be a potent immunoadjuvant that enhances non-

Fig. (2). Structures of MDP and its derivatives discussed in the text. 
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specific host resistance against mucosal Sendai and rotavi-
ruses [49] or against a Hantaan virus strain in newborn mice 
[50]. Another lipophilic derivative, GlcNAc- (1-4)-MDP-L-
Ala-dipalmitoylpropylamide (GMTP-N-DPG) had adjuvant 
effects in mice immunized with ovalbumin (OVA) and syn-
thetic peptide antigens [51]. It was suggested that addition of 
the surfactant dimethyldioctadecylammonium chloride and 
zinc as an L-proline complex to GlcNAc- (1-4)-MDP has a 
synergistic effect on this adjuvant [52]. Production of anti-
sporozoite antibodies were observed by coupling an MB-
analogue, -amino-caproic ester of MDP, to a malaria pep-
tide-tetanus toxoid conjugate [53, 54]. 

 Dimers of the D-glucose analogue of MDP (GADP) 
showed stimulatory activities against human leukemia cells 
in vitro [55]. There are indications on the potential useful-
ness of muropeptides in cancer treatment. For instance, MB 
was found to trigger the maturation and activation of mono-
cyte-derived immature dendritic cells conferring them greater 
cytostatic activity toward the tumor cell line THP-1 [56]. 
MDP-Lys(L18) (romurtide) is capable of enhancing host 
resistance and reducing tumor metastasis in murine mela-
noma, colon carcinoma and T lymphoma cells [57]. The 
same agent is clinically effective in restoration of leukocytes 
and platelets of cancer patients treated with chemo- or radia-
tion therapy [33, 34]. The surface of melanoma BRO cells 
was shown to contain binding sites for GlcNAc- (1-4)-MDP 
(GMDP). These cells were shown to react in vitro with 
GMDP by increasing the expression of melanoma-associated 
antigens (MAA) [58]. 

 Peptidoglycan monomer (GlcNAc- (1-4)-MurNAc-L-
Ala-D-iGln-mDap-D-Ala-D-Ala: PGM, Fig. 3) isolated from 
the cell wall of the Gram-negative Brevibacterium divarica-
tum is a non-toxic, non-pyrogenic immunostimulator. De-
tailed NMR and computational studies revealed its amphi-
patic character with well-separated lipophilic and hydro-
philic domains [59]. It is not known whether this property 
plays any role in the adjuvant activity; lipophilic PGM de-
rivatives display similar activities in immune tests (vide in-
fra). On the other hand, lipophilic substituents attached to 
MDP resulted in modulation of the activity of the parent 
molecule in various ways as mentioned above. PGM treat-
ment of mice challenged with ovalbumin (OVA) resulted in 
stimulation of IFN-  and IL-4 production as well as both Th1 
and Th2 subpopulations [60]. PGM enhanced the immuno-
genicity of peptides of measles virus origin [61]; co-adminis-
tration with liposomes increased the adjuvant activity and 
induced a switch from Th1 to Th2 type of immune response 
[62]. It is rapidly degraded in mammals, and its metabolic 
products, the pentapeptide (PP) and the disaccharide (DS), 
are devoid of adjuvant activity [63]. Lipophilic derivatives of 
PGM bearing either (adamant-1-yl)-acetyl- or Boc-Tyr sub-
stituents at the -amino group of Dap (Ad-PGM and BocTyr-
PGM, respectively, Fig. 3) were shown by NMR and mo-
lecular modelling to assume conformations different from 
that of the parent PGM in solution (Fig. 4) [64]. Their 
immunostimulating activities were, however, comparable to 
that of PGM [65].  

 Diastereoisomeric adamantyltripeptides, D- or L-(adam-
ant-2-yl)-Gly-L-Ala-D-iGln (AdTP1 and AdTP2), also ex-
hibited immunostimulating activities [66]. Several dimeric 

PGM-type muropeptides have been synthesized with the 
general structure GlcNAc- (1-4)-MurNAc(pept)- (1-4)-
GlcNAc- (1-4)-MurNAc(pept)- -OR, with R=H or n-propyl, 
and (pept) being di- to pentapeptide sequences of the Lys-
type PGNs attached to D-Lac at position 3 of MurNAc (Fig. 
5). 

 Compound with R=n-propyl and (pep)= L-Ala-D-iGln-L-
Lys-D-Ala-D-Ala was found to act as a competitive inhibitor 
of a soluble PGRP involved in the PGN-induced melaniza-
tion cascade in the insect Tenebrio molitor [67]. In a paper 
mentioned above, a series of muropeptides, MurNAc(pept) 
and 1,6-anhydro-MurNAc(pept), with (pept) extending from 

Fig. (3). Structures of peptidoglycan monomers (PGMs) and their 

derivatives. 
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L-Ala through the tetrapeptide chain of Lys and Dap PGN-
peptides, were synthesized and used to determine the struc-
tural requirements to synergize with LPS in cytokine induc-
tion [38]. Likewise, the molecular patterns allowing specific 
recognition by NOD1 and NOD2 were mapped using a wide 
array of natural or modified muramyl peptides [68]. In an-
other study, using a series of synthetic muropeptides, two 
signatures of Gram-negative PGN, the presence of Dap in 
the peptide bridge and 1,6-anhydro-MurNAc in the glycan 
chain, were identified as the main structural requirements to 
allow discrimination of Gram-negative PGNs from Gram-
positive ones [69]. MurNAc-pentapeptides (MPP), TCT, as 
well as a dimeric Lys-type MPP cross-linked through the 
peptide stem, were used to define the binding specificities of 
human and insect PGRPs, and it was suggested that dual 
strategies are used to distinguish PGNs from different bacte-
ria: differences in the peptide stem (Lys or Dap) and detec-
tion of the crosslink between the stems. As little as a two 
amino acid mutation in the PGRP sequence suffices, how-
ever, to change the specificity of recognition. This observa-
tion points to an adaptive character of the innate immune 
system helping to counter new microbial challenges [70]. 
Also, the extent of recognition selectivity is variable; for 
instance, PGRP-I C shows only minimal selectivity for bin-

ding Dap- or Lys-type fragments, PGRP-S, on the other 
hand, displays significant preference for the Dap-type [71]. 

 Tracheal cytotoxin (TCT, GlcNAc-1,6-anhydro-MurNAc-
L-Ala-D-iGlu-mDap-D-Ala, Fig. 6), a natural fragment of 
Gram-negative PGN, such as the cell wall of Bordetella per-
tussis, elicits immune responses in Drosophila through the 
Imd pathway [72]. In addition to immunostimulating activity 
[73] this muropeptide has the interesting property of being a 
very potent somnogenic: it significantly enhances the dura-
tion of slow wave sleep (SWS) in mammals [74]. This activ-
ity may be related to the conformation of the 1,6-anhydro-
bridged MurNAc that is very different from that of the non-
bridged, monocyclic glucopyranose ring. The somnogenicity 
is likely to be due to the indirect effect of inducing endoge-
nous sleep factors like IL-1, TNF and NO [75]. The mam-
malian receptor for TCT has long been sought [69, 72] but 
could only recently be identified as NOD1; the detection is, 
however, host specific: it is poor in humans but very effi-
cient in mice [76]. 

Fig. (6). Structure of tracheal cytotoxin (TCT).

X-RAY STRUCTURAL STUDIES 

 Considerable attention has recently been focussed on 
elucidating the structural basis for PGN binding by PGRPs 
using X-ray crystallography. The crystal structures of two 
Drosophila [77-80] and two human PGRPs [81-83] were 
reported and shown to possess L-shaped grooves supposed to 
be the PGN binding site. However, to get information on the 

Fig. (4). Solution structures of PGM (left), Ad-PGM (centre) and BocTyr-PGM (right) as determined by NMR and molecular modelling. 

Thin lines indicate short (<5 ) interatomic distances as detected by NMR. 

Fig. (5). Structures of dimeric PGM-type muropeptides. 
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interactions between the proteins and their substrates requires 
studies of PGRP-ligand complexes. This has been done first 
for the C-terminal binding domain of human PGRP-I  in 
complex with MurNAc-L-Ala-D-iGln-L-Lys (MTP of Gram-
positive bacteria), revealing an extensive network of H-
bond- and van der Waals contacts of MTP with 16 residues 
of the protein’s binding cleft. Most contacts were with the 
peptide part and only a few with the MurNAc. No significant 
conformational change of the protein was detected as a result 
of the binding [82]. A subsequent structure determination of 
the same protein complexed, however, with the complete 
peptide stem of PGN, i.e. MurNAc-L-Ala-D-iGln-L-Lys-D-
Ala-D-Ala (muramyl pentapeptide, MPP) revealed ligand-
induced conformational changes in the binding cleft, and this 
was suggested to occur in many PGRPs [84]. Tracheal cyto-
toxin (TCT, vide supra) is known to induce heterodimeri-
zation between PGRP-LCa and PGRP-LCx that elicits im-
mune responses in Drosophila by activating the Imd pathway 
[69]. The crystal structure of ectodomains of PGRP-LCa and 
PGRP-LCx bridged by TCT shows that the latter binds to 
LCx in the ternary LCx-TCT-LCa complex through its pep-
tide chain and exposes the disaccharide part for interaction 
with LCa [85]. This is in line with results obtained by 
biochemical methods [86]. Both proteins undergo induced- 
fit conformational changes during this process. Bringing 
together the PGRP-LCx and –LCa receptors represents the 
activation step for the Imd pathway [85]. PGRP-LE, another 
protein involved in the Imd signalling, also binds TCT. A 
crystallographic study revealed that TCT induces an infinite 
head-to-tail dimerization in which the disaccharide moiety 
occupies the dimer interface [87]; this is analogous to the 
TCT-induced heterodimerization of PGRP-LCx and –LCa 
just mentioned. In both cases the Dap carboxylate group 
engages in a key electrostatic interaction with the guanidino 
sidechain of an Arg: this provides a basis for the discrimi-
nation between Gram-negative and –positive (Dap or Lys, 
respectively) types of PGN by PGRPs [85, 87].  

ANTI-ENDOTOXIC PEPTIDES 

 LPS (endotoxin), the main constituent of the outer mem-
brane of Gram-negative bacteria, is an amphiphile, consist-
ing of the lipid A, a core oligosaccharide and an O-specific 
chain. The lipid A moiety (Fig. 7) is the most highly con-
served part of the structure, typically with two glucosamines, 
two phosphate esters and five to seven fatty acids [88]. 
When LPS molecules are released from the surface of bacte-
ria, they can cause septic shock in the infected patient. The 
principal mechanism by which LPS is sensed is via an LPS-
binding protein (LBP)–LPS complex and then signalling 
through the TLR4–MD-2 complex, a process enhanced by 
CD14 [89]. 

 Neutralization and sequestration of LPS is required to 
block the progression of Gram-negative sepsis at early stages 
in addition to destroying bacteria. Polymyxin B, a small cy-
clic lipopeptide produced by Bacillus polymyxa, neutralizes 
LPS and has antimicrobial activity particularly against 
Gram-negative bacteria [90]. Due to its toxicity application 
of polymyxin B is limited to topical applications. Neverthe-
less polymyxin B is extensively used as a golden standard 
for benchmarking the efficiency of other compounds in neu-
tralization of endotoxin. Development of novel endotoxin 

neutralizing peptides without the toxicity of polymyxin B 
has been based on natural host defence peptides, fragments 
of LPS binding proteins and engineered peptides. Non-
peptidic substances that have been recently described to dis-
play suppressive activity for the production of inflammatory 
cytokines induced by LPS-stimulated macrophages include 
alkyl 6-(N-substituted sulfamoyl)cyclohex-1-ene-1-carboxy-
late [91], furonaphthoquinones [92], coumarin – [93] and 4-
aryl-3-pyridyl and 4-aryl-3-pyrimidinyl-based compounds 
[94], 1,2,3,4,6-penta-O-galloyl- -D-glucose (PGG) from tra-
ditional Chinese herbs [95], acylated homologated spermine 
compounds [96], sesquiterpene phenylpropanoid derivatives 
[97], isosteric analogues of thalidomide [98] and bis-guanyl-
hydrazone compounds decorated with hydrophobic function-
alities [99]; they will, however, not be discussed further in 
this review.  

 The design of anti-endotoxin peptides has proven to be 
very difficult. Peptides in general are intrinsically flexible 
molecules; in addition, complexes of LPS and peptides are 
transient formations with unclear stoichiometry. The meth-
ods that have been applied to overcome this limitation and 
the large panel of peptides and proteins reported to associate 
with LPS have been extensively discussed in earlier reviews 
[100-104]. In this review we present the recent developments 
and state of the art in experimental and theoretical structural 
studies of the proteins and peptides in question, and the 
impact of these findings on treatment of sepsis and rational 
drug design.  

PEPTIDES DERIVED FROM PROTEINS THAT 

INTERACT WITH LPS  

 The ability of synthetic peptides comprising the human 
LBP amino acid region 86-108 to interfere with the LBP-
LPS interaction was reported. The analysis of selected 
alanine mutants of a blocking peptide corresponding to the 

Fig. (7). Chemical structure of lipid A as found in E. coli strains. 
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LBP region 86-99 suggests the importance of peptide am-
phipathicity for the inhibitory activity. The potency of the 
native peptide and a selected analogue at inhibiting LPS-
induced responses was associated with their relative activity 
in blocking LBP-LPS interaction. Remarkably, these pep-
tides were more active in vivo than in vitro [105]. The pep-
tide LBP-14 (RVQGRWKVRASFFK-NH2) derived from the 
same residues 86-99 of LBP was studied using NMR; in 
mixture with LPS the transferred NOE [106] was observed 
and used to determine the LPS-bound structure of LBP-14; 
the latter was used for docking calculations to LPS, and the 
derived complex used to design a peptide that displayed 
more than 50% increase in LPS inhibition in vitro [107]. 

 An NMR and modelling study of LALF-14 (GCKPTFRR 
LKWKYKCG-NH2), a synthetic cyclized fragment of the 
limulus anti-LPS factor (LALF) comprising residues 36-47, 
indicated that the -sheet-like structure that is adopted by the 
fragment in the full-size protein [108] is not a prerequisite 
for binding of LALF-14 to LPS [109]. Cyclic cationic antim-
icrobial peptides of different length based on LALF were 
synthesized; the peptide comprising the complete LPS-bin-
ding loop of LALF was most effective in inhibiting the LPS-
induced cytokine production in human mononuclear cells. 
The peptides were also able to displace Ca

2+
 cations from 

LPS monolayers [110]. Whereas a synthetic linear peptide 
LALF28-54 based on the endotoxin-binding region of LALF 
retained activity, cyclization was associated with a decrease 
in the in vitro potency, suggesting that cyclization does not 
constrain the peptide in a manner that recreates the loop 
structure necessary for potent endotoxin antagonism [111]. 

 A new LPS-binding domain with a strong LPS-neutra-
lizing activity in human CD14 was identified in residues 81-
100 by mapping the entire 356-amino-acid protein with syn-
thetic 20-amino-acid peptides. The residues Leu 87, 91, and 
94 were found to be essential for activity [112]. An 11-
amino-acid amphipathic synthetic peptide derived from he-
lix-1 of human lactoferrin exhibited bactericidal activity and 
lipopolysaccharide (LPS) binding affinity, as shown by po-
lymyxin B displacement. Circular dichroism (CD) spectros-
copy indicated that in the presence of LPS it adopted a -
strand rather than helical conformation [113]. Synthetic pep-
tides derived from human and bovine lactoferricin were as-
sayed for antimicrobial activity against E. coli and LPS mu-
tant strains, underlining the importance of the content and 
relative location of tryptophan and arginine residues. Results 
obtained for the same assays performed with LPS mutants 
suggested that negative charges present in the inner core but 
not lipid A are the main binding site for lactoferricin; a com-
puter model proposed that positively charged residues of the 
cationic peptide interact with negative charges carried by 
LPS and disorganise the structure of the outer membrane, 
thus facilitating the approach of Trp residues to the lipid A 
[114]. 

 The short linear antimicrobial and endotoxin-neutralizing 
peptide LF11 (FQWQRNIRKVR-NH2) based on human lac-
toferrin was found to bind to LPS inducing a peptide fold 
with a "T”-shaped arrangement consisting of a hydrophobic 
core and two clusters of basic residues matching the distance 
between the two phosphate groups of LPS [115]; this mode 
of binding extended the previously proposed, purely electro-

static LPS binding pattern [116], emphasizing also the im-
portance of hydrophobic interactions in a defined geometric 
arrangement. In anionic micelles LF11 forms an amphipathic 
conformation with a smaller hydrophobic core than upon 
interaction with LPS, whereas in zwitterionic micelles the 
structure is less defined. Protection of Trp quenching in the 
order SDS>LPS>DPC and hydrogen exchange protection 
indicates the decreasing extent of insertion of the N terminus 
and a potential role of peptide plasticity in differentiation 
between bacterial and eukaryotic membranes. 

 Acyl analogues of peptidic fragments of human lactofer-
rin with weak antibacterial activity were prepared. It was 
found that 12 carbon units constitute the optimal acyl chain 
length, enhancing the antibacterial activity and binding of 
lipopolysaccharide by up to two orders of magnitude, even 
approaching the activity of polymyxin B [117]. The alkyl 
derivative lauryl-LF11 shows a stronger inhibition of LPS-
induced cytokine induction in human mononuclear cells than 
LF11. Both peptides convert the mixed unilamellar/non-
lamellar aggregate structure of lipid A into a multilamellar 
one [118]. 

 Bactericidal/permeability-increasing protein (BPI), a 55 
kDa protein causing bacterial killing and endotoxin neutrali-
zation, also has a -turn with alternating cationic and hydro-
phobic residues in the putative LPS-binding domain [119]. A 
peptide, betapep25, was designed with 9 residues of the LPS-
binding domain of BPI flanked by -turn-inducing elements. 
Single alanine or norleucine replacement "walkthrough" pep-
tides based on betapep25 were generated and tested for their 
ability to neutralize endotoxin [120]. Substitution of any 
lysine residue inhibited bactericidal activity while substitu-
tions in hydrophobic residues from the beta-turn-inducing 
regions resulted in peptides that exhibited increased bacteri-
cidal activity compared to betapep25. Inhibition of LPS-
neutralizing activity was seen in peptides with substituted 
basic or hydrophobic residues from the LPS-binding region 
of BPI, indicating the importance of both cationic and hy-
drophobic amino acid residues to bactericidal and endotoxin-
neutralizing activities. 

 NK-2, a membrane-acting antimicrobial peptide of 27 
residues derived from the cationic core region of porcine 
NK-lysin, a cytotoxic and antibacterial polypeptide of 9 kDa, 
adopts an amphipathic -helical secondary structure, inter-
acting specifically with membranes of negatively charged 
lipids. NK-2 binds to LPS with a high affinity and induces a 
change in the LPS aggregate structure from a cubic or 
unilamellar structure to a multilamellar one, leading to neu-
tralization of the endotoxic LPS activity [121]. 

NATURAL ANTIMICROBIAL PEPTIDES 

 Both animals and plants possess a broad-spectrum of 
potent antimicrobial peptides, which they use to fend off a 
wide range of microbes, including bacteria, fungi, viruses 
and protozoa (for recent reviews, see: [122-126]). The 
structures of antimicrobial peptides and their interactions 
with bacterial membranes as studied by solution and solid-
state NMR are the subject of a recent survey by Wang [127]. 
Currently there are more than 880 known antimicrobial pep-
tides of eukaryotic origin (http://www.bbcm.univ.trieste.it/ 
~tossi/antimic.html, http://aps.unmc.edu/AP/main.php, http:// 
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research.i2r.astar.edu.sg/Templar/DB/ANTIMIC/). Many of 
the host defence peptides that have antimicrobial activity are 
also able to bind to and neutralize LPS; these two activities, 
however, do not necessarily correlate. The mode of action of 
many antibacterial peptides is believed to be the disruption 
of the plasma membrane. Studies on model phospholipid 
membranes have demonstrated that peptides that act prefer-
entially on bacteria are also able to interact with and perme-
ate efficiently anionic phospholipids, whereas peptides that 
lyse mammalian cells bind and permeate efficiently both 
acidic and zwitterionic phospholipids membranes, mimick-
ing the plasma membranes of these cells [128]. 

 A key feature of the recognition between cationic anti-
bacterial peptides and endotoxin is plasticity of molecular 
interactions, which may have been designed for the purpose 
of maintaining activity against a broad range of organisms, a 
hallmark of primitive host defense [129]. Studies using a 
phage-displayed random dodecapeptide library against im-
mobilized LPS suggested that for these short dodecapeptides 
to bind LPS, the potential for their structural adaptation is 
more important than an amphipathic structure [130].  

 A rational method has been proposed to dissociate the 
antimicrobial and hemolytic effects of cationic peptides, us-
ing site-directed substitutions of residues based on a quanti-
tative structure-activity relationship (QSAR) analysis of de-
signed peptide sequences and their antimicrobial, cytotoxic, 
and hemolytic activities [131]. The mechanism of LPS neu-
tralization by human LL-37, magainin and others were in-
vestigated using fluorescence spectroscopy, confocal mi-
croscopy and flow cytometry, concluding that a strong bind-
ing of a peptide to LPS aggregates accompanied by aggre-
gate dissociation prevents LPS from binding to the carrier 
protein LBP, or alternatively to its receptor, inhibiting cyto-
kine secretion [132]. Heptadepsin, a novel naturally occur-
ring cyclic heptadepsipeptide isolated from secondary me-
tabolites of Paenibacillus sp., was shown to inactivate LPS 
by direct interaction with LPS [133]. The antimicrobial pep-
tide V4 was designed based on a known amphipathic cati-
onic pattern BHPHB (B: basic; H: hydrophobic; P: polar 
residue, respectively) and has high binding affinity for LPS 
[134]. Factor C, a serine protease in the horseshoe crab 
ameobocytes, is sensitive to trace levels of LPS, most proba-
bly possessing an LPS binding region that exhibits excep-
tionally high affinity for lipid A. A peptide derived from the 
Sushi 3 domain of Factor C exhibits stronger binding to LPS 
when dimerized via a disulfide bridge. Circular dichroism 
spectrometry revealed that the S3 peptide undergoes con-
formational change in the presence of the disulfide bridge, 
transitioning from a random coil to beta-sheet structure. S3 
dimers display detergent-like properties in disrupting LPS 
micelles [135]. A Sushi peptide from the LPS-binding do-
mains of Factor C, able to inhibit LPS-induced septic shock 
in mice, was reported to interact with the lipid tail of LPS, 
transitioning from a random structure into an alpha-helical 
conformation [136]. Compounds of the cathelicidin family 
exhibited antimicrobial and anti-endotoxin properties [137, 
138]. Fowlicidins, cathelicidins from chicken, demonstrated 
a strong positive cooperativity in binding lipopolysaccharide 
(LPS), resulting in nearly complete blockage of LPS-
mediated proinflammatory gene expression [139]. Synthetic 

peptides derived from the beetle Allomyrina dichotoma de-
fensin exhibited not only antimicrobial activities but also had 
a protective effect on LPS-induced mortality in mouse mod-
els [140].  

 These results suggest the potential use of natural antimi-
crobial peptides in the treatment of severe sepsis providing 
the problems of toxicity and fast degradation can be solved 
in further development of synthetic analogues. 

CONCLUSIONS AND OUTLOOK 

 New approaches to the therapy of sepsis and antibiotic-
resistant organisms are urgently needed. As the understanding 
of the MD-2-TLR4-LBP-CD14 pathway unfolds new targets 
that modify these pathways may be effective lead compounds 
in the treatment of septic shock. Similarly, gaining insight 
into the interactions of innate immune receptors with 
microbial PGNs and fragments will provide a basis for 
designing improved vaccine adjuvants and immunomodu-
lators for the treatment of inflammatory diseases. The possi-
bility of peptides and peptoids (peptide mimics) with in-
creased half-life being able to protect against the severe 
clinical symptoms of inflammations, induced by LPS or 
other cell wall components, is a promising development. 
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ABBREVIATIONS  

BPI = Bactericidal/permeability-increasing protein 

CARD = Caspase activation and recruitment domain 

mDap = meso-diaminopimelic acid 

GlcNAc = N-acetyl-D-glucosamine 

IFN = Interferon 

IL = Interleukin 

LBP = LPS-binding protein 

LPS = Lipopolysaccharide 

LTA = Lipoteichoic acid 

MB = Murabutide 

MDP = Muramoyl-dipeptide 

MurNAc = N-acetylmuramic acid 

MyD88 = Myeloid differentiation primary-response pro-
tein 88

NMR = Nuclear magnetic resonance 

NOD = Nucleotide-binding oligomerization domain 

PAMP = Pathogen-associated molecular pattern 

PGRP = Peptidoglycan recognition protein 

PGM = Peptidoglycan monomer 

PGN = Peptidoglycan 
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PRR = Pattern recognition receptor 

PYRIN = Domains located at the N terminus of proteins 
linked to several human diseases, from cancer 
to inflammatory syndromes. Originally re-
ferred to the product of the familial Mediter-
ranean fever (FMF)-associated gene 

TIR = Toll-interleukin-1 receptor 

TNF = Tumour necrosis factor 

TLR = Toll-like receptor 
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