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Abstract: Neutralization:and s uestration of Bagtérial ilpupulyb-i(..(.hal‘ldt. which plays a key . rale i gram-negative sepsis
‘is-required 1o block the )
pep dl:b whzch h.wu-.mun

i1 of sepsis-al.

=wh|c!1 are rcv1L.w<.d in, l_ 1§ arm.le

iFly Nugesi i ddlition dulmymg bacteria, Many-ol the host delense
) .tl dclwlly e alse ah!t ts hirid to-and neutralize LIS, however, these b gefivities d not
app!tcalmn ol pul) my\m B as, fhe prototypl, nl LPS m,ulmlmng pt,ptlde is liimited

pL.pudes

ndug,uwua hu\{ delense. pcpudw Iraginentq 01‘ cndmn\m hmdmg prolcm\. and

o anti-cridoloxin. peptidis. fold: into. er-lielical A Imupm extended and -campac! :conformating wilhout, repulsr

maoditied by lipﬂphlh(.- muieiics.and HOli—pL.pi.ldlL

‘ stiuetur. I anitmil midels Teiay ol the punlldes have demonsiriled good . vitro and-fi Vo cndotoxin
ncuualmm,"xctwﬂy BOk [y ¢ how: none of the. pbpl!dbs has been-approvéd
ridication. Recent: L;wolupmenl-\ inelude; pr(_pﬂrahun of navel types of-éndt
oletiles, particuliirly hpnpn[y"umm,s and on-the other band-additional

for:cHnical application with 4 anticndotoxin
in nwiralu*mg Lompounda Suchi-ds peptides

meifical applications: such. ds extracorporeal éndotoxin renioval: 1argeting ta” inflammation sikes or. endoloxeid based

vaceings:
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INTRODLCTION

Recognition of bacteiidl hpopolysacchande (LPS) by
eifraceilular receptors‘ls the first step. in:the: development-of
'endotoxaemia Endotdxaemia is the consequence; of the

effect:of proinflammatory cytokines such: as: tumor: iecrosiy’

‘factor alpha (TNE-01), interleukin 18 (IL-1B) and I1L-6 that
are: nduced in monocytes in fesponse'to bacteri | endotoxiin.
i’ respotise’ 1o the presenc of bagteria’is vital for the.
. | &F the: orgamsm ‘in qnfection; "however, excessive.
respons air-induce:septic: shock. with Tiigh mortahty ™hig to,
the threatof bactetial inféction-our immune:system was fing-
tuned. with emphasns to. the recogiition of it
‘bacteria and rap;d initiation-of the immune dcfensu system
with release of promﬂammatmy mediators. ‘and also
;antlmlcroblal -agents:, Such a strong immune: tesponsg: {o
infection inay nowadays. wilh the; avaitability -of aniibiotics,
not afways be: the most -appropriaté. There is a neéd for
“treatment that will blupt the B‘{aggcra’;ed résporiye to
infection in addition 1o destroymg ‘thé mieroorganisivs.
Medical tréatment of sepsis: is very difficult, particularly at
Jite stages, due 1o the telease of a number of “different
mediators that can suppork sepsis, variety of effects on
vascular system and multlple organ failore: [I] Therefore
early. recognition of the preséice of endotoxin in flie’ body
atid netitralization and sequestrafion before it biiids to: the

_permeah:llty increasing. protein (BPI) is the: promiiieit |
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receptors and injtiates ‘the signaling cascade that leads
towards. the activation:of dowitiiream séptic mediators: would
be the most desirable’ réatment: Ccmpounds that ‘arerapt 1o
g should figve High affinity for LPS and ability to
neuhai:z it, be able to. sustain high coneentrations in. the
circulation;:should nolbestoxic for-eucaryotic cell A ¢
other necessary- pharn:lacoioiﬂm!'propernes ‘L 1
a number of serum. profeins sregent if b0 othier ¢ [ular
receptols .4, l[popolysacchc ‘:de biiiding pmtein [LBP) or
héat shock proteins ((HSF).or,. 'llternatwely may ‘remove it
from the Sircilation. {e:g. albumin, high density. hpopmlem'

{HDL)).. Affinity-of LBP, CH14 and MD-2 for LPS: is in the'

range-of107% M [2,3.74].

Sone mulucallular orgamsms such as arthropodes
hive evolved a numbcl of endogenous molecules that

-ﬂeuuallze LES and lead to- gelatlon as a way to achieve:

pacterial : scqueslratmn, awhile in mammals the bacterf'

affinity -serim:endotoxin neutral:zmg protein. Use of protems

which :could prowde high -affinity sequeéstering agents - for.
éndotoxin neutralization hay 4 numiber of limitations,

thergfore deve[opment of other molecules with improved
pharmaceutical and technological properties is desired.

Bacferial lipopolysaceharide his a number of special
physwochemmal properties {reviewed in the chapterby K.
Brandénburg) which define the properties of their receptor

‘inding sites and also.of peutralizing molecules. At tliis point
WE have to: emphasize. the differénce betwéen LPS binding
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and neutralization. Many small molecules are able to bind to
LPS with high affinity, however some of them neutralize
LPS in vivo only poorly [4]. One’ of the reasons, common
also 1o many antimicrobial peptides is that. when the
interaction is. electrostitically driven it is significantly
diminished in the physiological milieu. The strong
hydrophebic interaction which represents an impormnt
contribution to LPS neutralizing may on the other band lead
o loxic effects on hosf cell membrane.

In this review we have divided endoloxin-neuiralizing
peptides -into tree iypes: endegenous peptides/proteins,
fragments of LPS binding proteins and designed peptides/
lipopeptides. '

NATURAL ENDOTOXIN NEUTRALIZING PEPTIDES

Antimicrobial peptides are the part of the defense against
microbes. that has evolved in multicellufar organisms {5].
Currently {liere are more than 500 known antimicrobial pep-
tides (hitp:/fwww, bbém.univ.trieste. itA-tossi/antimic.htm).

Relation Between LPS-Neutralizing and Antibacterial
Activity

LPS neutralizing activity is often dssocigted with
antibacterial activity particularly against Gram-negative
bacteria. Many pepudes that neutralize 1.PS have been

studied primarily in the context of thieir antimicrobial

activity. These activities do nof necessarily everlap although
most LPS neutralizing peptides alsd inhibit or kill Gram-
negative bacteria, while the opposite dogs not _hold true
because. there are various mechanisms of antibacterial

activity of peptides. Cationic antimicrobial peptides need to

pepetrate the puter membrane of Gram-negative bacieria,
composed primarily of lipopolysaccharide, before the
peptides reach the cytop!asmic miembrane where the
antimicrobial activity is believed to take. place [6, 7
Transport across the outer membrang of Gram- -negative
bacteria pccurs by the self-promoted upiake, in connection to
the nbgatively eharged surface of the outer membrane, The
peptides either neutrdlize the charge oveér a patch of the outer
membrane or bind to the divalent cation binding sites on
LPS. Tn both cases the peptide is than able to penetrate
through defects in the outer membrane [8). Recently peptide

penetration of the inner cell mgmbrane without affecting its.

permeability has been shown f'or several peptides (e.g.
buforii, lactoferricin B, magainin 2 [9,10]), Antimicrobial
activity of these peptides is éxeried through binding to
intracellular targets such as' DNA. ‘

Combination of antimicrobial with LPS neutralization

activity is a desired property for a trealment of sepsis [11]..

This task can either be achieved with a single compound oy
by a combination of compounds with antimicrobial and
endotoxin-neutralizing activity [12,13]. Endotoxin neutraliz-
ing peptides have shown synergistic elfect with iydrophobic
antibiotics [14]. It has been shown that small antimicrobial
peptides (bufarin II, indolicidin and synthetic peplide
KFFKFFKFT) were efféctive in reduction of endotoxin and
prevented TNF-¢ upregulation in the rat model of sepsis
provoked either by m_|ectlon of LPS or live bactéria [15].
Designed peptides rich in tryptophan and arginine residues
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have shewn polent antimicrobial activity even for very short
sequences, however, their endotoxin neutralizing effect has
not been reported [16,17].

Small Cyclic Peptides of Microbial Origin
Polymiyxin B

Polymyxin B is a small cyclic lipopeptide produced by
Bacillus pelymyxa. It neutralizes LPS and has antimicrobial
activity particularly apainst Gram-negative bacteria. Due 10
its neurotoxic and nephrotoxic effects, in large part due 1o iis
slow degradation in vive [18,19] it is cmly smtabie for topical
applicafions. Nevertheless polymyxin B is-extensively used
as a polden standard for benchimarking the efficiency of
other compounds in neutralization of endoloxin. Polymyxin
B exists in solution in rapid exclignge between conformations
which inciude type II' beta-turn from residies 5-8, and
gamma-turn in residue 10. Addition of LPS induces
formation of a defined conformation of pelymyxin B: which
segregates hydrophobic and positively charged side chains
[20]. Binding. studies of polymyxin B.to LPS imonolayers by.
surface plasmon resonance revealed that it binds to LPS in
two stages: the initial bimoléculdr stage, involving
predominanily electrostatic interactions is followed by the
second, rale determining monomelecular stage which
prabably represents insertion of acyl chain of poiymy\m B
iito - the lipid layer [2 1,22]. This second stage is probably
crucial for efficient sequestration of LPS since the
polymyxin B nonapeptide; binds with comparable affinity to
LPS but is not effective: in jts neutralization [19]. Molecular
docking of polymyxin B with LPS; analysis of its binding
with galorimetry [23]and surface plasmon resonance on LPS
monolayers [21] also support the notion that hydrophobic
interaction between alkyl ¢hain of polynwxm B and fipid
chains of LPS play a major rale in the interaction, Association
of polymyxin B -with LPS disrupts its supramolecular
steucture [24] and the “endotoxic conformation™ [25] which
is also belicved to be important for the physiological efficts
of LPS,

Peptides and Small Proteins of Vértébrates
a-ficlical Peplides

Mugainin and Cecropin

Magainin, a small peptide, isolated from the skin of
African clawed frog, has been studied primarily in the
context of its antimicrobial ‘activity. When it interacts with
outer membrane of gram-negative bacleria its primary target
is LPS [26], where it causes a concentration-dependent
disordering of the LPS fatty acyl chains [27]. lis effect on
LPS disordering was shown to correlate primarily with the
charge on LPS. Upon membrane insertion {(made of
phospholipids or LPS) magainin forms ¢-helical structure
[28,29].

Modification of peptides from the antisense strand of
magainin indicated that the increased positive charge
correlated with the affinity for LPS bt also showed the
importance of conliguity of the distribution of posilive
charges [30]. These peptides aiso had antimicrobial activity,

- disrupting both outer and inner membrane. Cecropin, an
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antimicrobial cationic peplide isolated from insects binds to
the lipid A moiety of LPS [31]. Hybrid between egeropin and
mellitin showed improved binding 10 LPS and permeabiliz-
ation of thie outer membrane of Gram-negative bacteria [32].
tn a panel of ¢-helical peptides produced as hybrids and by
vartation of natural g-helical antimicrobial peptides cecrapin
and mellitin the antimicrobial activity, LPS binding and
cytokine production was investigated. Peptides MBI-27 and
MBI-28 bind to LPS with <:um|ar '1H'muy and suppressed
production ofcytokines. in macrophages in extent comparable
to that of polymyxin B [33]. Good correlation was observed
between anhmlcrob:dl and endotoxin neutralizing aclivities
341,

Bncrenecius_

Bactenecins are a group o peptides that are synthesized
as precursors with N-teriminal protein donsain similar to the

cystatins — inhibitors of eysteine proteases [35]. The role of

the propart is not clear although. it also has antimicrobial
© activity [36]. The C-terminal peptide of cationic antimicrobial
protein CAP-18 named LL-37 (residues L.} to S37) which
has antimicrobial activity and ncutralizes LPS, is rich in
basic residues. and forms o-helix similar to magainin or
mellitin [37,38]. LL-37 is upregutated during the immunc
résponse. It has been shown to protect mice -against
endotoxaemia and to inhibit macrophage stimulation by LPS,
lipoarabinomannan (LAM) and lipoteichoic acid (LTA)[39].
LL-37 also up-regulated the expression of chemokines
without stimulatien of the proinflammatory cytokine TNF-c,
introduction of two additional hydrophobic and furthermiore
af thrée basic residues into an }8-mer (residues 15-32)
augmented LPS neutralizing activity and suppressed TNF-e

Current Tapics in Medicinat Chiemistry, 204, Yol 4, No. 11 1175

production in murine model [40]. Bac7(1-35), a proline ric
antimicrobial peptide was comparable 10 polymyxin 1
in its ability to neutralize LPS in witro, decrease plasm:
endotoxin levels und decrease mortality of rats injected witl
EeoliT13).

Gramicidin

Gramicidin S is a cyclic decapeptide of bacterial origir
produced by a nonribosomal synthesis. It is active primarily
against Gram-nogative bacteria and binds (o LPS with 1C5(
approximately 5 fold that of poiymy\m B [7], predominantly
through hydrophobic interactions, since it contains only twe
basic residues. Gramicidin S binds equally to zZwitlerionic
and anionic lipids. Addition of gramicidin S reduced gel-lo-
liquid crystalline phase transition temperature of $-type LPS
[41]. Structure of gramicidin consists of a two-stranded
antiparallel B-sheet with the strands interconnected by two
type [t B-lurns.

Defensins

Defensins are small disulfide linked peptides consisting
of 30-45 residues, They are produced in the granules of
neutrophils bot have been described also-in jnsects and plants
[42]. High number of disulfides maintains structural integrity
Gf the fold ccmsistintr m'linly of B—strands In plants and
alpha-defensin and genes coding lor 28 bcta—defensms liave
becn predicted in human genome [43]. Besides. having
antimicrobial actlwty defénsins alsa play an important role
in regulating the immune résponse. Transcription of
defensins is upregulated by LPS [44,45.46,47]. 1t has

magainin GIGKFLHSAGKFGKAFVGEIMKS

MBI-27 KWKLFKKIGIGAVLKVLTTGLPALIS

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES
Bac7(1-35) RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPFP
NK-2 KILRGVCKKIMRTFLRRISKDILTGKK

BPI(86-99) KISGKWKAQKRFLK

LBP(86-99) RVQGRWKVRKSFFK

LALF({36-45) CHYRIKPTFRRLKWKYKGKFWC

MD-2(102-116) FSFKGIKFSKGKYK

apo-HDL (18-mer fragment) | DWLKAFYDKVAEKLKEAF

MARCKS effecior domain | KKKKKRFSFKKSFKLSGFSFKKNKK

lactoferrin (1-18) GRRRRSVQWCAVSQPEAT

lactoferrin (21-31) FQWQRNIRKVR

TALF(29-59) GHECHYRVNPTVKRLKWKYKGKFWCPSWTS
tachyplesin | KWCFRVCYRGICYRRCR

polyphemusin I RRWCFRVCYRGFCYRKCR

buforin 2 TRSSRAGLOFPVGRVHRLLRKGNY

SAEP-2 KTKcKFLKKc

SAEP-4 KFFKFFKFF

indolicidin ILPWKWPWWPWRR

Kig. {1}, Sequences of peptides of protein frigments reported 1o bingd LS.
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ecently been reported that murine beta-defensin directly
nteracts with TLR4, receptor for LPS in dendritic cells,
nducing their maturatien {48]. Human defensin alpha is able
o neutralize LPS although approximately three orders of
nagnjtude weaker than BPI and is inactive against the S-type
»F LPS [49].

Peptides with high content of tryptophan

Indolicidin and tritrpticin are antimicrobial peptides
sroduced by neutrophils which contain a large fraction of
ryptophan residues [50]. indolicidin binds stfongly to LPS
ind in vivo reduced lethality of endotoxin or live baeteria
‘15]. In micelles indolicidin forms extended structure with
wo half turns and a hydrophobic core, consisting of
ryptophan and proline residues [51]. tnteraction with LPS is
10t stereospecific since retroindolicidin binds with comparable
iffinity to endotoxin. Binding to LPS induces a conform-
wtional adaptation of tryptophan residues [32]..

PEPTIDE FRAGMENTS OF ENDOTOXIN-BINDING
PROTEINS

Extracellular Endotoxin Receptors

fn vertebrates and other muliicellular organisms
«ecognition of endotoxin is perfornied by a cascadé. of
sxtracellular receptors leading to membrane spanning Toll~
like receptors as: the transducers of the signal across the cell
membrane [53,54]. Presence of extracellular proteins LBP,
CD14 and MD-2 is. gssential for response to low concen-
trations of endotoxin. These proteins bind LPS and some of
their peptide fragments. are also capable of binding ahd
neutralizing LPS, One or several peptide fragments that bind
L.PS have been identified in LBP [551, BPI [56,57] [58] and
MD-2 [59] but not in leucine rich repeat protein CD14.which
interacts with LPS in plasma. Direct interaction of TLR4
with LPS is still controversial {60].

o-helical
(CAPIE)

B-hairpin
(LPS hinding region of BPI}

Jeratu and Prrro

L8P and BPI

LBP and BPI are homologous proteins composed of two
domains which have similar fold as determined from ihe:
tertiary structure of BP1 [61] and molecylar maode} of LBP
[62]. The two domains form an extended, boomerang-like
structure, consisting mainly of (-strand. LBP and BPl are -
bath soluble extracellular proteins although LBP intercalates
in a defined orientation inte negatively charged cell
membrave [63]. LBP augments the activity of LPS by

dispersing the LPS apgregates and extracting the monomer

[64] which is presented to CD14 [65]. High concentration of
LBP in the serum on the other hand protects mice from
septic shock [66,67]. BPI, in contrast to LBP, binds to LPS,
increases the size of the aggregate [64] and prevents its
further interagtion with -other molecules, effectively
neutralizing it. BP is thus a true LPS-neutralizing molecule
although, at high concentrations in plasma, LBP and CDi4
also neutralize the endotoxin. Exchange of N- and C-
terminal domains of LBP and BPI have shown ‘that it is
primarily (he N-terminal domain that binds to LPS. Isolated
N-terminal domain of BPI is a potent neutralizer of
endoloxin [68] with therapeutic indication in meningococcal
sepsis [69]. Interaction of LBP and BP! with LPS at the
molecular level remains unélear despite knowledge of the
tertiary structure of BPI. Crystal structure contains a
phosphocholine molecule bound to the hydrophobic groove
in each. of the lwo domains [61]. Residues Arg94 and Lys95
in a [—hairpin with high proportion of basic residués are
essential for LPS binding and subsequent cell activation [66].
These residues, however, are separated from the bound lipid
by almost 50 A. Peptide scanning of BPI indicated the same
hairpin region as the most potent for endotoxin neutralization
[58.,57]. Peplides from the corresponding region of LBP
inhibited macrophage secretion of TNF-qafter stimulation
by LLPS, prevented binding of LPS. to LBP and also passessed
bacter tcnchl activity [70,56]. The minimal [ragment essential
for LP'S hinding was identified as. the region 86-99. with

extended
(indolicidin)

Fig. (2), Representative 3D structures of peplidey that interact wilh LPS. Residues are colered according to type (white- iwdronhobu. blue-
basic), backbone is colored in gold. Structures were renderad with program VMD | 153],
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residues Trp91 and Lys92 as essential, while mutation of
Arg94, Lys95 and Phe98 to alanine increased the inhibition
of LPS binding to LBP [55]. Enhancement of B—turn
propensity of the peptide based on BPI improved LPS
neutralization i vitro and in muriné madel of éndotoxdemia
[71]. The mast potent of synthetic peptides derived from
BPI/LBP was a cyclic hybrid peptide, composed of portions
from LALF and LBP [72] which was effective in mice when
‘administered. up fo 7 hours after LPS injection.
MD-2

MD-2 associates tightly to the extracellular domain of
TLR4 essential for cellular response to low concentrations of
LPS [73]. [t has been shown that MD-2 binds LPS with an
apparent Ky of 65 nM [74]. A peptide fragment with high
content of basic residues in additien to high hydrophobic
moment, simifar to other LPS-binding peptides, has been
identified within the MD-2 sequence. This peptide
nettralizes LPS in the LAL assay and has weak

antimicrobial actwnty {59] NMR study dlsplayed strong:

signal due to the interaction between MD-2 peptide and. LPS
as well as with LTA, but not with peptidoglycan. Homology
modeling of tertiary structure of MD-2 based on GM2

activating protéin and Derp2 indicate that the LPS binding

epitope on MD2 is discontinugus and will urilikely lead

towards effective LPS-neuitralizing peptldes (R.Jerala..

unpublished).

PEPTIDE FRAGMENTS OF PROTEINS OF THE
SAPOSIN FAMILY

Saposm domains occur in many membranolytic proteins,
such as acyloxyacyl hydrolasé whicli can detoxify LPS by
" deacylation [75], acid sphingomyelinase, granulysin, NK-
lysin and surfactant attive proteins and amoebapmes 176,77).
“Saposin fald™ consists of five o-helices and is characterized
by three disulfide bonds [78,79]. NK-lysin and granulysin
are active against a wide range of bacteria as well.as. against
tumor cells [80]. They are believed o kill bacteria by
forming pores in bacterial membrane [81,82,83.84],
proposed to be formed nol by membrane spanning helices
but rather by molecular eleciroporation {85]. Peptide from
the third a-helix of Ni{-lysin retains high antimicrobial
ﬂctivity [85]. Peptide NK-2 froin the same-region hds potent
activity against Trypanosoma cruzi [86] and. discriminates
between the phosphatldylethanolamlne and phiosphatidyl-
choline [87). Peptide.compr ising helix-loop-helix motif from
helices 2 and 3 had hetter aclivity against mycobacteria than
integral NK-lysin and is also active agains{ Pseydomonas
aeruginosa and Stapliylocdceus aureis’ [88]. NK-lysin and
its peptide fragment irteracts with endotoxin [89, 155] and
competes with polymyxin B for binding to lipid A moiety of
LPS suggesting. that it may be endomancms LPS binding
protein similar to the surfactant protein B which protects
against endotoxin-induced inflammation of lung [90].

Peptide Fragments of other Vertebrate Proteins that
Bind LPS

High-density lipoproteins (FDL), -albumin, low-density
lipoproteing (LDL), serum amyleid P component and several
other serum proteins also bind LPS [91]. High density
lipoprotein (HDL) aids in detoxification of LPS in plasma by

CHDL [92]. Transgenic mice with
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binding a portion of endotoxin [66] and is important for the

interaction of LPS with LBP. FIDL can neutralize endotoxin

in vitro and in vivo. Capacity of lipoproteins for endctoxin
far exceeds typical LPS concentrations in sepsis and 60% of
LPS in blood bound to lipopoproteins is associated with

2-fold elevated level of
HDL had improved survival rate in endotoxicosis [93].

Binding of HDL to LPS induced the change in LP§

supramolecular structure from umlamcllar/mvented cubic

into a multilamellar structure [94] Reconstituted HDL from

either HDL or synthetic 18-mer derived from apolipoprotein

A-1 with phospholipids, but not apo-HDL, was able 10 protect

mice from endotoxin, presumably through the insertion of
LPS into the reconstituted HDL |93}, ApoE can also bind

LPS and redireet it from macrophages to hepatocytes, ApoE

deéficient micé are more sensitive towards LPS than wild

type [95] and recombinant apoE may be used for

neutralization of LPS.

Buforin 2, is produced by the proteolytic degradation of
histone. It has the abilily to penetrate the bacterial membrane
and DNA has been proposed as its antimierobial target [96],
Peptide folds into an amphipathic g-helix distorted by a kink
at Prol1 residue [97]. 4 vive: buforin decreased the level of
endotoxin in seplic shock ‘animal models [H 15,98].
Peptides from the C-terminal region of histones HI, H2A,
H2B, H3, and H4 are also able to bind LPS wit affinities
higher than of polymyxin B and were able to repress the
activation of macrophages by LPS [99].

Heparin binding protein, also known as azurocidin or
cationic anlimicrobial protein of 37 kDa (CAP37) is a
miultifurictional protem present in granules of nentrophils
with important role in inflammation [100]. It Kills gram-
negative bacteria; regulates function of macrophages/
menocyles and binds endotoxin. Based on the structural fold
it belongs to the family of serine proteases but has no
enzymatic activity. Bactericidal and endotoxin-binding
domain of CAP37 hias been proposed [[01]. Most of the
peptide fragment with antimicrobial and endotoxin-
neutralizing activity is not accessible to the solvent and thus
can not represent the endotoxin=binding region of the native
protein [101]. Mutapenesis of eighl basic residues located in
discontinuous epitopes on loops 3 and 4 which were selected
based on the tertiary structure of CAP37 [102] revealed that
these residues are responsible both for heparin binding and
bactericidal activily against gram-nepative bacteria {103].

Serum amyloidal P (SAP) component was found to bind
to LPS and prevent its binding fo monocytes, however, it
was not able to prevent binding of LPS io soluble CD14.
Synthetic peptide derived from SAP (27-39) was able fo
antagonize the effects of LPS in human blood [104]. This
peptidé can, however, similarly as the previously mentioned
peptide of CAP37 not be responsible for the LPS binding of
the SAP since it is buried in the core ‘of the folded protein
and could not interact with LPS under native conditions.

PEPTIDES BASED ON MARCKS FAMILY OF
PROTEINS

MARCKS family of proteins (myristoylated alanine rich
protein kinase C substrale) consists of two representatives
found in vertebrates: MARCKS and MARCKS-related
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protein (MRP) [105]. They do not have a persistent tertiary
structure and are charaéterizéd by the unusual anjinoacid
composition, where 85% of the residues consists of only six
amindacid types. MARCKS: s present at high concentration
in brain and is. significantly upregulated by stimulation with

LPS [106]. MARCKS binds to calmodulin/Ca, PIP; and.

actin [107,108,109]. These interactions are mostly. mediated
through the effector domain, located in the middle of the
sequence. This. effector domain is extremely rich in basic
residues, while the whole protein has 4 net negative charge.
Aromatic residues are located exclusively within this effector
domain. Interaction of MARCKS with its binding partners is
regulated through phosphorylation and proteolysis [110],
MARCKS acty as a mediator between- seveéral signal
transduction pathways [111]. Recently it has been
demonstrated that MARCKS and MRP bind to LPS and tliat
the effector domain prevents secretion of TNFer in
macrophages stimulated by LPS. LPS binding site has been
localized to the heptapeptide region RKFSFKK which
overlaps with actin binding site of MARCKS. with the
consequence that MARCKS effector domain depo!yme; izgs
actin (Mangek ef af., submitted manuseript).

LACTOFERRIN

Lactoferrin is an iron binding glycoprotein present in
several mucosal secretions such as milk and saliva as well as
in granules of nevtrophils [112]. Two LPS-binding sites have
been identified on the molecule — high affinity site at the N-
terminus (Kd ~ 4 nM} and low affi inity: site (Kd ~ 400 nM)-in
the C-terminal domain [113]. Protenlytic digestion e;g. with
pepsin -in stomach releases a peptide. fragment, called
lactoferricin [114]. This peptide has even stronger
antimi¢robial and LPS-neutrdlizing activity than. mteoral
prolein. Separation of the peptide from the rest of the protein
results.in the confornyational transition fiom a-helix to -
hairpin, stabilized by a disulfide bend, although the
antimicrobial activity does not depend on the presence of a
disulfide [115]. Small hexapeptide core RRWQWR of
lactoferrin folds into a defined structure with hydrophobic
core in the presence of SDS-micelles [116]. Bovine
lactoferricin has more potént antimicrobial activity than
human homologue due to the higher propmtmn of (ryptophan
residues [117]. In addition to this region of lactoferrin-(17-
41), the N-termina| 33-vesidue fragment which coniains a
stretch of basic residues, has strong antibacterial and
endotoxin neuatralizing aciivity. Coinjection of N-teiminal
lactoferrin peptide with LPS reduced the lethality in ‘mice
although the neutralization capac:[y was diminished by
serum [118]. Recent NMR studies of linear human peptide
fragment of lactoferrin reveal that in complex with LPS the
peptide folds into a defined structure, guided by the interact-
ion between basic residues of the peptide and phosphate
groups of LPS and the segregation of hydrophobic groups in
lactoflerricin (Japelj et al., manuscript in preparation).

PEPTIDES FROM LPS-BINDING PROTEINS OF
HORSESHOE CRAR

Many multicellular organisms besides verlebrates have a
system of defense against bacterial infection. In arthropods
the presence of bacteria triggers a clotting reaction, based on
the proteolytic cascade [119). Receptors for LPS present in

Jerala tud Porro

the haemolymph of horseshoe crab form tight complex with
1:PS and are the basis for analytical LPS detection. Peptides
from séveral of the LPS binding proteins also neutralize
L.PS. The most extensively studied has been the limulus
antilipopolysaccaride factor (LALF), also called endotoxin
neutralizing protein (ENP), with known tertiary structure
{120]. The amphiphiilic B-hairpin in this structure
presumably binds LPS. Linear pepti'dcs fiom this region bind
L.PS weakly but if the peplides comprising the core residues
36-45 are cyclised by a disulfide bond their LPS neutraliz-
ation' ability become comparable to polymyxin B [121]. The
conformation of this loop in LALF superpases well with the
B+hairpin from LBP and BPI with similar pattern of basic
and hydrophobic residués. However, the overlap is the best
in the reversed orientation which explains. Why the retro
peplide of BPI has better activity than the original sequence

[122]. Interchange of BPI and LALF blndnw loop into the

LBP retained the LPS binding ability of LBP indicating the
funetional similarity of these loops [123]. While the LALF
(31-52) peptide inhibited induction of TNF-a it did ol
affect NO generation [124], indicating that peptides may
modify the -cellular response to'endc')to;{'in. Peptide from
Tachypleus antilipopolysaccharide (LPS) factor (TALF) —
TALF(29-59) decreased. induction of cytokines. from human
maonogytes, and LPS-induced lethality in sensitized mice.
The minimal LPS binding sequence consists of the peptide
41-53 [125].

Other peptides based on LPS-binding peptides of
horseshoe crab originate from sushi domaing of factor C and
have the affinity constants for LPS between (02 and 107 M,
These domains are related to the complement system. In S|

‘domain cooperativity increases affinity for three orders of

magnitude, while binding of S3 is noncooperative. Core of
the LPS recognitidn region consists of 34-residue peptide
fragments, ‘containing a djsulfide bond [126]. Upon binding

to LPS eircular dichroism spectra indicate confarmational
‘transition fram random: coil to a-helix and P-structure for 81

and §3 peptide, -respectively [126].

Taaﬁ_yplesin 1 from horseshoe crab. is a small peptide
containing 2 disulfide bonds which are essential for .its

specific LPS binding [127], In comparison Lo magainin

which doés not discriminate betweeh binding to acidic

, pllosphollplds and LPS, tachyplesin [ is highly specific with

280-fold difference in partition coefficient between LPS-and
phosphatidyl glycerol. This specificity is reduced by the
removal of disulfide bond. CD spectra of the homologous
peptide from horseshoe crab polyphemusin | indicate the
presence of the type Il B-turn-rich structure in aqueous .
solvent and conformational transition to B-sheet structure in

anionic lipid environment. Binding to LPS correlaies well

with the ability to inhibit LPS-induced production of TNF-u
and IL-6 in macrophages. Variants with modifications in
loop regions which were predicted to have increased

amphipathicity had improved antimicrobial activities in

animal madels of infection and endotoxaemia [128].

SYNTHETIC ANTI-ENDOTOXIN PEPTIDES (SAEP)

Sequential and structural pattern of LPS-binding peptides
has been identified based on the sequence comparison of
endogenous and microbial LPS-neutralizing peptides and
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based on 3D structures of peptides.and proteins. This led 1o
the design of synthetic antj-endotoxin binding peptides, with
the purpose of identifying the structural requirements lor
strong affinity and improyement .of the -pharmacological
properties such as bioavailability or toxicity towards
encaryotic cells. One of the principles for degigning new
endotoxin neutralizing peptides was based on engineered
R-sheet peptides [129]. 1t was found that the B-sheel
~conformation of pepiides correlates well with. capuacity to
neutralize LPS, bul not with bactericidal activity. The most
active SAEPs were 50-100 times weuaker than peptides basad
on the BPI, The design of B—turn peptides was also the:basis
for cyclic peptides specific for Gram-negative bacteria [130].

Synthetic Anti-Endofoxih Peptides Mimicking the
Structure of Polymyxin B

The struclural - characteristics of the peptide antibiotic
polymyxin B have led fo investigalion of the mininial and
optimal requireiments of peptide stiuctures for binding to the
Lipid A moiety of LPS. [12], Particularly, the role played in
the structure of polymyxin B by the cationic tuy-diamino
butyric acid (DAB) residues and the cyclic conformation.of
the molecule were considered. Accordingly, several
structures of synihetic peptides were designed following the
concept of amine acid replacement on the basis of molecular
mimicry. In these synthetic structures DAB was replaced by
Lysine residues, since this natural aming acid is.a homaologue
of DAB: the amino acid D-phenylalanine {toxic to
mammalian celis) was replaced by the natural iscimer L-
Phenylalaning; the cyclic rearranggiment of the peptide
structure was achieved by strategically inserting, in the
primary sequence, two cysteine residues which, Tollowing
oxidation, have resulted in the disulphide bridge compound,
similarly to the one present in the struycture of nafural
proteins. Using a library of peplide analogs, basic principles
‘could be drawn on the requiréments for binding and
detoxification of the lipid A miofety of bagterial LPS,

These principles refer to the minimal and optimal size of
an amino acid sequence and the relevance of its secondary
rearrangement; the nppropriate balarice between, cationic and
hydrophobi¢ amino acids and their position in the sequence;
the orientation of the peptide-bonds of the sequence; the size
of the disulphide-driven cycle. All these factors have been
useful in understanding and defining the minimal and
optimal features of a peptide structure able to bind and
detoxify Lipid A [12,131,132]. A suminary of these
principles ‘are consistent with optimal peptide sequences
containing between ten and twelve amino acid residues,
rearranged in cyclic conformation, having an index ratio
(cationic / hydrophobic amino acids) equal to or higher than
ane. Two main steps’ have been identified in the binding of
SAEP 1o the lipid A molety of LPS a preliminary charge-to-
charge interaction between- the cationic amino acids of the
peplide sequence with the phosphate groups of the Lipid A
moiety and a final, hydrophobically-stabilized binding,
occwrring between the hydrophebic amino acids of the
peptide sequence and the alkyl chains of the lipid A Inoiety
[12]. Once formed, the SAEP-Lipid A / LPS complex is
stable in a broad range of pH and jonic-strength.
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1 is often not safe 1o infer the in vivo aclivily based on in
vilro measurements. For instance, on the basis of an in vitre
parameter like the alTinity constant value of a peptide for
lipid A [12], no safe prediciions can be done on the
cfficiency of the resulting detoxilication activity in vivo, The
main reason for this observation relics on several additional
parameters (o be considered in vive, like Lhe stability of the
peptide structure to sérine protéases of mamimalians; {he
balance of the peplide distribution between blood and target
organs; the capability of the peptide 1o effectively compete
with the LPS- receptor(s); the clearance-period of the peptide

‘from the bloodstream. Al these Faclors, affect the final

efficienicy of given peptide structure in the detoxification of
LPS in vivo. These considerations explain why, despite a
melar stoichionietry ol binding in vitro between an optimal
peptide structure and Lipid A [12], there is the need of
providing a significant excess of the peptide i binding
experiments of LPS with cells expressing CD14 receptor as
well ag in vivo when effectively controlling the toxicity of
LPS [133].

LIPOPEPTIBES AND LIPOPOLYAMINES

Polymyxin B as the prototypé endotoxin neutralizing
peptide is a cyclic lipopeptide: The alkyl moiety is essential
for the neutralizing activity as well as for antimicrobial
activity, Nonapeptide — a polymyxin B, produced by
cleavage of a dipéptide with alky! chain, retains its binding
ability to LPS but does not block its interaction with- other
cellular receptors and does not have antibiotic activity [191.
Colistin nonapeplide also neutralized LPS released from
bacteria very liltle in comparison to its pareni lipopeptide
[134). However, these observations were nol confirmed in
the studies with SAEP which do not contain thie alkyl moiety
and have shown comparable detoxification activity -to
polymyxin' B. invitro:as well as in vive [12.132,135]. ‘

Addition ofalky! chaitts 10 other cationic peptides led to
the- significant improvement: of their LPS neutralization
capacity as well as to the augmentation of their antimicrobial
activity. Addition of alky! chains 1o other peptides resulled in
improvement of LPS-neutralizing activity, depending on the
typé of hydrophobic moiety added. Alkylaled peptide
fragments of boving lactofertin demonstrated improvement
of antimicrobial activity against Gram-negative bacteria
[136]. Human fragment of lactoferrin which has weak
antimicrobial activity, demonstrated the maximal increase in
its LPS-neulralization and antimicrobial activity by the
addition of C12 aliyl chain at its C-terminus. This has béen
demonstrated for peptide fragménts of lactoferrin, where the
addition of an alkyl chain with 12 carbon units increased the
neutralization of endotoxin in a LAL test 10 fold, with an
improvement of antimicrobial activity increased .most
significantly for Gram-positive. bacteria [137].

Importance of matching the distance between cationic
groups of a ligand and phosphate groups of the lipid A

moiely was demonstrated by binding studies of a series of

diamino compounds [138]. Strong binding of several smal)
amphiphilic organic compounds, such as pentamidine or
chlorhexidine with appropriate distance between the basic

groups to LPS has been demonstrated, however, their

efficiency of LPS neutralization was negligible in vivo
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[138,4]. It was concluded that the paucity of hydrophebic
interactions was responsiblé for this.discreparncy.

The notion that the salient features of peptide
neutralization of LPS we due to positive charge and
amphipathicity were corroborated by lipopelyamines which
represent the molecular simplificalion fo these basic
pringiples. Reduction of strugtural elements of lipopeplides
to functional groups containing both positive charge and
hydrophobic moiety results in lipopolyamines, Lipopoly-
amines DOSPER and DOSPA that are used for DNA
transfection of eucaryotic cells showed in vitro binding of
LPS and protection of mice. against {he effects of endotoxin
[139,140]. These nentoxic compoatnds neutralized LRS in
vifro with a Kd of 4.9 pM which is 1/10 of the affinity of
polymyxin B, however, (hey could stili demonstrate
protection of mice at adninistration of lethal dose of LPS
1139]. DOSPER itsélf was ineffective for treatment of
bacteremia but in combination with antibiotic provided
pratection of mice-infected with Psendomonus aeruginosd
[141].

PERSPECTIVES FOR CLINICAL STUDILS ON SAEPR

In the clinical use of & peptide structure addressed to the
prophylaxis or therapy of a pathology which involves LP3
and ifs endotoxic effects, one must take in consideration
several factors affécting:the treatmient. Among others, safety
issues. These ars related 10 the controlled biodegradability of”
the peptide structure, in order 1o avoid accumulation
phenomena in target organs, like those clinically well known
for polymiyxin B which accumylites in the kidneys [142].
There dre two reasons ledding to the toxicity of polymyxin B
in these target organs: (he lack of biodegradability of its
structure, refractory o serine proteases of mammalians and
interactions of this drug with the epithelium of the kidneys
sothat it.cannot be eliminated in the urine, SAEP have begn
purposely designed lo aveid the toXicity of polyimyxin B,
being slowly degraded by sering proteases, while retaining
the detexification activity. of the drug. Because the relatively
higlt dose of SAEP to be administered in acute and chronic
reatment, toxicology studies on SAEP in animal models
{mice, rabbits and beagle dogs) have consideréd doses of
SAEP in the ofder of a few mg / kg , wilh no significant side
effects detected systemically. as well ds in target organs (M.
Porro, personal observations):

There are at least two human pathologies reported (o be
significantly related, directly or indirectly, to the endotoxic
activity of bacterial LPS : endotoxaemia -detected in
fulminant meningitis due to acule infections: of Neisseria
meningitidis and endotoxaemia related to septic shock.
While the latter is a pathology where the role of LPS is still
under investigation, there ar¢ few doubts that the high levels
of meningococeal LPS detected in fulminant meningo-
coccemia, resulting in the massive release ol pro-
inflammatory cylakines, are responsible:for the fatal
outcome of the former pathology [143]. According to these.
observations, BiosYnth Sil is now developing a candidate
vaccine ‘which targets Neisseria meningitidis LPS, This
vaccine is prepared using ‘highly purified LPS, from
pathogénic strains of Neisseria meningitidis which is
detoxified by SAEP through the formation of a complex

Jeralu il Pores

SAEP-1.PS [144]. This complex, named Endotoxoid, has
been shown in preclinical studies to be safe, having a
reduction of toxicity equivalent to 3.0 logs with respect to
the native hamologous LPS, and immunogenic by indicing
LPS-specific 16 ‘antibodies that bind w the ‘antigen on the
surface of the bacterium, fix the complem“enl cascade, kill
the bacterium by complement-mediated activity -and also
neutralize significantly the toxicity of LRS:in the blocdstream.
This Endotoxoid-based vaccineagainst Nedsseria meningitidis
is now ready to enter Phase | and Phase I tlinical trials. If
sucéessful, the Endotoxoid concept will then ‘open the door
to the prophylaxis of infectious diseases like typhoid,
shigellosis, cholera and other significant Gram-negalive
bacteria.

There is clearly the need of a more agcurate clinical
definiiion of the pathology, specifically addressed to the
identification of the leading cause(s) fespansible for it. The
role of LPS as a factor determining the outcorne of most of
the patients affected by septic shock is not clear, even though
endotoxemic effects duc to LPS in the bloodstream af
patients’ are reparted. Also, due lo the very narrow time-

frame within which a treatment can be attempted on the

patient, there is a significant margin:of uncestainty on the.
gfficacy of a treatinent which considers only. 4 single target
factor. Accordingly, multiple and synergistic therapeutic
treatments can be envisioned, fike a combination of antibiotic
antl anti-LPS treatment paralleled by a treatment against pro-
inflammatory gytokine release {143] and eventually removal

of LPS from bloodstream using solid matrices supporting
covalently-bound LPS-binding peptides [146].

A paradox that one faces inthis pathology is due to the
observation that the ¢oncomitant administration of antibiotic
drugs may result in the increased release of LPS from the
outer membrane of the infecting bacterial strain, therelore
negatively- affecting endotoxaemia and the resulting massive
release of pro-inflammatory cytekines [ [47].

One of the inmportant approaches in neutralizing the
endoioxin in sepsis is extracorporeal removal of endotoxin
by hemoperfusion using adsorbents that bind éndotoxin
[148,149]. Probleins in the current types of sorbents is their
biocompatibility and adsorption efficiency [150]. Besides
charcoal and simple catienic.compounds such as palyethyl-
eneimine, heparin, cationicaly modified cellulose polymyxin
B has also been used for selective removal of eridofoxin
[151]. Additional potential application may be based on the
targeting of endotoxin-binding peptides to the site of
inflammation, eithier for diagnostic purposes or for the
delivery or drugs [152].
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