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Abstract Antimicrobial peptides (AMPs) are effector molecules of the innate immune

system. A variety of AMPs have been isolated from species of all kingdoms and
are classified based on their structure and amino acid motifs. AMPs have a broad
antimicrobial spectrum and lyse microbial cells by interaction with bio-
membranes. Besides their direct antimicrobial function, they have multiple roles
as mediators of inflammation with impact on epithelial and inflammatory cells
influencing diverse processes such as cell proliferation, immune induction,
wound healing, cytokine release, chemotaxis and protease-antiprotease balance.
AMPs qualify as prototypes of innovative drugs that may be used as antimicro-
bials, anti-lipopolysaccharide drugs or modifiers of inflammation. Several strat-
egies have been followed to identify lead candidates for drug development, to
modify the peptides’ structures, and to produce sufficient amounts for pre-clinical
and clinical studies. This review summarises the current knowledge about the
basic and applied biology of AMPs.




390

Koczulla & Bals

Publications on antimicrobial peptides (AMPs)
increased significantly during recent years (figure
1). More than 700 antimicrobial peptides have
been isolated and can be divided into two classes
based on the mechanism of their cellular synthesis:
non-ribosomally synthesised and ribosomally syn-
thesised peptides.[!] The former are largely pro-
duced by bacteria and are discussed briefly in this
article with emphasis on similarities with ribosom-
ally synthesised peptides. The latter are produced
by all species of life as an important component of
their host defence. AMPs are effector molecules of
innate immunity with direct antimicrobial and me-
diator function.I?* They have an important role in
scenarios of host defence early during the course
of infection. Two aspects have made AMPs a focus
of scientific and commercial interest during the last
years: (i) recent insight into the basic biology of
AMPs showed that these molecules have various
functions in host defence, inflammation and tissue
regeneration, and are likely involved in the patho-
genesis of several diseases; and (ii) AMPs are can-
didates for drug development. The evolution and
rapid spread of resistant microorganisms are sig-
nificant problems in nosocomial infections and are
of increasing importance in community acquired
diseases. It is the aim of this review article to sum-
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marise the current knowledge on the basic biology
of AMPs and to describe attempts to develop these
substances as innovative drugs.

1. Basic Biology of Antimicrobial
Peptides (AMPs)

1.1 Nomenclature and Families of AMPs

The term ‘antimicrobial peptide’ (AMP) is de-
scriptive for a peptide with antimicrobial proper-
ties. AMPs have been isolated from organisms of
all kingdoms. A web based database can be viewed
at URL: http://www.bbcm.univ.trieste.it/~tossi/
antimic.html showing more than 700 entries of
AMPs and other useful information. Most AMPs
are cationic (polar) molecules with spatially sepa-
rated hydrophobic and charged regions. These
structural hallmarks are important for the proposed
mechanisms of action of peptide antibiotics that
are described below. AMP in a broader sense refers
to all oligo- or polypeptides that kill microorga-
nisms or inhibit their growth, including peptides
that result from cleavage of larger proteins or pep-
tides that are synthesised non-ribosomally.

Non-ribosomally synthesised AMPs are pro-
duced by a multiple-carrier thiotemplate mecha-
nism by large, multifunctional peptide syn-

1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001

Fig. 1. Publications on antimicrobial peptides. Relevant publications were identified by WWW-based search in PubMed using the

search term ‘antimicrobial peptide’.
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Fig. 2. Genes of vertebrate antimicrobial peptides and processing. Structure of prototypical genes and peptides of the defensin and
cathelicidin families. Both genes have several exons the primary translational product of which is a pre-pro-peptide. The C-terminus
represents the part of the molecule with antimicrobial activity. The genes are represented schematically.

thetases.5! Produced mostly by bacteria, these sub-
stances are already used for clinical applications:
polymyxin B and colistin (polymyxin E, col-
imycin) have been developed mainly for topical
applications.[®7 Cyclosporin is widely used for
immunosuppression. The non-ribosomally synthe-
sised tripeptide ACYV is the precursor of penicillin
and cephalosporins. 8]

AMP in a more narrow sense refers to ribosom-
ally synthesised, gene-encoded peptides, meaning
that one gene codes for one peptide. AMP genes of
vertebrates have a characteristic intron-exon struc-
ture with regulatory elements in their promoter
regions (figure 2). Families of AMP genes are lo-
cated in clustered arrangements in the genome and
map to syntenic chromosomal regions in different
species, providing clues about their evolutionary
development. For eukaryotes, the primary transla-
tional product is a prepropeptide consisting of an
N-terminal signal sequence for targeting of the
endoplasmic reticulum, a pro segment, and a C-
terminal cationic peptide that has antimicrobial ac-
tivity after cleavage (figure 2). The pro segment is

© Adis Infernational Limited. All rights reserved.

often anionic in charge and may have several bio-
logical functions including the correct folding of
the C-terminus, intracellular trafficking or the in-
hibition of the activity of the mature peptide. The
propeptide is cleaved off during later stages of in-
tracellular processing or after secretion. AMPs are
stored in cells as propeptides or mature C-terminal
peptides.

1.1.1 Regulation of Expression and Secretion

The expression of AMP genes is tightly regu-
lated. AMPs are expressed in specific tissues that
are predisposed for host defence reactions, such as
epithelial tissues or inflammatory cells. Some pep-
tides are produced constitutively, such as human
B-defensin 1 (hBD-1) or mouse B-defensin 1
(mBD-1).1'% Others are upregulated by the contact
of cells with microbial products or proinflamma-
tory mediators. It has been shown that hBD-2,
hBD-3, hBD-4, LL-37 and several other AMPs are
induced in vitro by bacterial products and inflam-
matory mediators.[!1-10] Several studies on patient
material also showed increased concentrations of
B-defensins in various body fluids during inflam-

Drugs 2003; 63 (4)
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Table I. Families and nomenclature of antimicrobial peptides (AMPs). AMPs are grouped according to characteristics of their molecular

structure

Peptide Species, organ Activity
Group I: Linear, a-helical peptides without cysteines

Bombinins Frog, skin Antimicrobial
Cecropins Insects, haemocytes, sperm Antimicrobial
LL-37 Human, neutrophils, epithelial cells Antimicrobial, chemoattractant
Magainins Frog, skin Aantimicrobial
Styelins Tunicates, haemocytes Antimicrobial
Clavanins Tunicates, haemocytes Antimicrobial
Melittin Bee, venom Antimicrobial
Group lI: B-sheet structures stabilised by two or three disulphide bridges

Protegrin Pig, intestine Antimicrobial
Tachyplesins Horseshoe, haemocytes Antimicrobial

Defensins

Insect defensins Insects, haemocytes
6-Defensins Monkeys, neutrophils
Plant defensins Plants, seeds, leaves

Drosomycin Insects, haemocytes

Vertebrates, immune cells, epithelia

Antimicrobial, chemoattractant
Antimicrobial
Antimicrobial
Antimicrobial
Antimicrobial

Group llI: Peptides with a predominance of one or more amino acids

PR-39 Pig, intestine, neutrophils

Bac5, Bac7
Drosocin

Cow, neutrophils

Metchnikowin

Group IV: Peptides with loop structures
Bactenecin Cow, neutrophils

Ranalexin Frog, skin

Drosophila,® haemolymph
Drosophila,® haemolymph

PR-39, angiogenesis, wound healing
Antimicrobial
Antimicrobial
Antimicrobial

Antimicrobial

a Drosophila melanogaster, the fruit fly.

matory or infectious diseases, such as pneumo-
nial!”l or cystic fibrosis.['8) Cutaneous injury in-
duces the release of cathelicidin AMPs active
against group A streptococcus.!'”) Mechanisms in-
volved in the regulation of human B-defensins in-
volve lipopolysaccharide (LPS) detection by
CD14 and toll like receptor 2 and activation of the
nuclear factor (NF)-«B cascade.[!3201 In Drosoph-
ila melanogaster (Drosophila; the fruit fly) several
groups of AMPs have been identified.?!-23! These
peptides are regulated by several signalling path-
ways including the immuno deficiency and toll
pathways. The immune system of the fruit fly rec-
ognises different classes of microorganisms and
responds with the production of the appropriate
spectrum of peptide antibiotics.[2>24-281

© Adis Infernational Limited. All rights reserved.

1.1.2 Classification and Nomenclature
AMPs can be grouped according to their size,
conformational structure or predominant amino
acid structure (table I); however, the diversity of
these molecules is so great that it is difficult to
categorise them in a generally accepted classifica-
tion. On the basis of their gross composition and
3D structure, peptide antibiotics can be divided in
four main classes.[29-31]
e Group I: linear peptides with an o-helical struc-
ture.
e Group II: B-sheet structures stabilised by dis-
ulphide bridges.
e Group III: peptides with predominance of one
or more amino acids.
e Group IV: peptides with loop structures.

Drugs 2003; 63 (4)
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Table I lists several examples for these groups.
On the basis of structural homology motifs, a
different classification of AMP families can be
generated. For example, cathelicidins are charac-
terised by the conserved sequence of their pro-pep-
tide and include mature peptides of various struc-
tures. In addition to positively charged AMPs,
peptide antibiotics with a negative charge at neu-
tral pH have also been identified.[3233] Some of
these peptides seem to originate as cleavage prod-
ucts from larger proteins. Individual organisms
produce peptides of various families. Insects syn-
thesise AMPs with diverse structures that belong
to different families.[*212224] [n some cases these
families of insect AMPs have similar names to
families of mammalian AMPs. However, these
similar names do not necessarily reflect similarity
of the amino acid structure or evolutionary homol-
ogy.

AMPs are isolated using variations of classical
methods of protein and peptide biochemistry com-
bined with a variety of antimicrobial assays. For
this ‘bioscreening’ approach large amounts of
starting material are processed and fractionated us-
ing ion exchange or reverse phase high perfor-
mance chromatography. Fractions are collected
and assayed for the presence of antimicrobial ac-
tivity. A variety of assays have been developed
differing in sensitivity, reproducibility and scale.
It is important to measure microbicidal activity in
the correct fashion since AMPs tend to precipitate
at high concentrations or bind to surfaces. Assays
include radial diffusion assays, microbroth dilu-
tion assays, and tests based on luminescence or
release of potassium from killed bacteria.[34-37]
Polymerase chain reaction (PCR) cloning strate-
gies based on the use of degenerated primer have
been applied to identify additional members of
families characterised by conserved sequences.
Using this approach, novel defensins!?$-3 and
cathelicidins®®! have been cloned and subse-
quently characterised. Computer-based searches
of databases containing information on sequences
of genomes or expressed genes have recently been
used to identify novel AMPs. Using this approach,

© Adis Infernational Limited. All rights reserved.

candidate sequences are identified using tools of
bioinformatics. Besides molecular biological anal-
ysis of the putative new AMPs, the peptides also
have to be synthesised to assay for their biological
activity. Two new human B-defensins, and several
candidates of mouse and human peptides, have
been identified using this approach.[4!-44]

The next sections provide an overview on pep-
tides of various families that, in the author’s opin-
ion, might be most relevant to the fields of basic
biology and drug development. The selection is
therefore intentionally limited and subjective.

Defensins

Mammalian defensins are cationic, relatively
arginine-rich, nonglycosylated peptides with a
molecular weight of 3.5 - 4.5 kDa and contain six
cysteines that form three characteristic intramolec-
ular disulfide bridges.!*>) According to the spacing
of the cysteines, the alignment of the disulfide
bridges and the overall molecular structure, de-
fensins can be divided into three classes: o-
defensin, B-defensin and 6-defensins. AMPs of in-
sects or plants have also been termed defensins,
however, they have different structural features
compared with vertebrate defensins.[2!-40]

a-Defensins:o-defensins are 29-35 amino acids
in length, contain three disulfide bridges in a 1-6,
2-4, 3-5 alignment and reveal a triple stranded [3-
sheet structure with a B-hairpin which contains cat-
ionic amino acids. The first human o-defensin was
isolated from neutrophils in 1985.1471 At the pres-
ent time, six o-defensins have been identified from
humans. Human neutrophil peptides 1-4 (HNP
1-4) are localised in azurophilic granules of neu-
trophil granulocytes where they represent the
principal protein and contribute to the oxygen-
independent killing of phagocytosed micro-
organisms.[47#3] The two other o-defensins, hu-
man defensins 5 and 6 (HD 5-6), are primarily
found in Paneth’s cells of the small intestine. The
genes of o- and B-defensins are located in a cluster
on chromosome 8p23.1491 The gene for HNP-2 has
not been localised at this location indicating that
HNP-2 is a proteolytic product of HNP-1 or HNP-
3. The disruption of the gene for matrilysin

Drugs 2003; 63 (4)
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(MMP?7), a tissue metalloproteinase, in a knockout
mouse model prevented the cleavage of the pro-
peptide of cryptins (cathelicidins of the mouse) re-
sulting in increased susceptibility of the animals to
bacterial infection.’% Cleavage of the pro-peptide
takes place in the lumen of the intestinal crypts
where AMPs are present in high concentrations to-
gether with the secreted MMP7.

B-Defensins: in 1991, an AMP from cow tongue
called tracheal antimicrobial peptide (TAP)5! was
isolated. TAP contains six cysteines connected by
three disulfide bridges, however, spaced in a dif-
ferent way compared with a-defensins. Therefore,
this new family of AMPs was named B-defensins.
B-defensins are 36-42 amino acids in length, re-
veal a disulfide alignment of 1-5, 2—4, 3-6, and
have been isolated from several species. The first
human [B-defensin, called human B-defensin 1
(hBD-1), was originally isolated from large vol-
umes of haemofiltrate,l>2! and is expressed consti-
tutively in epithelial cells of the urinary and respi-
ratory tract.’3-31 Human B-defensin 2 (hBD-2)
was isolated from psoriatic skin using an affinity
chromatography procedure applying columns coated
with components of Escherichia coli.>! hBD-2
was found to be expressed in epithelia of the inner
or outer surfaces of the human body, such as skin
and the respiratory and gastrointestinal tract.[35-7]
Both peptides have been detected in airway secre-
tions and concentrations have been found in the
ug/ml range.3>371 hBD-3 was identified by a
bioscreening approach and in parallel by screening
of databases.[#1:43.381 hBD-4 was identified solely
by searches of genomic databases.[*?] Recently, 28
new human and 43 new mouse B-defensin genes in
five syntenic chromosomal regions were identified
by screening of human and murine genome data-
bases.[**] The processing of B-defensins is likely
similar to a-defensins, however, no detailed anal-
ysis has been published until now.

0-Defensins: anovel class of defensins has been
isolated from rhesus monkey neutrophils and
named 0-defensins according to their circular mo-
lecular structure.®® The peptide rhesus theta-
defensin 1 (fTD-1) is produced by the posttrans-

© Adis Infernational Limited. All rights reserved.

lational ligation of two truncated o-defensins and
demonstrated salt-independent antimicrobial ac-
tivity. rTD-2 and r'TD-3 are formed by tandem non-
apeptide repeats derived from only one of the r'TD-
1 precursors.[®l No data about the presence of
these molecules in different tissues or their regula-
tion are available at this time.

Cathelicidins

Peptide antibiotics of the cathelicidin family
contain a highly conserved signal sequence and
pro-region (‘cathelin’ = cathepsin L inhibitor) but
show substantial heterogeneity in the C-terminal
domain that encodes the mature peptide which can
range in size from 12 to 80 or more amino
acids.[°1,621 The only human cathelicidin, LL-37 or
hCAP-18, was isolated from human bone mar-
row.[03-051 [ .-37/hCAP-18 is expressed in myeloid
cells where it resides in granules but is also found
in inflamed skin. LL-37/hCAP-18 has been found
to be regulated by inflammatory stimuli.[6460] [n
the airways, the peptide is produced by the same
cell types as the B-defensins and secreted into the
airway surface fluid.[®”1 LL-37 has been detected
in tissue culture supernatants of respiratory epithe-
lial cells as well as in lung washings from pa-
tients.[67-681 At this time there are no details known
about the processing of LL-37/hCAP-18 in epithe-
lial cells. In neutrophils, where LL-37/hCAP-18 is
localised to specific granules, the peptide is stored
in its pro-peptide form and cleaved after secretion
by the activity of protease 3.1991 The LL-37/hCAP-
18 gene consists of four exons and is localised on
chromosome 3. Cathelicidins have been isolated
from mouse (CRAMP), rat ({CRAMP), pig (pro-
tegrin, PMAP-23, PR-39), monkey (rhLL-37,138
RL-371701), rabbit (CAP-18) and sheep (SMAP 29,
SMAP34). Mice deficient in CRAMP were found
to be more susceptible to bacterial infections of the
skin.7!l

Granulysin

Granulysin is an AMP produced by human cy-
tolytic T lymphocytes and natural killer (NK)
cells.[7?1 It is active against a broad range of mi-
crobes, including Gram-positive and Gram-negative
bacteria, fungi and parasites. Although function-

Drugs 2003; 63 (4)
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ally related to other AMPs, defensins and
cathelicidins, granulysin is structurally distinct.
Like porcine NK lysin and amoebapores made by
Entamoeba histolytica, granulysin is related to
saposins, small lipid-associated proteins present in
the central nervous system. The presence of this
molecule indicates a broader and perhaps more
significant role for T lymphocytes in both innate
and acquired antimicrobial defences.[’3:74]

Bacteriocins, Lantibiotics

The bacteriocins are a large group of AMPs that
are ribosomally synthesised by micro-organisms
belonging to different eubacterial taxonomic
branches.[’>] Bacterial-derived AMPs enjoy a
large degree of structural and chemical diversity.
Some of them are small cationic membrane-active
compounds that form pores in the target cells, dis-
rupting membrane potentials and causing cell
death. The lantibiotic peptides (from ‘lanthionine-
containing antibiotic’) are unique in that lactic acid
bacteria produce them. They contain unusual
amino acids, such as dehydrated and lanthionine
residues.[76771 This group of peptides has attracted
much attention in recent years as a result of the
success of the well characterised lantibiotic, nisin,
as a food preservative.l’8 Nisin combines the high
affinity for the membrane-bound peptideoglycan
precursor Lipid II with a pore-forming abil-
ity.[72801 Numerous other lantibiotics have since
been identified and can be divided into two groups
on the basis of their structures, designated type-A
and type-B based on their structural and functional
features. In general, type-A lantibiotics are elon-
gated, cationic peptides up to 34 residues in length
that show similarities in the arrangement of their
lanthionine bridges. These peptides primarily act
by disrupting the membrane integrity of target or-
ganisms, and include nisin, subtilin and epidermin.
Type-B peptides are globular, up to 19 residues in
length, and act through disruption of enzyme func-
tion, for example, inhibition of cell wall biosynthe-
sis.U771

In addition to these families of AMPs, several
novel peptides have recently been identified such
as dermcidin from human skin.B8!!

© Adis Infernational Limited. All rights reserved.

1.2 Functions of AMPs

1.2.1 AMPs as Effector Substances of the

Innate Immune System

The innate immune system involves a broad
functional spectrum of host defence measures
against pathogenic microbes including the recog-
nition of pathogen-associated molecular patterns
(PAMPs), the stimulation of adaptive immunity
and the secretion of host defence substances.
Genes of innate immunity, including those of
AMPs, are encoded in the germline and do not re-
quire the gene rearrangement essential to adaptive
immune recognition. Innate immunity is an evolu-
tionarily ancient part of the host defence system.
Drosophila have served as model organisms for
innate immune recognition and effector mecha-
nisms. Several of the innate immune mechanisms
found in the fruit fly have their homologous coun-
terparts in vertebrates. The families of toll recep-
tors (Drosophila) and toll-like receptors (TLRs,
vertebrates) serve as prominent examples.[$2]
TLRs are examples of pattern recognition recep-
tors (PRR) of vertebrates that are expressed in dif-
ferent cell types including epithelial, inflammatory
and immune cells. It has been described for Dro-
sophila that different classes of microorganisms
activate specific receptors of innate immunity fi-
nally resulting in an host defence response aimed
at the specific microorganism.[22-24:27.821 This intri-
guing hypothesis of an adaptive innate immune re-
sponse with AMPs as effector molecules has yet to
be proven for vertebrates.

1.2.2 Antimicrobial Activity of AMPs

The antimicrobial activity of peptide antibiotics
was deduced from in vitro tests assaying purified
substances against micro-organisms. AMPs have a
broad spectrum activity against Gram-positive and
Gram-negative bacteria as well as against fungi
and enveloped viruses. The minimal inhibitory
concentrations of the more effective peptides are
in the range from 0.1-10 pug/ml. AMPs show syn-
ergistic activity with other host defence molecules,
such as lysozyme and lactoferrin.

The antimicrobial activity is based on several
mechanisms (figure 3). In most cases interactions

Drugs 2003; 63 (4)
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Fig. 3. Antimicrobial activity of antimicrobial peptides (AMPs).
AMPs accumulate near microbial membranes as a result of
electrostatic interactions between negatively charged mem-
branes and positively charged peptides (a). In a next step, the
peptides associate with the membranes leading to a destabilisa-
tion of the membrane and subsequent cell death of the micro-
organism (b). Several models of action may apply. Barrel stave
model: a-helical, amphipathic peptides accumulate in the mem-
brane as a barrel-like structure with non-polar molecule parts
facing the membrane lipids and forming a hydrophilic pore span-
ning the membrane. Aggregate channel model: after binding to
the membrane the peptides aggregate in clusters in the mem-
brane with subsequent dynamic formation of pores for short
time. AMPs can also enter the intracellular space through this
mechanism. Carpet model: AMPs cover the microbial cell mem-
brane in a carpet-like formation, which causes a collapse of the
integrity of the membrane. In addition to membrane interaction,
some AMPs enter the cell of the microorganisms and inhibit
cellular processes such as RNA or protein synthesis (c).

between the peptide and surface membranes of the
target organisms are thought to be responsible for
the activity. The initial binding is thought to de-
pend on electrostatic interactions between the pos-
itively charged peptides and the negatively
charged molecules at the surface of the target cell.
A secondary step results in the modification of the
biophysical properties of the membrane caused by
direct interactions with the peptide. The mem-
brane-active properties of AMPs have been an-
alysed by model systems demonstrating induction
of leakage of artificial liposomes!®3-86] and the for-
mation of ion-permeable channels.[37-38]

© Adis Infernational Limited. All rights reserved.

Three main mechanisms have been suggested
for peptide permeation of the membrane of the tar-
get cell:[?! (i) a barrel-stave mechanism involves
the formation of transmembrane channels in a
voltage-dependent manner with non-polar mole-
cule parts facing the membrane lipids and forming
a hydrophilic pore spanning the membrane;3°]
(i1) the aggregate channel model involves aggrega-
tion of peptides in unstructured clusters in the
membrane allowing the dynamic formation of
pores for short time and the leakage of intracellular
components. AMPs can also enter the intracellular
space through this mechanism;® and (iii) a carpet-
like mechanism describes the covering of the mi-
crobial cell membrane by a carpet of AMPs. The
integrity of the membrane collapses by the forma-
tion of worm holes that form by the bending of the
lipid layer back on itself.[?1.92]

These interactions described in the three models
are proposed to lead to loss of membrane function
including breakdown of membrane potential, leak-
age of metabolites and ions and alteration of mem-
brane permeability. The partial selectivity of AMPs
for prokaryotic cells seems to depend on the differ-
ent lipid composition associated with different
amounts of negative charges of membranes of
micro-organisms compared with eukaryotic cells.
Other mechanisms of antimicrobial activity in-
clude the inhibition of protein- and RNA-synthesis
by Bac5 and Bac7%31 or the halting of protein pro-
duction by PR-39.14I The term ‘self-promoted’ up-
take describes a mechanisms by which AMPs in-
teract with LPS at the surface of Gram-negative
bacteria to accumulate at the surface and to enter
the microbial cell.[3%) The antimicrobial spectra of
individual peptides depend on their structure and
amino acid sequence.

Functional studies on antimicrobial activity
have primarily been restricted to in vitro experi-
ments using purified components. Recently, sev-
eral groups published results that provided proof
of the host defence function of AMPs in living or-
ganisms. Indirect in vivo evidence for the host de-
fence function of AMPs came from a study on mice
with a disrupted gene for matrilysin, also called
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metalloprotease 7. Mice with missing matrilysin
were more susceptible to infections with entero-
pathogens.[’% Studies in a human bronchial xeno-
graft model revealed decreased antimicrobial ac-
tivity of airway surface fluid after inhibition of
hBD-1 synthesis by antisense oligonucleotides.54]
Mice deficient in an AMP, mouse B-defensin-1
(mBD-1), revealed delayed clearance of Haemo-
philus influenzae from lung.[®>] Mice with deleted
CRAMP, the murine homologue of LL-37, showed
more prominent infection after cutaneous inocula-
tion of bacteria.[”!! Drosophila mutants for both the
immune deficiency gene (imd) and the toll (77) sig-
nalling pathways fail to express a significant ex-
tent of the antimicrobial genes, and rapidly suc-
cumb to either fungal or bacterial infections,
indicating that these pathways, and likely the in-
volved AMPs, are essential for antimicrobial resis-
tance in insects.[°® In contrast, constitutive expres-
sion of a single AMP can restore wild-type
resistance to infection in immunodeficient Dro-
sophila imd and spatzle double mutants that do not
express any known endogenous AMPs gene.[%7!
Also, the overexpression of LL-37 by viral gene
transfer resulted in augmentation of innate host de-
fence in an bronchial xenograft model of cystic
fibrosis, and in murine animal models of pneumo-
nia and septic shock.[98:9]

In addition to their antimicrobial activity,
defensins and cathelicidins can bind to LPS and
inactivate the biological functions of this endo-
toxin.l'%1 This property has been used to reduce
LPS mortality in murine models of endotoxaemia
by application of LL-37/hCAP-18 derived pep-
tides.l101]

Taken together, AMPs have host defence func-
tions by direct antimicrobial activity and represent
effector molecules of the innate immune system.

Microbial Resistance Against AMPs

The development of microorganisms that are
resistant to AMPs is a rare event.[1921 Gonococcal
susceptibility to the lethal action of protegrin 1,
LL-37 and other AMPs is modulated by an energy-
dependent efflux-system, a member of the resis-
tance/nodulation/division efflux pump family.[103]

© Adis Infernational Limited. All rights reserved.

Increase of the phosphocholine content of cell
walls of H. influenzae decreased the susceptibility
to LL-37.11%4 Tnactivation of the dit operon in
Staphylococcus aureus confers sensitivity to
defensins, protegrins and other AMPs.[!05] When
exposed to the environment of the airways of pa-
tients with cystic fibrosis, Pseudomonas aerugin-
osa is able to modify the structure of the LPS at-
tached to the outer membrane.[!%] These changes
of the endotoxin decrease the susceptibility of
these bacteria to cationic AMPs. Infection or
chronic inflammation seems also to be responsible
for the transcriptional downregulation of AMPs.
Gastrointestinal shigella infections in humans are
associated with reduced expression of LL-37 in ep-
ithelial cells.['97] In general, mutants susceptible to
AMPs are more efficiently inactivated by phago-
cytes and are virulence-attenuated, indicating that
resistance to AMP may play a key role in bacterial
infections. The reason why resistance to AMP
seems to be relatively rare remains speculative.
One reason might be that AMPs target structures
or processes which are conserved features of the
microorganisms and are important for survival and
rapid growth.

1.2.3 Role of AMPs in Inflammaition,
Angiogenesis and Cell Function

AMPs have a variety of other biological effects
besides their antimicrobial activity. On the basis of
their membrane activity, AMPs have a concentra-
tion-dependent toxicity towards eukaryotic cells.
High concentrations of o-defensins have been
described in secretions of patients with cystic fi-
brosis!1%] and chronic bronchitis,[19] where these
substances probably contribute to the overwhelm-
ing inflammation. o-Defensins induce interleukin
(IL)-8 production by lung epithelial cells.l'191 The
cellular damage by o-defensins is probably aug-
mented by defensin-induced lysis of epithelial
cells!' "1 or binding of c-defensins to protease inhib-
itors of the serpin family such as o-1-antitrypsin.[!1?]

Besides this unspecific toxicity, some AMPs
bind to cellular receptors at low concentrations,
activate intracellular signalling pathways and
stimulate various cellular functions (table II). o-
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Table Il. Non-microbicidal activities of antimicrobial peptides mediated by specific receptors

Peptide Receptor Cell type Function

hBD-1, hBD-2 CCR-6 Immature dendritic cells, memory T lymphocytes, Chemoattraction, release of cytokines
mast cells and histamine

hBD-3, hBD-4 ? Monocyte Chemoattraction

mBD-2, mBD-3 CCR-6 Immature dendritic cells, memory T lymphocytes Chemoattraction

LL-37 FPRL1 Monocyte, neutrophils, epithelial and endothelial cells Chemoattraction, cell activation

a-defensins ? Epithelial cells, T lymphocytes, immature dendritic cells, Chemoattraction, cell activation, release

monocytes

of cytokines

CCR = CC chemokine receptor; FPRL1 = formyl peptide receptor like 1.

Defensins are able to stimulate a variety of cells by
mechanisms not yet identified. They attract human
CD4*/CD45RA* or CD8* T cells,[!13-114l immature
dendritic cells!!'>1 and monocytes.[''3] They also
induce release of interferon (IFN)-y, IL-6 and IL-
10 from T cells.[''6] g-Defensins also inhibit the
adrenocorticotrophic hormone (ACTH)-stimu-
lated cortisol production./!17]

hBD-1 and hBD-2 were found to bind to a
chemokine receptor known as CCR-6.11831 This re-
ceptor is found on immature dendritic and memory
T cells (CD4*/CD45RO"), and consequently these
findings are interpreted as a link between innate
and adaptive immune mechanisms mediated by
defensins. hBD-3 and hBD-4 chemoattract mono-
cytes by mechanisms that have not yet been clari-
fied.[41:42]

In addition, LL-37 was found to bind to formyl
peptide receptor like 1 (FPRL1), a promiscuous
receptor expressed on a variety of cells including
neutrophils, monocytes and lymphocytes.[!!5] By
activation of this G-protein coupled receptor, LL-
37 attracts neutrophils, monocytes and CD4+ T
cells, and activates mast cells.[!191 LL-37 also binds
to apolipoprotein A-1.1120]

PR-39, a cathelicidin AMP from porcine neu-
trophils, reaches the intracellular space of host
cells!'2!l where its binds to SH3 domains of the
cytosolic component of the NADPH (nicotinamide
adenine dinucleotide phosphate) complex protein
p47Phox and the signalling adapter protein
p130¢°8s,[122] [n recent months, it was realised that
PR-39 stimulates angiogenesis by binding to the o7
subunit of the 26S proteasome and modulating the
ubiquitin-proteasome pathway without affecting
overall proteasome activity.['23! This selective in-

© Adis Infernational Limited. All rights reserved.

hibitory effect of the peptide in the proteasome
pathway also results in anti-inflammatory activity
by blocking the degradation of the NF-kB inhibitor
IkBa.l124] Furthermore, PR-39 is chemoattractive
for neutrophils in a calcium-dependent and pertus-
sis toxin inhibitable reaction, and contributes to
wound healing by stimulating the expression of
syndecans, cell surface heparan sulfate proteo-
glycans.l'2!1 These multiple biological activities of
PR-39 have been applied to prevent post-ischaemic
microvascular dysfunction, partly by the inhibition
of neutrophil adhesion and oxidant produc-
tion.[125.126]

Interestingly, it has been found that IFN-induc-
ible ELR-CXC chemokines display defensin like
antimicrobial activity highlighting a structure-
function relationship between defensins and chemo-
kines.[127]

Taken together, vertebrate AMPs have a variety
of additional functions besides their microbicidal
function (figure 4). The impact of these non-micro-
bicidal functions on the pathogenesis of diseases is
completely unknown. The non-microbicidal func-
tions offer interesting opportunities to investigate
the roles of AMPs in inflammatory diseases; how-
ever, they might also cause side effects when these
peptides are used as therapeutics.

2. AMPs as Drugs

The broad spectrum of activity and the low in-
cidence of bacterial resistance are attractive fea-
tures of AMPs. The specific mode of action involv-
ing pore formation in biomembranes makes AMPs
a new class of potential antibiotic drugs with a
broad field of possible applications. Various at-
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tempts have been made to develop AMPs as inno-
vative antimicrobial or anti-LPS drugs; however,
to design them rationally is difficult because of the
complex interaction of the peptides with mem-
branes and with each other. Table III summarises
potential advantages and disadvantages of AMPs
as innovative therapeutic antimicrobials.

2.1 Development of AMPs as Drugs

Identification of natural AMPs is one focus of
basic scientists and also the starting point for drug
development. Bioscreening, different cloning
strategies and computer-based database searches
have been used to identify novel AMPs as de-
scribed above. Novel peptides for drug develop-
ment are produced by modification of natural pep-
tides. Several structural features have been
identified to be relevant for the microbicidal func-
tion of AMPs: the size, the sequence, the charge,
the degree of structuring (helicity), the overall
hydrophobicity, the amphipathicity, and the angles
subtended by hydrophobic and hydrophilic sur-
faces of the helical molecule.[!28] Breaking the he-
lix by insertion of proline residues resulted in
slight decrease of antimicrobial activity associated
with decreased haemolytic activity for histatin, 12!
whereas other peptides such as magainins com-

«-- - Antimicrobial

Antimicrobial >‘Cx,"

Sources

(%% Epithelial
cells

Fig. 4. Activities of antimicrobial peptides (AMPs) as effector
molecules of the innate immune system. AMPs are produced
by a variety of cells including epithelial, inflammatory and im-
mune cells. Microorganisms or inflammatory mediators induce
the expression of AMPs by interaction with specific receptors.
AMPs have direct microbicidal activity. In addition, AMPs mod-
ulate inflammation, cell proliferation and cell activation.

© Adis Infernational Limited. All rights reserved.

pletely lost activity.l'30:1311 The concept that
amphipathicity is a key feature of AMPs has initi-
ated the de novo synthesis of simple peptides con-
sisting of alternating sequences of hydrophobic
and positively charged stretches.?”! High mean
hydrophobicity has been correlated with increased
cytotoxic activity against eukaryotic mem-
branes.[?! There is no simple correlation between
activity and charge. When the net charge becomes
more positive the binding to negatively charged
surfaces of microorganisms is increased but the
formation of trans-membrane pores is inhib-
ited.l32-134] Since all these structural features are
strongly interrelated, it is difficult to predict the
antimicrobial or cytotoxic activity from a given
amino acid sequence. In general, peptides with a
moderately high positive charge, a large hydro-
phobic moment and a small hydrophobic angle
tend to have high activity against microbial mem-
branes, low cytotoxicity and a preference for carpet-
like mechanisms of action. In contrast, peptides
with a low positive charge, a small amphipathic
moment and high intrinsic hydrophobicity reveal
high activity to microorganisms and to eukaryotic
membranes and a preference to form barrel-like
structures.[135-1371 A variety of naturally occurring
peptides has been modified to select the desired
properties.

Classical methods of combinatorial chemistry
have been used to search for amino acid substitu-
tions that result in higher antimicrobial activity
or less cytotoxicity.l'38-1401 Caused by intrinsic
methodological problems of combinatorial ap-
proaches the peptides can only reach relatively
short length. Structural motifs identified by this
approach usually share little similarity with those
of naturally occurring peptides. Despite promising
reports in the literature, no peptide identified by
combinatorial chemistry has reached clinical stud-
ies so far.

Recently helical peptides were generated based
on different strategies. Circularised a-defensins
showed a salt-insensitive antibacterial activity.[14!]
Peptide rings consisting of six or eight alternating
D- and L-amino acids were found to form tubes in
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Table lll. Theoretical advantages and disadvantages of antimicro-
bial peptides as potential innovative antimicrobials

Advantages Disadvantages

Novel mechanism of action  Sensitivity to ion strength

Sterilising Susceptibility to proteolysis
Other host defence Relatively high concentrations
functions necessary

Intrinsic side affects based on
mediator function

High production cost

Toxicity

Immunogenicity

Slow tissue penetration due to charge

Fast activity

biomembranes making them permeable to mole-
cules up to 10 kDa in size.['#?! Variations of the
amino acid composition resulted in antimicrobial
activity against different bacteria. These peptides
were found to effectively clear bacterial infections
in murine animal models without significant ad-
verse effects. A disadvantage of this approach is
the necessity for chemical synthesis which is ex-
pensive compared with expression strategies.

A specific problem is the high cost of chemical
synthesis for the production of AMPs. It is possible
to chemically synthesise most AMPs including [3-
defensins with their complex disulfide bonds;
however, the costs preclude most peptides from
clinical development. Biological expression strat-
egies have been developed to circumvent this prob-
lem. Several groups have developed recombinant
baculovirus systems for expression of B-defensins
and have obtained purified, correctly folded and
active peptides in milligram quantities.[>371 AMPs
have been produced in transgenic plants(!43-145] and
overexpressed in bacteria.l40:147] Defensins have
also been produced in the milk of transgenic ani-
mals.l'43] After biological production, a thorough
process of purification is necessary to avoid con-
tamination with proteins of the host that would re-
sult in an immune response in the patient.

The coding sequence of AMPs can also be trans-
ferred into the target cells by means of gene trans-
fer, as shown by the overexpression of LL-37 in
animal models®®%! or the transfer of histatin 3 to
salivary glands.l'4°] Another interesting approach

© Adis Infernational Limited. All rights reserved.

is to stimulate the expression of AMPs by small
chemical compounds. The application of the essen-
tial amino acid L-isoleucine to airway epithelial
cells upregulated the expression of epithelial
defensins.[150]

2.2 Pre-Clinical and Clinical Studies

AMPs and their derivatives have been used in
several approaches in animal or human studies to
evaluate their usefulness for clinical applications.
Animal studies used various disease models and
application routes. Peptides of various classes
were applied in models of pneumonia,®7! septic
shock!191) and oral mucositis.['3! It has been dem-
onstrated that the peptides MBI-27 and MBI-28
can protect against P. aeruginosa peritoneal infec-
tions and against endotoxaemia in mouse mod-
els.[1521 Liposomal indolicidin protected mice against
systemic fungal infections.[!531 In addition to direct
application of AMPs, we overexpressed LL-37 in
airway epithelium by means of adenoviral gene
transfer and found augmentation of the innate host
defence in murine models of septic shock and
pneumonia.[®®%1 Other applications in animal
models include fusion of mouse B-defensins to a
nonimmunogenic tumour antigen, lymphoma idio-
type, resulting in a protective immune response
against the tumour in an animal model.['>* In a
diagnostic approach AMPs were labelled radioac-
tively, and were able to localise inflammation and
to discriminate between bacterial infections and
sterile inflammatory processes.[!35-1571 Taken to-
gether, animal studies provided first proof that
AMPs can be used to modify the course of infec-
tious and inflammatory diseases.

Small biotech companies in association with
larger pharmaceutical companies forming strategic
alliances carried out human studies using AMPs.
Table IV gives an overview on the companies in-
volved in the development of AMPs as drugs. Re-
cently, large pharmaceutical companies have
started research programmes related to AMPs. De-
spite several preclinical studies by small biotech-
nology companies on the host defence peptides,
there are unanswered concerns about production
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costs, lability to proteases in vivo and unknown
toxicities. AMPs from the skin of frogs, called
magainins, have been one of the first substances to
go through a drug development process. The mag-
ainin derivative pexiganan (MSI-78; Magainin
Pharmaceuticals Inc., Plymouth Meeting, PA,
USA) was investigated in phase III trials of 926
patients and topical pexiganan has been found to
show equivalence to oral ofloxacin against poly-
microbic diabetic foot ulcer.['381 A previous phase
III study of pexiganan against impetigo failed be-
cause of a very large placebo effect associated with
merely washing the infected site. A US FDA panel
recently rejected this drug, and the developing
company subsequently changed its name and refo-
cused its activities.

Both ambicin (also known as nisin, a lantibiotic
cationic peptide produced by AMBI, Purchase,
New York, USA) and iseganan (also known as IB-
367, a protegrin-like cationic peptide produced by
Intrabiotics, Mountain View, California, USA)
have undergone phase I (safety) clinical trials suc-
cessfully and entered further clinical evaluation.
They have been considered for stomach ulcers
caused by Helicobacter pylori (nisin) and oral
mucositis (iseganan). A phase I safety trial of aer-

osolised iseganan has been initiated in healthy
adults with the objective of using this peptide in
cystic fibrosis patients with chronic P. aeruginosa
lung infections. Micrologix Biotech Inc., Vancou-
ver, British Columbia, Canada, recently entered
two agents (MBI-594AN and MBI-226) into phase
IT or III clinical trials for catheter-associated infec-
tions and serious acne infections.

3. Conclusion

AMPs have emerged as effector substances of
the innate immune system involving not only ac-
tivities as endogenous antibiotics but also as me-
diators of inflammation. Several important topics
will have to be addressed in the future: (i) identi-
fication of novel AMPs — it is likely that families
of AMPs consist of multiple molecules with differ-
ent functions; (ii) analysis of the biologically rele-
vant functions of AMPs involving both antimicro-
bial activity and other functions — AMPs might
contribute to the development of diseases not only
as endogenous host defence substances but also as
pro- or anti-inflammatory mediators; and (iii) de-
velopment of AMPs as drugs involves optimised
strategies for candidate identification, for modifi-
cation of phamacodynamic and pharmacokinetic

Table IV. Companies involved in the development of antimicrobial peptides as drugs (based on the literature and a search of the WWW

using common search engines)

Company name Peptide name

Target disease and status of clinical development

Magainin Pharmaceuticals Inc. (renamed
Genaera, Plymouth Meeting, PA, USA)
Micrologix Biotech Inc. (Vancouver,
Canada)

Pexiganan (MSI-78)
MBI 594AN

MBI-226
Intrabiotics (Mountain View, CA, USA)

Xoma Corp. (Berkeley, CA, USA)
Demegen (Pittsburgh, PA, USA)
(Periodontix acquired by Demengen)

D2A21
Cubist Pharmaceuticals (Lexington, MA, Daptomycin
USA)
AM (Pharma, Bilthoven, The Netherlands)
Entomed (lllkirch, France)

Trimeris (Durham, NC, USA)

Lactoferricin-B
Heliomycin
Enfuvirtide (T-20)

Iseganan (IB-367; protegrin)

Neuprex (recombinant BPI-derivative)
P-113 (histatin analogue)

Infected diabetic food ulcers (lIl, local use, no US
FDA approval)

Acne (ll, local use), finished

Catheter sepsis (lI, local use)

Mucositis (Il, oral — topical use, failed); lung
infection in cystic fibrosis (ll, inhalative — local use)
Meningitis (l1l, systemic use, no US FDA approval)

Oral candidiasis, mucositis (Il, oral use); lung
spray (Investigational New Drug Application with
FDA)

Burn wounds, infected wounds (1, local use)
Sepsis (lIl)

Antifungal (preclinical, systemic use)
Antibacterial (preclinical, systemic use)
HIV (Il completed)
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profiles, and for production. Studying the biology

of

AMPs should allow the development of novel

therapeutics for infectious or inflammatory dis-
eases.
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