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Anti-endotoxin properties of cationic host defence
peptides and proteins
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The innate immune system of mammals contains a series of peptides with overall positive charge
and an amphipathic structure which have a variety of important properties in host defences.
Although these are often termed cationic antimicrobial peptides, they have numerous rolesin innate
defencesin all complex species of life and thus we prefer to refer to them as host defence peptides.
These rolesinclude: (i) an ability to kill micro-organisms directly, ranging from bacteria to viruses,
fungi, parasites and helminths; (ii) an adjuvant activity in the adaptive response; and (iii) a
multiplicity of roles in modulating innate immunity, including an apparent ability to stimulate
protective innate immunity while suppressing harmful inflammatory/septic responses. This latter
property may be one of the more important activities of these peptides in vivo. Innate immunity is
thought to be triggered by the interaction of conserved bacterial components with particular
receptors including Toll-like receptors (TLRs) on host cells. However, the initiation of the innate
immune response through this route may trigger a pro-inflammatory cascade that is the principle
cause of harmful conditions such as sepsis. Since we are exposed to potentially dangerous
pathogens on adaily basis, the host response must contain certain checks and balances. We propose
that host defence peptides have arole in feed-back modulation of inflammation under normal (low-
pathogen exposure) conditions. This review surveys the available information regarding the anti-
endotoxic/anti-inflammatory properties of host defence peptides, and will address whether this
potential might be exploited for therapeutic benefit in sepsis.
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Sepsis and septic shock

In the industrialised world, where a high percentage of
infections can be managed with antibiotics, there has
been a strong decline in deaths due to infectious dis-
eases. Despite major advances in the treatment of infec-
tious diseases in the past century, there has been very
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little improvement in the surviva rate of patients suffer-
ing from severe sepsis and, under standard supportive
care, mortality remains unacceptably high at 28-50%.%2
An estimated 751,000 individuals in North America
annually suffer from a syndrome termed sepsis® causing
215,000 deaths. The costs of treating patients with
severe sepsisin US hospitals are about $17 billion annu-
aly, making this one of the most serious maladies in
Western society.

Sepsishasbeen defined as* asevereillness caused by over-
wheming infection of the bloodstream by toxin-producing
bacteria ; however, it has become more common to define

Abbreviations: TLR, Toll-like receptor; LPS, lipopolysaccharide; LTA,
lipoteichoic acid; BPI, bactericidal/permesbility increasing protein; rBPl,,,,
recombinant bactericidal/permeability increasing protein 21-kDa fragment;
LBR lipopolysaccharide binding protein
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sepsis based on the presence of documented or suspected
infection accompanied by symptoms such as fever, hyper-
ventilation, chills, shaking, skin rash, rapid heart begt, con-
fusion or ddirium.* Generdly, sepsis is initiated when an
infection breaches the site of initia infection, resulting in a
systemic response to pathogens, termed systemic inflam-
matory response syndrome (SIRS). SIRSinvolvesadisrup-
tion of homeodtatic controls leading to an uncontrolled
cascade of inflammation and coagulation, and impaired fib-
rinolysis. This may result in septic shock, which isacom-
plex syndrome that occurs as a result of disturbed
microcirculatory function leading to global tissue hypoxia
that isamagjor cause of tissue damage. This can ultimately
lead to multi-organ failure and a high frequency of desth.
The sequence of events leading to septic shock is not com-
pletely understood and is not expected to be completely
universal as both the underlying diseases and the root
causes can vary.’ There are many root causes of septic
shock including burns and trauma, acute pancrestitis or
infection with certain viruses, but by far the most common
cause is infection by Gram-negative and Gram-positive
bacteria Antibiotic treatment of these infectionsis not nec-
essarily sufficient and it is common for individuals who
have developed systemic infections, and then have been
treated with antibiotics, to develop profound problems asso-
ciated with sepsisand even to succumb to this syndrome.5”
There are many points in the inflammatory cascade
leading to organ dysfunction and failure that show
potential as therapeutic targets. Despite many studiesin
animalsand severa clinica trias, thereisonly one prod-
uct which has received FDA new drug approval, namely
Xigriswhich is an active recombinant form of activated
protein C that is proposed to intervene in and modulate
the sepsis cascade due to its anticoagulant functions.
However, this treatment has shown only modest success,
reducing the risk of death due to sepsis by only 6%.
Other proposed treatments including inhibitors of pro-
inflammatory cytokine production, antibodies against
endotoxins or key cytokines, inhibitors of other soluble
mediators?® cytokines such as G-CSF,° extracorporeal
endotoxin removal’® and LPS agonists™ have met with
mixed success. One of the difficulties in trandating the
results of animal modelsto clinical trialsisthat there are
a wide variety of ways to induce a septic condition in
mice, none of which accurately reflects the evolution of
disease from an initial site of infection to a full-blown
systemic response in humans and/or accounts accurately
for the immunologica (e.g. immunosuppression) or
genetic variability that predisposes the host to the devel-
opment of sepsis. Indeed, septic shock manifests so dif-
ferently between adults and paediatric patients that
different criteria must be used for paediatric patients.*
Despite difficultiesin diagnosing and characterising sep-
tic shock and the failure to produce an appropriate ani-
mal model to predict the effectiveness of treatments,

there have been a number of potential therapeutic agents
identified. One class of these agents are the cationic host
defence peptides, some of which possess both antimicro-
bia and anti-septic properties

Host defence peptides as anti-sepsis agents

Host defence peptides are small, positively charged peptides
which are an evolutionarily conserved component of the
innate immune response. Individual peptides are found in
high concentrations in the granules of neutrophils and some
can be produced by epithdia and other cdll types upon stim-
ulation with bacterid components or inflammatory media
tors. 2% Originaly, these peptides were believed to function
smply as natural antibiotic compounds in the antibacterial
defences of neutrophils, however, it has become apparent
that their antimicrobid activity extends to viruses and
eukaryotic microbes, and they appear to enhance host
defences by interacting with neutrophils® monocytes™
macrophages® dendritic cdlsY T cdls* and epithdid
cdlls®% Indeed, it has been proposed that host defence pep-
tides are evolutionarily related to chemokines as a common
feature of mammalian hogt defence peptidesistheir ability to
gimulate chemotaxis of a number of different cell typesand
conversdly many chemokines have been demonstrated to
have antimicrobia properties®2 Although the mechanisms
by which these peptides kill bacteriaare not fully eucidated,
many mammalian antimicrobia peptides kill bacteria cdls
in a non-lytic manner.2 This is an epecidly valuable asset
consdering that the use of antibiotics which lyse bacteria,
and consequently release immunogtimulatory bacteria com-
ponents has been linked to the devel opment or enhancement
of septic shock.®” Early experiments also determined that a
number of host defence peptides from various sources bound
to diverse chemotypes of LPS and reduced LPS-induced
release of pro-inflammatory cytokines (eg. TNF-a, IL-1, IL-
6) and nitric oxide from monocytes or macrophages>%
athough these two observations are not obligately linked.
Nevertheless, it has been clearly demongtrated that various
host defence peptides protected mice from LPS-induced
lethality. %2 Asthe excessive production of pro-inflamma-
tory cytokines precedes the devel opment of full-blown septic
shock, the ability of these peptides to reduce pro-inflamma-
tory cytokine production induced by a veriety of pathogen
molecules, including LTA, CpG and LPS, indicates that they
might function as broad-spectrum anti-sepsis agents. 3%

Bactericidal/permeability increasing protein (BPI)

In vitro observations

BPI was originally discovered asacationic protein, from
the granules of neutrophils, that enhanced bacteria per-
meability and was antimicrobial towards Gram-negative



232 Bowdish, Hancock

but not Gram-positive organisms.®>%* BPI from both rab-
bit and human sources kill Gram-negative bacteriain a
non-lytic manner®” and neutralised the pro-inflammatory
properties of LPS.%% Thus BPI is believed to be an
important component of innate host defences and a
major component of non-oxidative killing by neu-
trophils.

The structure of BPI has been resolved and reveals a
boomerang-shaped structure with two hydrophobic
pockets opening on its concave structure, which in the
crystal structure were filled with lipid molecules making
these the candidate LPS binding pockets.® It is a large
protein (60 kDa) and thus was not considered to be a
likely target for drug development until it was deter-
mined that a recombinant 25-kDa N-terminal fragment
of BPI had both antimicrobia and LPS neutralising
activities.* BPI has a very high affinity for binding to
LPSwith aK of 2-5 nM.*> Although BPI islarger than
most host defence peptides, it is related in that there are
a variety of synthetic peptide derivatives of BPI that
have high binding affinitiesfor both lipid A and LPSand
neutralise activity in vitro and in vivo.*®

It has been proposed that the mgjority of the observed
protective effects are due to the ability of BPI (and its
derivatives) to bind and neutralise LPS. Thus, BPI has
been shown to reduce LPS-induced, but not IL-13-
induced, NO synthesis.** The ability of BPI to sequester
LPS is predicted to prevent a wide range of the physio-
logical effects of Gram-negative septic shock. For exam-
ple, it is believed that preventing LPS-induced changes
in endothelial function are key to the prevention of many
of the harmful consegquences of loss of vascular tone.
The endothelia cells which line the blood vessels dis-
play a variety of adhesion molecules for circulating
white blood cells. They are extremely responsive to sol-
uble mediators such as cytokines, leukotrienes and nitric
oxide. In sepsis, these endothelial cells lose their antico-
agulant function and display an increased number of
adhesion molecules, which affects diapedesis and thus
the recruitment of blood cells to the site of infection.
Endothelial cells stimulated by LPS express E-selectin,
which is aligand for leukocytes. Increased levels of E-
selectin are believed to contribute to the arrest and dia-
pedesis of leukocytes as reviewed previously.®>* rBPI,,
(arecombinant 21-kDa N-termina LPS-binding portion
of BPI) reduces LPS-induced E-selectin when added
concurrently with LPS or as much as 6 h afterwards.*
Since the delayed addition of rBPI,, also reduced LPS-
mediated activation of the key pro-inflammatory tran-
scription factor NF-kB, this implies that LPS must be
continually present to induce pro-inflammatory sig-
nalling maximally and stimulate endothelia changes.#’ It
has been demonstrated that BPI and its derivatives reduce
LPS-induced TNF-a production in vivo from primary
mononuclear cells, reduce NO and pro-inflammatory

cytokine production from monocytes/macrophages, as
well as kill bacteria and reduce TNF-a in whole human
blood. -5t

In vivo applications —animal studies

rBPI,, has shown tremendous potential in animal trials,
increasing survival in various mouse and rat models of
sepsis as well as decreasing serum endotoxin and pro-
inflammatory cytokine levels.52%* Other animal models
have demonstrated the protective effects of BPI against
acute endotoxin-induced lung injury,* and cerebrospinal
fluid inflammation.® However, trials in primates have
been more equivocal and although an initial trial in pri-
mates suggested that the full-length rBPI and a deriva
tive could reduce circulating L PS and pro-inflammatory
cytokine levels,® a subsequent trial did not demonstrate
any increasein survival.%’

Clinical trials

An initial phase I/Il trial of rBPI,, performed on paedi-
atric patients suffering from meningococcal sepsis indi-
cated that rBPI,, could be given to paediatric patients,
and the clinical outcome for these patients was better
than expected when compared to historical controls.>®
However, in phase 11 clinical trials using rBPI,,; against
paediatric meningococcal sepsis, no reduction in mortal -
ity was observed and was ascribed to the mgjority of
deaths occurring in the interval between identification of
patients and administration of rBPI,,. Consequently,
there is no evidence that treatment with rBPI,, can
reduce mortality. However, patients receiving rBPI,,
demonstrated a moderate trend towards improved out-
come and required fewer amputations.®

Cathelicidins

In vitro observations

The cathelicidins are host defence peptides found at high
concentrations in the granules of neutrophils.
Homologues in mice, cows, sheep, pigs, humans, and
rabbits have been discovered.? These peptides are char-
acterised by their evolutionarily-conserved N-terminal
cathelin domain/pro-piece which is cleaved from the
antimicrobial/immunomodulatory C-terminus, appar-
ently upon degranulation from neutrophils. Cathelicidins
from a number of species have been found to have LPS-
binding and neutralising properties. Humans have one
cathelicidin, named hCAP-18 in its unprocessed form,
that can be processed to several peptides including the
37-amino acid peptide called LL-37.%° Initial studies
focused on the unprocessed form of LL-37, hCAP-18;%
however, it was later found that the L PS binding properties
of the peptide were contained within the processed peptide
LL-37.%% It has been proposed that the anti-endotoxic
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properties of this peptides are due, in part, to an inhibi-
tion of the binding of LPS to CD14% and LBR%
although it is worth mentioning that the binding affinity
of LL-37 to LPS is at least 100-fold less than BPI, and
less than both lipopolysaccharide binding protein (LBP)
and the cell surface molecule/receptor component
CD14. Unlike BPI, which demonstrates antimicrobial
activity under conditions mimicking those found in vivo,
we have proposed that it is unlikely that the antimicro-
bial properties of LL-37 occur under physiological con-
centrations, as no antibiotic activity could be
demonstrated in tissue culture medium.®® The ability of
cathelicidins to bind to LPS and block L PS-induced pro-
inflammatory cytokine production seems to be con-
served in al identified homologues to date, including
those found in sheep,* multiple cathelicidins from
cows, %% and humans.?* LL-37 has been shown to block
a number of LPS-induced inflammatory responses
including contractility and NO release in aortic rings,®”
infiltration of leukocytes and chemokine production,®
and pro-inflammatory cytokine production in a
macrophage cell line or in whole human blood.?® It is
possible that peptides like LL-37 at physiological con-
centrations may provide homeostatic buffering of the
effects of low concentrations of LPS or other pathogen
components.

In vivo applications —animal studies

In animal models, cathelicidins have been demonstrated
to reduce LPS-induced TNF-a production,?®** suppress
leukocyte infiltration in a model of endotoxin-induced
uveitis,® and prevent lethality in animal models of sepsis
in which the animals are injected with high concentra-
tions of bacteriaor LPS.2%68 SMAP-29, an ovine peptide,
has been shown to be protective in cecal ligation and
puncture models of polymicrobial sepsis and to reduce
pro-inflammatory cytokine production, and circulating
levels of endotoxin.®

The majority of studies on the ability of host defence
peptides to block experimental septic shock focus on
Gram-negative aetiology. There is substantial in vitro
evidence suggesting that these peptides can aso block
responses to Gram-positive organisms or Gram-positive
cell wall components.® It is unfortunate that Gram-posi-
tive models of septic shock are understudied as the inci-
dence of Gram positive induced shock has been sharply
increasing.? As it is often difficult to assess accurately
the causative agent of septic shock, the ideal therapeutic
agent would demonstrate efficacy towards both Gram-
positive and Gram-negative organisms. The bovine
cathelicidin, BMAP-28 has been demonstrated to reduce
LTA-induced TNF-a and NO production in a mouse
macrophage cell line and to reduce lethality and blood
counts in Saphylococcus aureus induced sepsis®
Although it isnot as efficient at reducing blood counts of

bacteria as conventional antibiotics, it demonstrated
similar efficacy in preventing death when added simulta-
neously or 360 min after administration of the bacteria.®

Insect-derived peptides (CEMA, mdllitin)

A prominent class of insect peptidesisa-helical in struc-
ture and can be isolated from broad classes of insects.
Two peptides that showed early therapeutic promise
were cecropins (from silk moths) and mélittin (from
honey bees). Hybrids of the two that retained excellent
broad-spectrum antimicrobial activity but were less
toxic were produced, including the molecule CEME and
its derivative CEMA (also called MBI-27 and MBI-28,
respectively). These derivatives reduced TNF-a produc-
tion from a mouse macrophage cell line stimulated with
LPS and were protective in neutropenic mice challenged
with Pseudomonas aeruginosa or in galactosamine-sen-
sitive mice challenged with Escherichia coli LPS.% In
addition, CEMA reduced the amount of circulating
TNF-a in the blood of mice challenged with E. coli
LPS.%° However, to date, these have not been considered
for clinical trials.

M echanism of action

Thereissomein vitro evidence that the inhibition of pro-
inflammatory cytokine production induced by bacterial
components correlates with binding and neutralisation of
these components by host defence peptides.? Host
defence peptides and synthetic derivatives have been
demonstrated to bind to the anionic sugars, phosphate
groups and lipid A core of LPS, and this LPS binding is
an important requirement for bacteria killing.”0™
Indeed, it has been proposed that a conserved L PS bind-
ing motif exists which consists of both basic and
hydrophobic amino acids and accounts for the ability of
natural and synthetic peptides to bind and neutralise
LPS.”2 LPS binding of antimicrobial peptideswasindeed
proposed to mask its biological effects,®737 in that
high-affinity binding induces changes in the endotoxic
L PS aggregate structure and a neutralisation of the nega-
tive charges of LPS. Nevertheless, some doubt exists as
to whether LPS binding is the only mechanism involved
in endotoxin neutralisation, as most peptides have LPS
binding affinities that are orders of magnitude lower than
that of BPI and yet are as effective, or in some cases
more effective, at preventing mortality in animal models
of septic shock. It has not been conclusively demon-
strated that the concentrations of peptides used in these
studies are sufficient to sequester all of the LPS at partic-
ular body sites in animal model protection studies.
Similarly, athough LPS binding affinity correlates with
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Table 1. Anima models for testing the anti-endotoxic effects of host defence peptides

Corollary in Demonstrated protective effect
Animal model human disease by host defence peptide References
Cecal ligation and puncture Polymicrobial bacteremia SMAP-27, indolicidin, protegrin derivative 64,75,76
Injection with bacterialbacterial  Rapid response to initial BPI and derivatives, LL-37, BMAP-28, 29-32,75,76
components and simultaneous stages of infection? indolicidin, protegrin derivative
treatment with peptides
Injection with bacterialbacterial  Bacteremia SMAP-27 64
components and delayed
treatment with peptides
Burn Burn triggered rBPI 7
contractile dysfunction
Neonatal animalsinjected with  Paediatric bacteremia LL-37 68

bacteria/bacterial components

an ability to block TNF-a production from a macrophage
cdl line there are certain peptides, such as a derivative of
bovine bactenecin, that has ardaively high binding affinity
for LPS but is virtudly unable to block LPS-induced
cytokine production.?% Thereis emerging evidence suggest-
ing that these peptides might have other, subtler mechanisms
of dtering the pro-inflammatory response which may be
gpplicable to in vivo experiments or human clinica trias,
The peptide CEMA, for example, blocks some, but not dl, of
the transcriptional responses induced by LPS in a
mecrophage-like cdl line and induces expression of genes
believed to be involved in host responses to infection.™
Smilarly, LL-37 has been demongtrated to incresse the
expression of anti-inflammatory genes such as IL-10 in a
macrophage cdll line® BPI may aso have multiple mecha-
nisms of action as it has been shown that low levels of BPI
reduce pro-inflammatory cytokine production induced by
LPS, but much higher concentrations of BPI are required to
neutrdise the anti-inflammatory cytokine IL-1RA.* Also,
LL-37, the insect-derived peptide CEME, and the bovine
cathdlicidin indolicidin, can be added to amonocyte cell line
up to an hour after LPS and till reduce pro-inflammatory
cytokine production.®® |n anima models, peptides can often
be added up to 6 h after LPS and till reduce pro-inflamma:
tory cytokine production and mortdity. There is increasing
interest in the properties of these peptides independent of
their LPS/LTA neutrdising properties.

PERSPECTIVES

Despite the fact that there are many anima modelsfor sepss
and septic shock-like conditions, it is questionable if they are
truly representative of how shock manifestsin humans. It has
been proposed that one of the difficulties in interpolating
resultsfrom animal mode sto human gpplication isthat these
models do not reflect accurately the course of disease in

humans. Table 1 summarises the animal models used in
sepsis studies.

In many animal mode studies, host defence peptides are
not more effective in preventing mortality than conventional
antibiotics and at first blush it might appear that they are no
more effectivethan currently established therapies. However,
inall casesinwhich they were measured, the serum levels of
cytokinesand LPSwerereduced. In human disease, itisclear
that treatment with antibiotics is not sufficient to prevent
mortality, as decreasesin viable bacteriado not correlate with
survival. It is thus believed that the fatal aspect of septic
shock is mediated by overwheming production of pro-
inflammatory cytokines. In studieswhere the efficacy of host
defence peptides is compared with that of conventiond
antibictics, it is clear that only the peptides have an ability to
reduce pro-inflammatory cytokine production.

Although cogt, the efficiency of production methodologies
and in vivo stability of these peptides have been proposed to
be barriers for clinica use, the largest barrier in the develop-
ment of these peptides might be the dearth of animad models
which accurately reflect the devel opment of sepsisin humans,
and thus are useful for predicting the true potentid efficacy of
these peptides in the dlinic. As virtudly every antimicrobid
therapy in the physician's repertoire is modified or adapted
from nature sdesign, itislikely that further studies of the anti-
sepsis effects of host defence peptides mat result in the devel-
opment of novel and effective thergpies.
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