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The production of peptides and small proteins with
microbicidal activity collectively called antimicrobial peptides
(AMPs) is commonly considered to be a primitive mechanism
of immunity and has been extensively studied in insects and
other non-vertebrate organisms. In addition, a variety of AMPs
present in amphibian skin secretion has been well characterized.
There is now increasing evidence that AMPs play a crucial role
in human immunity as well. Virtually all human tissues and
cells typically exposed to microbes are able to produce AMPs.
Important AMPs belonging to two structurally distinct classes,
known as the defensins and the cathelicidins, are mainly
produced by epithelial cells and neutrophils. AMPs significantly
contributing to the chemical skin barrier are represented by
dermcidin, psoriasin and RNase 7. The antimicrobial activity
of saliva largely depends on histidine-rich AMPs known as
histatins. Many more, in part less well-known AMPs and AMPlike proteins exist that exhibit various additional functions,
apart from their antimicrobial properties. Among them, the
neutrophil granule proteins azurocidin and cathepsin G are
members of a family of serine-protease homologues called
serprocidins and play a role in the regulation of the immune
response and degradation of extracellular matrix proteins
respectively. As another AMP-like protein of the neutrophil
granule content, bactericidal/permeability increasing protein
(BPI) is both able to permeabilize bacterial membranes and to
function as an opsonin. The whey acidic protein (WAP) domain
containing class of AMPs, including secretory leukocyte
protease inhibitor (SLPI), elafin and trappin-2, is equally
important in inhibition of neutrophil serine proteases and
killing of microbes. Certain CC or CXC chemokines are known
to possess antimicrobial properties and therefore are called
kinocidins. Several kinocidins, including thrombocidin-1 and
-2, are contained in the α-granules of platelets. A cytoplasmic
AMP described as ubiquicidin turned out to be identical with
the strongly basic ribosomal protein S30. Proteolytic cleavage
of the histone protein H2A in the stomach gives rise to an AMP
initially described as buforin I. Adrenomedullin is a hormonelike AMP exhibiting vasodilatory and hypotensive effects.
Lysozyme is mainly known for its cell wall degrading activity,
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but is also capable of non-enzymatic killing of bacteria.
An iron-binding protein present in milk and other secretions
named lactoferrin was shown to possess antimicrobial and
antiviral activity and has been implicated in protection against
cancer. Clinical studies on the treatment of infectious diseases
have been performed with artificial peptides derived from
human lactoferrin, histatins and BPI in addition to porcine
protegrins, frog magainins and bovine indolicidin. Omiganan,
representing an indolicidin derivative, has been demonstrated
to be effective in the treatment of acne and catheter-related
local infections and is currently considered to be the most
promising AMP-based drug candidate.

Introduction
Classification of AMPs. Besides the removal of pathogens and
cell debris by phagocytes, the production of peptidic or proteinaceous molecules, exerting direct microbicidal activity, is considered to be the most ancient mechanism of immunity. Basically,
two very different classes of these molecules exist. The first class
is represented by gene-encoded, ribosomally synthesized oligopeptides or proteins present in all groups of organisms. The
second class are non-ribosomally synthesized peptide antibiotics
typically produced by bacteria and fungi. These peptide antibiotics are assembled by multi-enzyme complexes and contain
d-amino acids and other non-proteinogenic amino acids, often
have a cyclic or branched structure and may carry various modifications. Some peptide antibiotics are well established in the clinic
such as bacitracin, gramicidin S, polymyxin B, the streptogramins
as well as the two glycopeptide antibiotics vancomycin and teicoplanin. The ribosomally synthesized molecules are subdivided
in two further major classes depending on being produced by
bacteria or eukaryotes respectively. Despite their similar function
the bacterial defence peptides and proteins are commonly called
bacteriocins, while the term “antimicrobial peptides (AMPs)” is
usually reserved only for the peptides of eukaryotes. Bacteriocins
represent a heterogeneous group of molecules including both
very small, in part highly modified peptides and large proteins.
Typically, bacteriocins are highly active at extremely low concentrations but target only a very restricted spectrum of susceptible bacteria closely related to the producer strains. In contrast,
eukaryotic AMPs characteristically consist of 12 to 50 amino
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from the barrel-stave model in that the peptides associate over their full-length transmembrane stretch with
the lipid headgroups even when they are perpendicularly inserted in the membrane. As a consequence, the
lipid monolayer bends continuously through the pore
in the fashion of a toroidal hole. Thus, the pore is lined
by both the peptides and the lipid headgroups.7 The
mechanism of a number of AMPs may be described by
a third model, known as the carpet model, which is
Figure 1. Examples of the three basic types of AMPs. Left: The α-helical human
characterized by the peptides remaining in a parallel
cathelicidin LL-37 (PDB ID: 2K6O). Middle: The human β-defensin hBD-2 stabilised
orientation to the membrane surface covering it in a
by three intramolecular disulfide bonds indicated in yellow (PDB ID: 1E4Q). Right:
carpet-like manner. At a critical threshold concentraThe tryptophan-rich bovine indolicidin (PDB ID: 1G89).
tion, the peptides disrupt the membrane finally leading to the formation of micelles or small peptide-lipid
acid residues and (with exception of some frog bombinins H aggregates.8 How AMPs traverse polysaccharide capsules, the
containing either a d-alloisoleucine or d-leucine residue1,2) carry outer membrane of Gram-negative bacteria and the peptidoglyno unusual post-translational modifications. Furthermore, most can cell wall of both Gram-negative and Gram-positive bacteeukaryotic AMPs display broad-spectrum activity, however at ria before inserting into the cell membrane is largely unknown.
comparably high inhibitory concentrations.
Nevertheless, binding of AMPs to anionic lipopolysaccharides
Mode of action. AMPs with very similar structural patterns, and teichoic acids, respectively, is crucial for their activity, since
though not necessarily very similar on the amino acid sequence modification of the bacterial envelope leading to charge reduclevel, are found in widely different organisms. Most of them can tion is a common mechanism of bacterial resistance against catbe categorized to one of the three structural classes: (1) linear ionic AMPs.9 Recognition of tumor cells by some AMPs with
a-helical peptides free of cysteine residues, (2) peptides adopting demonstrable anticancer activity is mediated by negatively
a b-sheet globular structure stabilized by intramolecular disul- charged gangliosides that are present in unusually high amounts
fide bridges and (3) peptides with unusual bias in certain amino on those cells.10 Charge-independent binding to target cells has
acids such as histidine, glycine, proline or tryptophan (Fig. 1).3 been shown for antifungal AMPs with neutral glucosylceramiAs common characteristics, the first two types of AMPs carry des playing a key-role as receptor structures.11 After exposure to
a positive net charge and adopt an amphipathic structure. The pore-forming and membrane-disrupting AMPs, cell death may
first interaction of these AMPs with target cells is typically medi- be caused by the dissipation of transmembrane electrochemiated by charge. In eukaryotic cell membranes, negatively charged cal ion gradients, loss of metabolites and eventually lysis of the
phospholipids are predominantly sequestered in the inner leaflet cells. However, several AMPs with less pronounced cationic or
of the lipid bilayer, while the outer leaflet is mainly composed amphipathic character are able to translocate into the cytoplasm
of zwitterionic and uncharged lipids, thus carrying no or little without permeabilising the cytoplasmatic membrane, apparnet charge. In contrast, both leaflets of bacterial cell membranes ently addressing intracellular targets. Examples for AMPs being
contain a huge proportion of acidic phospholipids, such as phos- internalized in a non-lytic manner include buforin that, after
phatidylglycerol and cardiolipin, conferring a negative charge to uptake, binds to nucleic acids,10 the pea defensin Psd1 interferthe surface.4 Adsorption of AMPs onto the bacterial cell mem- ing with proteins involved in cell cycle control12 and a class of
brane by electrostatic attraction and their subsequent aggregation short-chain proline-rich insect AMPs known to inactivate bacteand integration into the lipid bilayer results in expansion of the rial DnaK, which is a member of the of the heat shock protein
outer leaflet, which in turn leads to local membrane thinning. family Hsp70.13
AMPs in human immunity. AMPs exist in virtually all mulSeveral models have been proposed how AMPs finally insert into
the membrane leading to the formation of ion channels, trans- ticellular organisms and have been thoroughly studied in insects
membrane pores or extensive membrane rupture (Fig. 2).5 The and other invertebrate organisms that lack an adaptive immune
barrel-stave model is based on the assumption that hydrophobic system.14 In addition, a large part of the current knowledge on
peptide regions align with the acyl chains of the membrane lipids, AMPs was obtained with peptides isolated from amphibian skin
while the hydrophilic peptide regions form the inner surface of secretions known to be a rich source of various bioactive pepthe pore channel. Although widely viewed as prototypic for pep- tides and other molecules.15 It is now increasingly recognized
tide-induced transmembrane pores, the barrel-stave model only that AMPs also play an important role in the immune system
applies to a very restricted number of examples. These include of mammals, including humans. AMPs are present at all human
the non-ribosomally synthesized peptide antibiotic alamethicin body sites normally exposed to microbes such as the skin and
of the fungus Trichoderma viride. In addition, perforin produced mucosae. Furthermore, some blood cell types including neutroby killer lymphocytes and the homologous terminal complement phils, eosinophils and platelets contain large amounts of AMPs.
component C9 are capable of pore-formation in a barrel-stave Production of AMPs may be constitutive, or, very frequently,
manner.6 The toroidal (or worm-hole) model, which appears to induced by inflammation or injury. AMPs are always produced
be more consistent with the mechanism of most AMPs, differs as cocktails, and each tissue has its own profile of different AMPs
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Figure 2. Schematic presentation of the three major models explaining how cationic amphipathic AMPs insert into lipid bilayers or lead to membrane
disruption. Hydrophilic and lipophilic parts of the AMPs are indicated in light grey and black respectively.

that may vary significantly depending on the actual physiological
conditions. Although certain AMPs predominate at specific body
sites, only a few of them are exclusively produced by a certain tissue or cell type. Virtually all AMPs are multifunctional. While
some prototypic human AMPs such as the defensins and the
cathelicidin LL-37 were first isolated due to their antimicrobial
properties, others were initially recognized for various unrelated
functions before they were found to also possess antimicrobial
activity. Generally, AMPs act in concert with other mechanisms
of the innate and adaptive immune system. For example, the
defensins and LL-37 play a role in chemoattraction of lymphocytes and participate in cell growth regulation and wound healing. Vice versa, macrophage inflammatory protein-3α (MIP-3α/
CCL20), representing a well-known chemokine, was shown to
also be a potent AMP. In many cases, the different functions
of individual AMPs are related to their general role in immunity as in the above examples, or in case of lysozyme, which is
widely known for its ability to enzymatically degrade the bacterial cell wall, but also acts as a cationic AMP. In other cases,
the link between the different functions of a single AMP is less
intuitive. In case of the histone protein H2A, which is part of
the nucleosome core particle, but which is also a precursor of
an AMP known as buforin I, cationicity may be the only relevant property in both DNA packaging and microbicidal activity. Similarly, the strongly basic ribosomal protein S30 was found
to be identical with a cytoplasmic AMP called ubiquicidin. Most
AMPs are produced by proteolytic processing of larger propeptides. The respective prodomains may give rise to peptides with
distinct, in part still unknown functions as for example in the

case of dermcidin or ubiquicidin/S30. In addition, various closely
related AMPs of different length may be produced from a single
propeptide. Whether or not a defence molecule should be called
an AMP is somewhat arbitrary in some instances. The already
mentioned pore-formers perforin and the complement component C9 are comparably large proteins of ca. 60 kDa and under
physiological condition only insert into membranes as result of
highly regulated immune processes, thus not being classified as
AMPs. In contrast, lactoferrin, despite its molecular mass of ca.
80 kDa, displays some characteristics of classical AMPs such as
its ubiquitous occurrence in various body fluids and its rather
nonspecific mode of action. Furthermore, lactoferrin can be processed to smaller peptides with microbicidal activity very similar
to many α-helical cationic AMPs. As exemplified by the newly
discovered PLUNC proteins that appear to mainly play a role
in neutralising endotoxins and function as opsonins, AMP-like
molecules may not even be necessarily capable of direct killing.
Aim and scope of the review. A considerable number of excellent reviews covers several aspects of AMPs in human immunity
such as the role of AMPs in the skin,16-20 the AMPs present in
blood cells and plasma,21,22 platelet-derived AMPs,23 their mode
of action,3,5,11,24 potential therapeutic applications,25-28 integration
of AMPs in the immune response29,30 and microbial resistance
against AMPs.9,31 Here we wish to give a comprehensive overview of the currently best characterized human AMPs, putting
the emphasis on their direct role in the elimination of pathogens.
We also wish to point to open questions and related emerging
research fields. Given that AMPs belonging to different structural groups often have very similar functions, their classification
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Figure 3. Primary structures of the human α- and β-defensins. The disulfide bond connectivity is indicated with lines.

based on structural patterns has to remain very formal. As a classification of AMPs with respect to the cells and tissues producing
them is equally unsatisfying due to the pronounced promiscuity
of many of those molecules, we have chosen for this review a loose
structuring taking into account both structural and functional
aspects. The final part of the review will consist of a summary of
the previous and ongoing efforts to develop AMP-derived compounds as treatments for infectious diseases.
The Prototypic Mammalian AMPs
The defensins. The most prominent mammalian AMPs are the
defensins, characterized by a triple-stranded β-hairpin structure,
six conserved disulfide-linked cyteine residues and a positive net
charge (Fig. 3). Based on the pattern of cysteine pairing two
main subfamilies are distinguished, the α- and the β-defensins.18
Six α-defensins encoded by five genes have been identified in
humans, HNP (human neutrophil peptide)-1 to -4, HD-5 and
HD-6. HNP-2 is a truncated form of HNP-1 or HNP-3 peptides and derived from HNP-1 or HNP-3 genes. HNP-1 to -3
and, in smaller amounts, HNP-4 mainly occur in the azurophilic
granules of neutrophils.32 HD-5 and HD-6 are mainly secreted
from Paneth cells in the small intestine. Four human β-defensins
(hBD-1 to -4) have been characterized, that are produced by
mucosa and epithelial cells. α- and β-defensins show broad antibacterial activity and have antifungal and antiviral properties.18
However, with exception of hBD-3, their antimicrobial activity
is antagonized by increasing salt concentrations, e.g., 100 mM
monovalent or 2 mM divalent cations found at many body sites.27
Nevertheless, the high concentrations of α-defensins in the granules of neutrophils and in the intestinal crypts are thought to
be sufficient for direct killing of pathogens. Defensins exhibit
various immunomodulatory activities.18 For example, α- and
β-defensins modify cell migration and maturation, induce cytokines and trigger histamin and prostaglandin D2 release from

mast cells. β-defensins are chemoattractive for immature dedritic
cells and memory T cells.
A third class of defensins, the θ-defensins, only exists in several species of Old World monkeys and in orangutans but not
in New World monkeys or humans. θ-defensins are the only
known cyclic peptides in mammals (Fig. 4). They possess an 18
residue cyclic backbone assembled by the head-to-tail ligation of
two nonapeptides, each derived from a 12-residue precursor.33
The mechanism of the ligation reaction is unknown. θ-defensins
are active at physiological salt concentrations and, in addition to
anti-bacterial and antifungal activity, inhibit the fusion of HIV-1
to host cells by selectively binding to the C-terminal heptard
repeat region on gp41 blocking 6-helix bundle formation.34 In
humans, six expressed θ-defensin pseudogenes exist. Translation
is prevented by a premature stop codon in the signal peptide portion of the mRNA.35 Very recently, it was shown in a human
cervicovaginal tissue model that suppression of the stop codon
by treatment with aminoglycoside antibiotics results in the production of fully processed, biologically active θ-defensin.36 Thus,
reawakening human θ-defensin was suggested as a potential new
treatment for HIV-1 infections.
The cathelicidin LL-37. Cathelicidins are characterized by
a conserved N-terminal domain that is proteolytically cleaved
to generate the mature, active peptide contained within the
C-terminus. The prosequence is highly homologous to cathelin,
an inhibitor of the cysteine protease cathepsin L. The C-terminal
domain is diverse with α-helical or β-hairpin peptides as well as
peptides with unusual amino acid bias all represented.27 In some
mammals, multiple cathelicidins are found. For example, BMAP28, one of the best characterized bovine AMPs, has an α-helical
structure and is active against a broad spectrum of bacteria and
fungi, whereas the proline-rich bovine peptide Bac 5 shows selectivity for Gram-negative bacteria. A further bovine cathelicidin
with broad-spectrum activity, termed indolicidin, consists of only
13 residues, five of them being tryptophan.37 In humans, only
one cathelicidin is present, representing an α-helix-type AMP
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Figure 4. Structures of the rhesus θ-defensins. The cyclic heterodimeric (RTD-1) and homodimeric (RTD-2 and RTD-3) peptides are derived from headto-tail ligation of nonapeptides (highlighted in gray and black) contained within the RTD1a and RTD1b prepropeptides. The signal peptides of the
prepropeptides are indicated in italic type.

Figure 5. Primary structure of the hCAP-18 prepropeptide and the derived cathelicidin mature peptides. The signal peptide of the prepropeptide is
indicated in italic type. Four cysteine residues conserved in the cathelin domain are highlighted in gray. The sequence of LL-37 representing the most
prominent mature peptide is underlined. Processing of hCAP-18 to LL-37 is mediated by neutrophil protease 3. LL-37 if further processed to RK-31 and
KS-30 by kallikrein isoenzymes in the skin. In the seminal plasma, hCAP-18 is processed to ALL-38 by semen-derived gastricsin upon drop of pH in the
vagina.

(Fig. 5). The corresponding proprotein referred to as hCAP18 (human cationic antimicrobial protein 18 kDa; the actual
molecular mass is 16 kDa) is mainly produced in leucocytes and
epithelial cells.3 After secretion, processing to the active AMP
occurs by local proteases. As the proteolytic activity of various
cells and tissues differs, hCAP-18 can be processed either to the
full-length active peptide LL-37 found in the exocytosed material
of neutrophils or to multiple smaller peptides such as RK-31 and
KS-30, which occur on the skin surface and display increased
antimicrobial activity.18 In neutrophils, hCAP-18 is stored in the
specific granules and, upon degranulation, is processed to LL-37
by protease 3 released from the azurophilic granules. In the skin,
RK-31 and KS-30 are produced by the action of SCTE (stratum
corneum tryptic enzyme, kallikrein 5/hK5) and SCCE (stratum
corneum chymotryptic enzyme, kallikrein 7/hK7). High concentrations of hCAP-18 are present in seminal plasma. Proteolytic
cleavage by semen-derived gastricsin occurs when the pH drops
in the vagina generating the active peptide ALL-38.38 Similar to

the defensins, cathelicidin peptides exert various immunomodulatory functions. As a striking example for the importance of
cathelicidin for human health, LL-37 deficiency was found to
be associated with chronic peridontal disease.39 High levels of
hCAP-18/LL-37 are produced in healing human skin suggesting
an important role in re-epithelialization during wound healing.40
Consistently, healing was inhibited by LL-37 specific antibodies in an organ-cultured human skin model. In chronic ulcers,
hCAP-18/LL-37 was found to be absent in ulcer edge epithelium.
The Principal Skin AMPs
Dermcidin. Dermcidin is constitutively secreted by eccrine sweat
glands and not inducible by skin injury or inflammation.41,42 It
appears to be the dominant sweat antimicrobial peptide with
broad-spectrum activity not affected by low pH and increased
salt concentrations (Table 1). The active peptide is produced
from a small precursor protein by postsecretory proteolysis
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Table 1. Antimicrobial peptides of human skin
Peptide

Cellular source

Susceptible organisms1

Comments

dermcidin

eccrine sweat glands

broad-spectrum

-principal sweat antimicrobial peptide;
-not inducible by injury or inflammation

psoriasin

keratinocytes, sebocytes

Gram-negatives E. coli

-most abundant antimicrobial peptide in healthy skin;
-induced by E. coli flagellin

RNase 7

keratinocytes

broad-spectrum
Enterococcus faecium

-antimicrobial activity independent of RNase activity

RNase 5/angiogenin

keratinocytes

Candida albicans

-also plays an important role in blood vessel formation;
-importance of RNase activity not clear

cathelicidin (LL-37)

keratinocytes, sebocytes

Gram-positives
Gram-negatives

-induced by injury or inflammation;
-also plays a role in wound healing

hBD-1

keratinocytes, sebocytes

Gram-negatives

-constitutively produced at low amounts

hBD-2

keratinocytes, sebocytes

Gram-negatives

-induced by injury or inflammation

hBD-3

keratinocytes

broad-spectrum

-induced by injury or inflammation

hBD-4

keratinocytes

Gram-positives
Gram-negatives

-inducible in primary keratinocytes in vitro;
-the actual concentration and function in skin is
unknown

SLPI

keratinocytes

broad-spectrum

-upregulated during inflammation;
-also functions as an inhibitor of neutrophil elastase
and cathepsin G;
-plays a role in wound healing probably dependent on
its antiprotease activity

elafin

keratinocytes

broad-spectrum

-upregulated during inflammation;
-also functions as an inhibitor of neutrophil elastase
and proteinase 3

adrenomedullin

keratinocytes, hair follicles,
eccrine and apocrine sweat
glands, sebocytes

Gram-positives
Gram-negatives

-pluripotent peptide also involved in wound healing
and various other processes

MIP-3α/CCL20

Keratinocytes

broad-spectrum

-belongs to a group of chemokines with antimicrobial
activity collectively called kinocidins

lysozyme

keratinocytes, sebocytes, hair
bulb cells

Gram-positives
(Gram-negatives)

-degrades the bacterial cell wall by its muramidase
activity;
-lyses bacterial membranes in a non-enzymatic manner

Particularly sensitive species are indicated in italic type.

1

involving cathepsin D and other proteases (Fig. 6). In addition to
the full-length peptide DCD-1L (48 amino acid residues) at least
twelve shorter fragments appear, some of them also possessing
antimicrobial activity such as DCD-1 and SSL-25. Remarkably,
DCD-1L and DCD-1 carry a negative net charge in contrast to
most other antimicrobial peptides, whereas SSL-25 is positively
charged. The mode of action of dermcidin and derived peptides
does not involve permeabilization of the target cell membrane.43
Apparently, the peptides bind to several defined, as yet unidentified, structures of the bacterial cell envelope, finally resulting in
reduced RNA and protein synthesis.44
While the antimicrobial activity of the dermcidin precursor
protein resides in the C-terminal part, the N-terminal fragment
gives rise to a peptide known as Y-P30 with unrelated biological function. Y-P30 produced by maternal and early postnatal peripheral blood mononuclear cells is supposed to have an
impact on neuronal survival and differentiation of the foetal
and infant brain.45,46 In addition, Y-P30 was shown to promote
cancer cell survival and proliferation.47 A glycosylated version of
Y-P30 termed PIF (proteolysis-inducing factor) appears to induce

muscle proteolysis in cancer-associated cachexia.48 The activity
of this entity is not primarily associated with the peptide portion, but rather depends on its extensive sulfated oligosaccharide
chains probably resulting from unusual glycosylation events in
cancer cells.
Psoriasin. Psoriasin (also known as S100A7) was first isolated
as an 11.4 kDa antimicrobial protein from keratinocytes of psoriatic epidermis.49 Under this condition, several antimicrobial
peptides in addition to psoriasin are highly upregulated, possibly explaining why patients with psoriasis rarely suffer from skin
infections.17 In healthy human skin, psoriasin is the most abundant antimicrobial peptide focally produced in areas with high
bacterial colonization such as the uppermost parts of the hair
follicles, the nose and the palms of the hands. Apart from keratinocytes, psoriasin appears to be also secreted from sebocytes,
the lipid-secreting cells of sebaceous glands, and to be stored in
the lipid layer of healthy skin. Psoriasin very efficiently kills E.
coli while the skin-resident bacterium Staphylococcus epidermidis
is much less susceptible.50 Binding of flagellin from E. coli to the
Toll-like receptor 5 (TLR5) strongly induces both psoriasin and
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Figure 6. Primary structure and processing of the dermcidin prepropeptide. The antimicrobial activity resides in the C-terminal part, that is proteolytically processed to yield DCD-1L and various smaller peptides. Significant antimicrobial activity has been proven for the depicted peptides DCD-1L,
DCD-1 and SSL-25. The N-terminal domain gives rise to the Y-P30 peptide that functions as a maternal factor crucial for the development of the foetal
brain. PIF represents a highly glycosylated form of Y-P30 shown to induce muscle proteolysis in cancer-associated cachexia. Neither the actual glycosylation sites nor the exact structure of the glycan chains are known. The probable glycosylation sites are indicated with hexagons.

Figure 7. Relationships among the 13 members of the human RNase A family. (A) Phylogenetic tree generated by using ClustalW2. 234 (B) Sequence
alignment representing the signature CKXXNTF motif containing the catalytic lysine (K) residue. Ribonucleolytic activity has only been demonstrated
for the canonical RNases 1–8, albeit to very different degrees. Expression of the different RNase genes was found in various tissues, with exception of
the RNase 3/ECP and RNase 8 genes that appear to be only expressed in eosinophils and in the placenta respectively.

hBD-2 production in keratinocytes.51 This specific response to a
flagellated bacterium may exemplify the innate immune system’s
ability to discriminate between potentially harmful and commensal microorganisms.
Psoriasin is a member of the S100 protein family characterized by calcium binding EF-hand motifs. In addition, psoriasin also contains a zinc binding site. Furthermore, based on its
three-dimensional structure psoriasin can be grouped into the
saposin-like protein (SAPLIP) superfamily, comprising saposin
A–C, granulolysin, NK-lysin, bacteriocin AS-48, PAS factor and
amoebapore A, some of which are known to play a role in antimicrobial defence, or, in case of the saposins, in lipid transfer and
catabolism.52 In a recent study prompted by the striking structural similarity between psoriasin and amoebapore A, an ancient
pore-forming protein of Entamoeba histolytica, it was shown that
psoriasin is able to insert pores into the membrane of the Grampositive bacterium Bacillus megaterium, while E. coli is killed
without membrane perturbance.53 The pore-forming activity was
highly pH dependent with an optimum below pH 6, well suited
to the pH value of human skin. It was evidenced that the pH
independent killing of E. coli and the killing of Gram-positive
bacteria at neutral pH is caused by Zn2+ depletion.50
RNase 7. RNase 7 produced by keratinocytes represents
a further important component of the chemical skin barrier.54
Although first recognized for its ribonucleolytic activity, the

small (14.5 kDa), positively charged (pI 9.8) protein is able to
permeate the bacterial membrane and kills Gram-positive and
Gram-negative bacteria as well as yeast but has no antiviral activity. Its pronounced activity against Enterococcus faecium suggests
a prime function of RNase 7 in protecting the skin from colonization with this gut bacterium, similar to psoriasin being the
principal E. coli-killing factor.55 RNase 7 is classified as a member of the RNase A family that is defined by homology to the
bovine pancreatic RNase A. The human genome encodes in total
eight RNases (RNase 1 to 8) retaining the catalytic residues (Fig.
7). All these canonical RNases were shown to degrade RNA
substrates in varying degrees.56 Genes for five additional members of the RNase A family (RNase 9 to 13) have been identified which, however, are unlikely to be catalytically active.57 All
13 RNases are encoded in a single gene cluster. While human
pancreatic RNase (RNase 1) is responsible for the degradation
of food-derived RNAs in the gut, other RNases in addition to
RNase 7 play a prime role in immune defence. With demonstrable broad-spectrum antimicrobial activity RNase 8 is closely
related to RNase 7.58 However expression of the RNase 8 gene is
only detectable in the placenta, and the ribonucleolytic activity of
RNase 8 is significantly lower.56
RNases from eosinophils and further members of the RNase
A family. Two RNases, known as eosinophil-derived neurotoxin
(RNase 2/EDN) and eosinophil-cationic protein (RNase 3/
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Table 2. Eosinophil granule content
Protein

Mr/pI

Function

major basic protein 1 (MBP1)

13.8 kDa/pI 11.4

-forms the crystalloid core of eosinophil granules;
-increases membrane permeability through surface charge interactions;
-kills parasitic worms;
-contributes to tissue damage in asthma;
-also detected in basophils and mast cells

major basic protein 2 (MBP2)1

13.4 kDa/pI 8.7

-similar to MBP-1, but less potent toxic activities;
-only detected in eosinophils;

eosinophil peroxidase (EPO)2

heavy chain 53 kDa
light chain 12.7 kDa
pI ~11

-oxidative inactivation of pathogens;
-tyrosine nitration

eosinophil-derived neurotoxin (EDN/RNase 2)

15.5 kDa/pI 9.2

-antiviral activity depending on RNase activity;
-chemoattractant and maturation factor for dendritic cells;
-enhances Th2-polarised immune responses

eosinophil-cationic protein (ECP/RNase 3)

15.5 kDa/pI 10.5

-permeabilises membranes independent of RNase activity;
-kills parasitic worms (8–10 times more potent than MBP);
-induces mast cell degranulation

63% sequence identity with MBP 1. 268% sequence identity with neutrophil myeloperoxidase (MPO).

1

ECP) are secreted from the eosinophil granules (Table 2). Both
eosinophil RNases evolved by gene duplication and accumulated
non-silent mutations at rates greater than all other functional
coding sequences in primates, pointing to an unusual evolutionary pressure.59,60 RNase 2/EDN, which was first characterized
as a neurotoxin under largely non-physiological experimental
conditions, displays no antibacterial activity, but was shown in
vitro to reduce the infectivity of the respiratory syncycial virus
(RSV) and the human immune deficiency virus (HIV) depending on its ribonucleolytic activity. In addition, RNase 2/EDN is
a chemoattractant for dendritic cells and can activate dendritic
cells by triggering the TLR2-myeloid differentiation factor 88
(Myd88) signalling pathway. It was shown further that in mice
RNase 2/EDN enhances antigen-specific Th2-polarized immune
responses.61 In contrast to RNase 2/EDN, RNase 3/ECP is able
to permeabilize membranes and possesses antibacterial, antiviral
and antiparasitic activity. RNase 3/ECP can also stimulate the
histamine release from mast cells and appears to be an important
factor for tissue damage in inflammatory disorders. The ribonucleolytic activity of RNase 3/ECP is low and, similar to RNase
7, dispensable for antimicrobial activity. While RNase 3/ECP
has accumulated an unusual number of argine residues, RNase
7 presents an over-abundance of lysines, thus suggesting a common mechanism of action, despite only 40% sequence identity.
A recent study has shown that RNase 2/EDN and RNase 3/ECP
similar to the other proteins contained in the eosinophile granules are nitrated at specific tyrosine residues.62 This unusual posttranslational modification is mediated by eosinophil peroxidase
(EPO) and is only seen in eosinophils, but not in other cell types.
The relevance of this modification remains unknown as there
was no observed difference in antimicrobial activity between
nitrated and non-nitrated RNase 3/ECP.
Prior to its identification as a member of the RNase A family,
RNase 5 was isolated as a factor involved in blood vessel formation and termed angiogenin.63 RNase 5/angiogenin appears
to play a role in both normal development and disorders where

angiogenesis is implicated.64 One defining structural difference between RNase 5/angiogenin and the other members of
the RNase A family is the absence of a fourth disulfide bond.
Further, the ribonucleolytic activity of RNase 5/angiogenin is
extremely low. Increased expression of the RNase 5/angiogenin
gene under inflammatory conditions and increased levels of the
peptide in the blood during acute phase response suggest a function in immune defence, in addition to angiogenesis. Despite
some conflicting reports, the microbicidal activity of RNase 5/
angiogenin, in particular against the yeast Candida albicans, is
well documented (Hooper et al. 2003).65 A recent study shows
that production of RNase 5/angiogenin, RNase 7 and ribonuclease inhibitor (RI) is upregulated during terminal keratinocyte
development.66 RI is a horseshoe-shaped protein that binds to
several members of the RNase A family suppressing both ribonucleolytic and antimicrobial activity. The RNases in complex with
RI are probably released by dying keratinocytes in the intercellular space of the stratum corneum, where the inhibitor is degraded
by as yet unidentified proteases.
Very little is known about the functions of RNase 4, RNase
6 and the non-canonical RNases 9–13. It was suggested from
expression analysis that the RNases 9–13 may play a role in male
reproductive functions and in the brain.57 A more detailed study
has shown that RNase 9 is produced in the epithelium of the
epididymal tubule and binds to the post-equatorial region of the
sperm head.67
AMPs from Neutrophils
Overview of the neutrophil granule content. Neutrophil granulocytes, representing the largest leucocyte population in the blood,
are efficient phagocytes that engulf and degrade microorganisms
using a combination of oxidative and non-oxidative mechanisms.
Neutrophil granules are traditionally subdivided into peroxidasepositive and peroxidase-negative granules based on the presence
or absence of myeloperoxidase. Peroxidase-positive granules first
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Table 3. Neutrophil granule content1
Azurophil granules

Specific granules

myeloperoxidase

Gelatinase granules

Secretory granules

arginase

2

serprocidins
azurocidin
elastase
cathepsin G
proteinase 3

matrix metalloproteinases
gelatinase
collagenase

antimicrobial polypeptides
lysozyme
BPI
α-defensins
(HNP-1 to -4)

antimicrobial polypeptides
lysozyme
cathelicidin
(hCAP-18)
lactoferrin
SLPI
NGAL3

matrix metalloproteinases
gelatinase
leukolysin

serprocidins
azurocidin

antimicrobial polypeptides
lysozyme

surface receptors
cytokine receptors
complement receptors
Fc receptors
Toll-like receptors
FPR4

Abbreviations: BPI, bactericidal/permeability increasing protein; FPR, formyl peptide receptor; HNP, human neutrophil peptide; NGAL, neutrophil
gelatinase associated lipocalin; SLPI, secretory leukocyte protease inhibitor. 2Arginase converts arginine into ornithine and urea. Because NO-synthase
uses the same substrate, arginases downregulates NO-mediated immune responses. 3NGAL functions as a siderophore-binding protein that prevents
microorganisms from siderophore-mediated iron acquisition. 4FPR recognises peptides with an N-terminal N-formylmethionine residue that is the
starting residue of prokaryotic protein synthesis.
1

appear in promyelocytes at an early stage of differentiation in the
bone marrow and are also called primary or azurophil granules.
Peroxidase-negative granules appear in the subsequent myelocyte
stage and were originally called specific or secondary granules.
Depending on their protein content and their different ability
to be exocytosed after neutrophil activation by inflammatory
stimuli or phagocytosis, peroxidase-negative granules are now
subdivided in specific (or secondary) granules, gelatinase (tertiary) granules and secretory granules, reflecting an increasing
propensity for exocytosis, while azurophil granules only undergo
partial exocytosis (Table 3).68,69 Secretory granules are the main
source of a variety of receptors that become inserted into the cell
membrane upon exocytosis, converting the neutrophil from a cell
with only few receptors on its surface to a cell highly responsible to soluble inflammatory mediators. The early release of
high amounts of gelatinase, a soluble matrix metalloproteinase
and exposure of a membrane-bound matrix metalloproteinase
called leukolysin/MMP25 from gelatinase granules after contact
with activated endothelia enables neutrophils to pass through
the basal membrane without releasing tissue-destructive serine
proteases. Microorganisms sequestered in phagolysosomes activate the membrane-bound NADPH oxidase system leading to
the production of superoxide (O2-) that is further converted by
superoxide dismutase to hydrogen peroxide (H2O2). The phagocytosed microorganisms also stimulate the fusion of the azurophil granules with the phagolysosome. Myeloperoxidase derived
from the azurophil granules converts H2O2 and chloride (Cl-)
into hypochlorite (ClO-) playing a major role in oxidative microbicidal activity. In addition to myeloperoxidase, the azurophil
granules contain at least ten antimicrobial proteins involved in
non-oxidative killing of pathogens. Two of them, lysozyme and
bactericidal/permeability increasing protein (BPI), are unique in
primary structure. The remaining eight fall into two families,
each with four members: the α-defensins (HNP-1, -2, -3 and -4)
and the serine protease homologues cathepsin G, elastase, proteinase 3 and azurocidin, referred to as serprocidins.70 The genes

for elastase, proteinase 3 and azurocidin are grouped in a single
genetic locus and are coordinately expressed during haematopoietic differentiation.71
Azurocidin. Azurocidin (also known as cationic antimicrobial protein 37 kDa, CAP37; or human heparin-binding protein)
possesses two amino acid substitutions (His → Ser and Ser →
Gly) in the active site triad of serine proteases, thus being proteolytically inactive. It was initially isolated as a glycosylated
29 kDa protein with activity against Gram-negative bacteria.72
Later, azurocidin or its derived peptides were also found to act
against certain Gram-positive bacteria and C. albicans.73,74 A
highly cationic domain concentrated on one side of the molecule
was identified as crucial for antimicrobial activity.75 In another
study, a synthetic peptide based on amino acid residues 20 to 44
was shown to retain antimicrobial activity, and it was proposed
that its maximal activity requires the presence of a free sulfhydryl
group.76 Peptides derived from the same domain are also active
against adenovirus and herpes simplex virus type I (HSV-1).77
The antiviral activity appears to result, in part, from disruption
of the envelope and/or capsid and is not dependent on disulfide
bonds within the peptide. Besides its direct antimicrobial properties, azurocidin has been recognized as a mediator during the initiation of the immune response.78 Unlike the other serprocidins,
azurocidin is not only stored in the azurophil granules but also
in the secretory granules and therefore partly released at a very
early stage of extravasation. Its specific regulatory effects include
the recruitment and activation of monocytes leading to enhanced
cytokine release and phagocytotic activity.
Cathepsin G. The neutrophil serine proteases cathepsin G,
elastase and proteinase 3 are considered to function mainly in the
hydrolytic degradation of bacteria and extracellular matrix components.79 In addition, cathepsin G is also capable of killing bacteria independent of its hydrolytic properties. The highly basic
protein (pI 11.4) retains its antimicrobial activity after treatment
with the serine protease inhibitor diisopropylfluorophosphate,
and several proteolytic fragments or synthetic peptides derived
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Figure 8. Space-filling model of the structure of BPI (PDB ID: 1BP1). The endotoxin binding and bactericidal activity resides in the N-terminal domain
(yellow). The C-terminal domain (grey) delivers Gram-negative bacteria and LPS-rich particles coated with BPI to phagocytes.

from cathepsin G were shown to inhibit the growth of bacteria
in vitro.80,81
Bactericidal/permeability increasing protein (BPI).
Bactericidal/permeability increasing protein (BPI) stored in azurophil granules is a major constituent of neutrophils (0.5 to 1%
of total protein) and in smaller amounts also present in eosinophils.82,83 In addition, epithelial cells of the oral, gastrointestinal
and female genital tracts are able to produce BPI.84 The cationic
55 kDa protein displays activity against a wide range of Gramnegative bacteria at nanomolar concentration, reflecting high
affinity to the lipid A moiety of lipopolysaccharides (LPS) and
potent endotoxin-neutralising activity. Binding of BPI to bacteria
results in an increase in the permeability of the outer membrane
and in hydrolysis of bacterial phospholipids (that are refractory to phospholipase action in unperturbed bacteria) by bacterial phospholipase and some host phospholipases A 2. Exposure
to BPI first leads to an interruption of cell division. Then, after
varying periods of time, irreversible growth inhibition follows
coincident with damage to the inner membrane of the bacterial
envelope.
Limited proteolysis generates two BPI fragments comprising
residues 1–199 and 200–456 in which the antibacterial and endotoxin-neutralising activity is fully recovered with the N-terminal
fragment. Crystallographic studies revealed a unique boomeranglike structure with two domains that are nearly superimposable
in their three-dimensional organization despite marked differences in primary structure and function (Fig. 8).85 Basic residues
cluster at the far end of the N-terminal domain thought to mediate initial electrostatic interaction with LPS. In studies using
recombinant fragments of BPI, residues 13 to 191 were defined as
the minimal antibacterial structure. The C-terminal domain was
demonstrated to serve an opsonic function, promoting phagocytosis of encapsulated, otherwise phagocytosis-resistant E. coli
cells. Patients with Crohn’s disease and cystic fibrosis often have
antineutrophil cytoplasmic antibodies (ANCA) against BPI,
potentially resulting in BPI activity deficiency.86

BPI-related proteins and the PLUNC family. BPI is a member
of a lipid-binding protein superfamily that includes LPS-binding
protein (LBP), bactericidal/permeability increasing protein-like
2 (BPIL2), cholesterylester transfer protein (CETP) and phospholipid transfer protein (PLTP). BPI and LBP both bind LPS
but with generally opposite biological consequences. The function of the acute phase plasma protein LBP is to enhance proinflammatory responses upon LPS exposure by delivering LPS
monomers to a receptor complex containing CD14, MD2 and
TLR4 mainly present on monocytes and macrophages.87 The LPS
binding determinants of LBP are also located in the N-terminal
domain, similar to BPI, although the affinity of LBP for LPS is
approx. 70-fold lower. The function of the C-terminal domain of
LBP is to deliver the bound LPS to the CD14 receptor complex.
The BPIL2 gene was found to be expressed in the basal cell layers
of the epidermis in skin samples from psoriatic tissue.88 However,
little is known about the function of the BPIL2 protein. The
avian homologue of the BPIL2 gene was recently shown to be
highly expressed in the shell gland of mature but not of juvenile
hens, pointing to a possible function in antimicrobial defence.89
The BPI superfamily recently underwent a major expansion
when homology to a murine epithelial protein named PLUNC
(palate, lung and nasal epithelium clone) was noticed. Eight
functional PLUNC homologues encoded in a single gene cluster on chromosome 20 in close proximity to the genes for BPI,
LBP and PLTP are predicted to exist in humans.88,90,91 The genes
for the two other members, CETP and BPIL2, are located on
Chromosomes 16 and 22 respectively. The PLUNC family can
be divided in short (SPLUNC) and long (LPLUNC) proteins, the
former consisting of only one domain corresponding to the LPSbinding N-terminal domain of BPI, the latter of two domains
similar to full-length BPI. In humans, there are functional genes
for LPLUNC1, 2, 3, 4 and 6, and for SPLUNC1, 2 and 3. The
LPLUNC5 and SPLUNC6 genes are pseudogenes.92 The human
BASE gene, that belongs to the SPLUNC subfamily, contains a
single nucleotide deletion resulting in premature termination and
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Figure 9. Primary structure and domain organisation of SLPI, trappin-2 and elafin. SLPI consists of two WAP domains with the indicated disulfide bond
connectivity. Trappin-2 is composed of the N-terminal cementoin domain and a C-terminal WAP domain. The transglutaminase substrate motifs within
the cementoin domain are underlined. Elafin originates from trappin-2 by proteolytic processing.

therefore probably fails to generate a stable protein (Colin Bingle,
personal communication). Equine BASE, also known as latherin,
appears to function as a surfactant protein and is present in sweat
and saliva.93
The human PLUNC proteins are produced by the major salivary glands, the minor mucosal glands of the oral cavity and
the respiratory epithelium of the nasal, tracheal and bronchial
passages.94,95 Although quite little is known about the function
of the PLUNC proteins, it appears that they can bind to bacteria and LPS but do not exert direct killing.96 Using an air-liquid
interface culture system of human primary bronchial epithelial
cells it was found that SPLUNC1 may be important in controlling Mycoplasma pneumoniae infection.97 SPLUNC2, the human
homologue of mouse parotid secretory protein (PSP), was shown
to suppress the growth of Pseudomonas aeruginosa.98 Peptides
derived from PSP inhibited the secretion of TNFα from a macrophage cell line99 and promoted the agglutination of Gram-positive
and Gram-negative bacteria.100 Genomic analysis revealed that
the PLUNC family is rapidly evolving and apparently only exists
in mammals, even though additional related proteins are found in
diverse species including both vertebrates and invertebrates. Thus
it was suggested that the PLUNC proteins may have evolved as a
specific adaptation of air-breathing animals.101
AMP-like Inhibitors of Neutrophil Serine Proteases
SLPI, elafin and trappin-2. Secretory leukocyte protease inhibitor (SLPI; also known as antileukoprotease, ALP) and elafin
(also called skin-derived antileukoprotease, SKALP) were identified as human protease inhibitors that control excessive proteolysis by neutrophil serine proteases (elastase, proteinase 3 and
cathepsin G).102,103 SLPI inhibits elastase and cathepsin G but not
proteinase 3, while elafin is specific for elastase and proteinase
3 but not cathepsin G. SLPI was first isolated from bronchial
secretions and was later found to be also produced by many
mucosal surfaces, keratinocytes, neutropils and macrophages.
Elafin, originally purified as an elastase inhibitor from skin of

patients with psoriasis, is constitutively produced by several epithelia that are continuously subjected to inflammatory stimuli,
such as the skin, lung, oral cavity and vagina. Both inhibitors
are upregulated under inflammatory conditions or upon trauma
or irritation. SLPI and elafin are classified to the chelonianin
family of serine protease inhibitors. The name originates from
homology to an inhibitor named chelonianin of the red sea turtle (Caretta caretta) belonging to the family Cheloniidae. SLPI
is a non-glycosylated, basic (pI 9.5), single-chain polypeptide of
107 amino acid residues. It is composed of two domains, each
containing eight cysteine residues that form four disulfide bonds
and stabilize the domain structure (Fig. 9). These cysteine-rich
domains are called the WAP domains because the motif signature describing the location of the disulfide bonds was first found
in the whey acidic protein (WAP), which is abundant in rodent
milk. The two WAP domains of SLPI probably originate from
gene duplication despite only 30% sequence identity. Elafin consists of a single WAP domain (57 residues) structurally similar to
each of the two WAP domains of SLPI. It is proteolytically produced from the C-terminal domain of a precursor protein called
trappin-2 (or pre-elafin), representing a 95-residue non-glycosylated cationic polypeptide (pI 9.0). The N-terminal domain
of trappin-2 contains five repeated motifs with the consensus
sequence GQDPVK, known to be a substrate of tissue-type
transglutaminase able to covalently cross-link trappin-2 to various extracellular matrix proteins.104 Therefore, the N-terminal
part of trappin-2 was called the cementoin domain. The last of
the five repeat sequences remains at the N-terminus of elafin.
The probable physiological elafin-releasing enzyme is mast cell
tryptase.105 ‘Trappin’ is an acronym for transglutaminase substrate and WAP domain containing protein.
In addition to their serine protease inhibitory activity, SLPI,
trappin-2 and to a lesser extent elafin possess antimicrobial
activity. SLPI is active against E. coli, Pseudomonas aeruginosa,
Staphylococcus aureus and Staphylococcus epidermidis, while
trappin-2 acts on a range of respiratory pathogens, but not E.
coli. Both proteins have antifungal activity against Aspergillus
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Figure 10. Primary structure of the most important histatins and the synthetic histatin-derived peptide P-113. The phosphorylated serine residue of
histatin 1 is underlined. The Zn2+-binding (HEXXH) and the metal-binding (DSH) motifs are highlighted in grey. The putative wound-healing domain is
indicated in italic type.

fumigatus and C. albicans.106 The antimicrobial activity clearly
does not depend on inhibition of serine proteases. Instead, disruption of the membranes of target organisms is observed, most
likely depending of the cationic nature of these small proteins.
The antimicrobial activity of SLPI is mainly associated with the
first WAP domain while the serine protease inhibitory activity
resides in the second WAP domain.107 Both isolated domains of
trappin-2, cementoin and elafin, possess antimicrobial activity,
although the full-length form is somewhat more active.108 An
engineered tappin-2 variant with no serine protease inhibitory
properties retained its full antimicrobial activity.106 SLPI was
identified as a factor responsible for selective anti-HIV activity
of human saliva.109 It appears that this activity results from binding of SLPI to host cell membrane associated proteins such as
scramblase and/or annexin II, rather than direct interaction with
the virus particle.110,111 Both SLPI and elafin have also been associated with anti-HIV activity of vaginal fluid.112,113 Although not
yet understood in detail, SLPI was demonstrated to be a pivotal
endogenous factor necessary for optimal cutaneous and mucosal
wound healing, most likely due to its antiprotease activity.114-116
Eppin and other WAP proteins. Interestingly, further proteins containing the WAP domain are known, which do have
antibacterial activity but lack protease inhibitory activity, such as
eppin from human testis and epididymis,117 murine SWAM1 and
SWAM2,118 and omwaprin from snake venom.119 In humans, 14
WAP motif proteins are encoded in a single gene cluster, including SLPI, trappin-2/elafin and eppin together with eleven less
well characterized homologues.118,120 Four additional, more complex, human WAP proteins, apparently not primarily involved in
innate immunity, are encoded at other loci.120
Antimicrobial sperm proteins genetically linked to the WAP
family. Remarkably, the genes for human semenogelin I (SgI)
and semenogelin II (SgII) lie within the WAP gene cluster.121
SgI and SgII are the major proteinaceous components of human
seminal plasma with concentrations of 50 and 10 mg/ml respectively. After ejaculation, SgI, SgII and fibronectin aggregate to
form a coagulum that traps the spermatozoa. The coagulum is
then liquefied within 15 to 20 min as the semenogelins degrade,
mainly catalysed by prostate-specific antigen (also known as kallikrein-related peptidase 3, KLK3), thus freeing the spermatozoa.
Fragmentation of the semenogelins during liquefaction generates
several histidine-rich peptides supposed to represent a major antimicrobial principle of human sperm, in addition to lysozyme,
phospholipase A 2, lactoferrin, SLPI, defensins and the hCAP-18derived ALL-38.122 Since the semenogelin-derived peptides are
further degraded into smaller inactive fragments the antimicrobial

activity of seminal plasma is transient. The antibacterial activity
of the semenogelin-derived peptides depends on Zn2+ ions, that
are present at high concentration (2 mM) in seminal plasma and
are bound to the semenogelins.123,124 Whether or not the reported
anti-HIV-1 activity of these peptides is Zn2+ -dependent is less
clear at present.125 On the surface of spermatozoa, SgI associates
with eppin, supposed to provide an antimicrobial coat.117 Despite
considerable broad-spectrum antibacterial activity, seminal
plasma does not inhibit the growth of Neisseria gonorrhoeae.122
Histatins: Candidacidal and Wound-closure
Stimulating AMPs in Saliva
A number of histidine-rich cationic peptides ranging in size from
7 to 38 amino acid residues collectively called histatins are present in human saliva.126 They are secreted by the parotid and submandibular/sublingual salivary glands. Similar proteins exist in
macaques, cattle and probably in other mammals.127,128 The most
prominent human histatins are histatin 1, 3 and 5 consisting of
38, 32 and 24 residues respectively (Fig. 10).129 Histatins 1 and
3 are products of different genes while histatin 5 is a proteolytic
cleavage product of histatin 3.130 Different biological functions of
the histatins are reflected by short distinct functional domains.
Histatin 1 is fully phosphorylated at serine 2 and has been implicated in the maintenance of tooth enamel mineral and pellicle
formation like other phosphorylated saliva proteins.131,132 There is
also evidence that histatin 1 and to a lesser extent histatin 3 and
5 are incorporated into the enamel pellicle by crosslink reactions
catalysed by oral transglutaminase.133
The first three residues (DSH) of histatins 3 and 5 represent the ATCUN motif, which complexes Cu 2+ and Ni2+ ions
(Grogan et al. 2001).134 Furthermore, two Zn2+ -binding motifs
(HEXXH) are present in histatin 1, and one such motif is
present in histatins 3 and 5. Complexation of metal ions may
eliminate cofactors for enzymes and trace elements for microbial growth. Consistently, histatin 5 and a synthetic fragment
containing the Zn2+ -binding motif were shown to efficiently
inhibit the human matrix metalloproteases MMP-2 and
MMP-9.135 In addition to broad-spectrum antimicrobial activity histatins are particularly active against the yeast C. albicans, with histatin 5 being the most potent. In AIDS patients,
increased C. albicans colonization was correlated with decreased
histatin 5 concentrations possibly as the result of salivary
gland dysfunction.136 The candidacidal activity of histatin 5
was retained in a synthetic fragment named P-113, which consists
of only twelve amino acid residues and does not contain a metal
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binding motif (Fig. 10).137 As expected from its weak amphipathic structure, histatin 5 kills C. albicans in a non-lytic manner
and requires an energized membrane for action. At physiological
concentrations, membrane disruption occurs at a single spatially
restricted site on the plasma membrane, leading to internalization of histatin 5.138 A similar mechanism has only been described
for the amphibian skin peptide dermaseptin s3.139 Selective leakage of intracellular ions and ATP from the yeast cell result in
cell death that is similar to osmotically induced cell death.140-142
Binding and internalization of histatin 5 into C. albicans cells
essentially depends on the Ssa2p and, if at all, only to a very low
extend on the Ssa1 protein.143,144 Ssa (stress seventy a subfamily)
proteins are members of the heat shock protein 70 family in yeast,
of which only Ssa1p and Ssa2p exist in Candida. Although their
major localization is the cytoplasm, where they assist in protein
folding and translocation across membranes, both Ssa1p and
Ssa2p are exported to the cell wall. Since killing of C. albicans by
histatin 5 is salt-sensitive while binding of histatin 5 to recombinant Ssa2p is not, in addition to the fact that Ssa2p lies within
the cell envelope rather than at the cell surface, initial binding
probably occurs to negatively charged glucan or polysaccharide
components on the outer cell wall surface, preceding interaction
with Ssa2p.
C. albicans apparently has evolved an immune evasion strategy by proteolytic inactivation of histatin 5. Among its repertoire of virulence determinants, C. albicans produces a family of
ten proteolytic enzymes known as the secreted aspartic proteases
(Saps), which have been implicated in adherence, tissue damage
and immune evasion including degradation of defence proteins
such as lactoferrin and immunoglobulins.145 The most recently
discovered members, Sap 9 and Sap 10 are bound to the yeast
cell membrane and cell wall by glycosylphosphatidylinositol
(GPI)-anchors. Histatin 5 was identified as the first specific host
substrate of Sap 9 and Sap 10, with Sap 10 being significantly
less active.146 It was suggested that the success of the anti-HIV
HAART (highly active antiretroviral therapy) regimen in reducing the incidence of oral candidiasis may not only result from
inhibition of HIV proteases but also from inhibition of Sap 9,
thus protecting histatins from degradation.
Quite recently, histatins were identified as the major woundclosure stimulating factors in human saliva.147 In this study,
saliva fractions obtained by HPLC separation were tested in an
in vitro wound-closure assay with cultured epithelial cells. While
the prominent antimicrobial histatin 5 was inactive, wound-closure activity was observed with histatins 1, 2 and 3. Most active
was histatin 2, a histatin 1 variant without the N-terminal part
(Fig. 10). By sequence comparison it was deduced that the
wound-closure activity resides in the last seven amino acid residues of histatins 1, 2 and 3. These histatins were found to be
internalized by the epithelial cells and probably activate the extracellular signal-regulated kinases 1/2 (ERK1/2) pathway, thereby
enhancing epithelial migration. In contrast, defensins and the
cathelicidin LL-37, also known to possess growth stimulatory
properties on human tissues, act via transactivation of the EGR
receptor by activation of a metalloproteinase.148 Defensins and
LL-37 stimulate cell growth in a narrow concentration range,

whereas at higher concentrations cell death occurs.149 With the
histatins, however, wound-closure activity was observed within a
range from 5 to 100 μg/ml without causing cell death.
Antimicrobial Chemokines
Platelet microbicidal proteins. In addition to their fundamental function in haemostasis and wound healing, platelets play an
important role in host defence.150 Critical mechanisms to sense
and combat pathogens include the exposure of toll-like, Fc, complement, C-reactive protein and cytokine receptors, internalization of microbes, production of reactive oxygen species as well as
the release of antimicrobial proteins and peptides. Mature platelets are characterized by three types of cytoplasmatic granules.
Mediators of vascular tone such as adenosine diphosphate (ADP),
serotonin and calcium are stored in the dense (δ) granules. The
α-granules are characterized by their content of proteins involved
in clotting and endothelial repair, for example fibrinogen, von
Willebrand factor, platelet-derived growth factor (PDGF) and
transforming growth factors α and β (TGFα and TGFβ).
Lysosomal (λ) granules contain several hydrolytic enzymes that
modulate thrombus dissolution. Upon platelet activation, the
distinct subsets of granules are released in a synchronous or asynchronous manner, depending on agonist specificity and potency.
For example, low concentrations of ADP or thrombin induce
α and δ degranulation, whereas λ granules are only released at
much higher concentrations of these activators.
The antimicrobial polypeptides are contained in the
α-granules and collectively termed platelet microbicidal proteins
(PMPs). Remarkably, all PMPs identified by purifying and structure determination of platelet-derived antimicrobial principles
were found to be identical with or derived from proteins already
known previously for other functions, among them thymosin
β-4 (Tβ-4), a ubiquitous actin-binding protein and the fibrinopeptides A and B (FP-A and FP-B), which are normally released
upon proteolytic activation of fibrin by thrombin as one of the
final reactions of the coagulation cascade.151 Two further PMPs
are CXC chemokines, namely platelet factor-4 (PF-4; the new
designation is CXCL4) and platelet basic protein (PBP/CXCL7).
Another PMP was found to be identical with the CC chemokine
RANTES (“regulated upon activation, normal T-cell expressed
and presumably secreted”; renamed CCL5). Two proteolytic
products of PBP known as connective tissue-activating peptide-3
(CTAP-3) and neutrophil-activating peptide-2 (NAP-2) were
also isolated as PMPs (Fig. 11).152 Apparently, the most potent
antimicrobial activity is associated with C-terminal truncation
products of NAP-2 and CTAP-3 both lacking the last two amino
acid residues. These products were named thrombocidin-1 and
thrombocidin-2 (TC-1 and TC-2) respectively.153 The growth of
E. coli, Bacillus subtilis and S. aureus was inhibited by both TC-1
and TC-2 at low micromolar concentrations. The minimal fungicidal concentrations tested with Cryptococcus neoformans were
1.9 and 30 μM for TC-1 and TC-2 respectively; no activity was
observed with Candida glabrata.
Kinocidins. Chemokines with antimicrobial properties are
collectively called kinocidins and are not only present in platelets.
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Figure 11. Primary structure of platelet basic protein (PBP)-derived polypeptides collectively called β-thromboglobulins. Antimicrobial activity of
varying potency has been described for all depicted polypeptides with exception of β-thromboglobulin (β-TG), which was the first member of the
β-thromboglobulin family described.

By testing a total of 30 human chemokines, 18 were found to
exhibit antimicrobial activity, suggesting that direct inactivation of microbes is a common function of these molecules.154 As
one of the best documented examples, the macrophage inflammatory protein-3α (MIP-3α/CCL20) proved to be active not
only against Gram-negative and Gram-positive bacteria but
also, with reduced potency, against yeast.154 Since it is known
that intestinal epithelial cells and skin keratinocytes are able
to produce MIP-3α/CCL20, and its production is induced by
various inflammatory stimuli, a role of MIP-3α/CCL20 in the
epithelial and skin chemical barrier was suggested. A functional
link of MIP-3α/CCL20 may exist to the β-defensins that are
able to activate the CC chemokine receptor-6 (CCR6) which is
otherwise rather specific and does not interact with any other
chemokines.155,156 In a more recent study, granulocyte chemotactic protein-2 (GCP-2/CXCL6) was shown to disrupt bacterial membranes and to be active against Gram-positive and
Gram-negative species.157 The fact that no antimicrobial activity of GCP-2/CXCL6 was reported in the previous study154 was
interpreted as a possible consequence of one of the medium components neutralising the activity.157 Possibly, GCP-2/CXCL6
plays an important role in the immune defence of the mucosal
surfaces of the oral cavity, tonsils and the epithelial lining of the
airways.
Interleukin-8 (IL-8/CXCL8) has only mild to nonexistent
antimicrobial activity. However, considerable sequence similarity
was detected between the C-terminal domain of IL-8/CXCL8
and Hp(2-20), a cationic amphipathic antimicrobial peptide produced by Helicobacter pylori.158 A corresponding synthetic peptide
(amino acid residues 80 to 99 of IL-8/CXCL8) appears to possess
significant antimicrobial activity regardless of some conflicting
reports possibly reflecting different assay conditions.156 The same
peptide could be generated in vitro by acid hydrolysis of IL-8/
CXCL8, and it was suggested that colonization of the stomach
by H. pylori may induce the local production of IL-8/CXCL8
that is further hydrolysed to the antimicrobial peptide. This
peptide may then act synergistically with the H. pylori-derived
Hp(2-20) providing a competitive advantage over other
microorganisms.158
AMPs from House-keeping Proteins
Ubiquicidin. An antimicrobial peptide isolated from murine
macrophages was termed ubiquicidin.159 It was found that ubiquicidin is identical to the ribosomal protein S30 that is incorporated

into the small ribosomal subunit. Mouse and human ubiquicidin/S30 share full amino acid sequence identity. Ubiquicidin/
S30 is a 6.6 kDa cationic (pI 12.7) peptide consisting of 59 amino
acid residues. It is produced by posttranslational processing of
the Fau polypeptide (133 amino acid residues), which consists
of the N-terminal FUBI domain (74 residues) with homology
to ubiquitin (36% identity) and the C-terminal ubiquicidin/S30
domain (Fig. 12).160 The ubiquitin-like domain may function
as substituent or inhibitor of ubiquitin and was found to be a
subunit of the murine monoclonal non-specific suppressor factor
(MNSF).161-163 It was demonstrated by northern blot analysis that
the fau gene is expressed in various tissues.160 The ubiquicidin
peptide was also identified in human colon mucosa and isolated
from the small intestine of normal mice but not of germ-free
mice.164 While antimicrobial peptides of phagocytes are typically stored in granules and transferred to the phagolysosome or
secreted in the extracellular environment, ubiquicidin is present
in the cytosolic fraction. Cytoplasmatic antimicrobial peptides
may play a role in inhibiting bacteria able to grow in the host
cell cytosol such as Listeria monocytogenes, Shigella spp., Rickettsia
spp. Indeed, ubiquicidin was as active against L. monocytogenes
as the rabbit defensin NP-1.159 It is also possible that ubiquicidin
contributes to the host defence if it is released after disintegration
of dead macrophages. Quite little is known in general about the
physiological relevance, mechanism of action and antimicrobial
spectrum of ubiquicidin. Remarkably, full-length ubiquicidin
(UBI 1–59) injected intravenously was effective in a methicillin
resistant S. aureus (MRSA) mouse model, and only somewhat
reduced activity was observed with a derived synthetic peptide
consisting of only 8 amino acid residues (UBI 31–38).165
Buforin I. Similar to ubiquicidin being identical with the S30
ribosomal protein, an antimicrobial peptide known as buforin I
shares complete sequence identity with the N-terminal region of
the histone protein H2A. Buforin I was first discovered in the
stomach mucosa of the Asian toad Bufo gargarizans.166 Later, buforin I was shown by western blot analysis to be also present in the
gastric fluid of pigs, cattle and humans.167 In toad gastric mucosal
cells H2A is synthesized in excess of the amount required for
DNA packaging and accumulates within cytoplasmic secretory
granules. A fraction of the newly synthesized H2A is acetylated
and thus targeted to the nucleus. The remaining non-acetylated
portion is secreted into the gastric lumen, where it is processed to
buforin I by pepsin C isoenzymes (Fig. 13). Buforin I remains
adherent to the mucosal biofilm that coats the surface of the toad
stomach. Its antimicrobial activity is directed against fungi as
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Figure 12. Domain structure of the multifunctional Fau polypeptide. (A) Primary structure of the Fau polypeptide. The ubiquicidin/S30 domain is
underlined. (B) Processing of the Fau polypeptide into the FUBI and the ubiquicidin/S30 polypeptide.

Figure 13. Histone H2A derived antimicrobial peptides. (A) Sequence comparison of H2A from human, H2A from the Asian toad Bufo gargarizans and
buforin I. Amino acid substitutions are highlighted in grey. The reason for buforin I starting with an alanine (A) instead of a serine (S) residue is not reported. The lysine (K) residue found to be acetylated in nuclear-located H2A but not in buforin I present in the stomach is indicated (Ac). (B) Sequences
of buforin I and the related synthetic peptides buforin II, buforin IIb and histonin. The arrow indicates the proline hinge essential for antimicrobial
activity.

well as Gram-negative and Gram-positive bacteria. The mechanism of killing is quite unusual, since the peptide enters the target
cell without membrane permeabilization followed by binding to
nucleic acids. Structural analysis revealed two helices connected
by a proline hinge that is essential for translocation through the
membrane.168 Besides its broad-spectrum antimicrobial activity,
buforin I possesses various additional biological activities such
as the inhibition of botulinum neurotoxins, neutralization of
endotoxins, inhibition of tissue factor-initiated coagulation and
anticancer activity. The ability to selectively target cancer cells
depends on the high concentration of negatively charged gangliosides on these cells.10 Buforin II (21 residues), buforin IIb
(21 residues), histonin (21 residues) and some further derivatives
of shorter chain length compared to buforin I (39 reidues) were
produced artificially, resulting in an increase in antimicrobial

activity. Buforin IIb displayed strong anticancer activity when
injected into solid tumors in p53-deficient mice.169
Truly Multifunctional Peptides and Proteins
Adrenomedullin. Adrenomedullin is a pluripotent hormone-like
peptide of 52 amino acid residues which was first isolated from
human adrenal pheochromocytoma cells.170 It is a member of the
calcitonin gene-related peptide (CGRP) superfamily as it shows
moderate sequence similarity with CGRP, calcitonin and amylin. Expression of the adrenomedullin gene is found in most tissues, and the peptide is present in the blood, skin and mucosal
secretion. In addition to its probably most important function
as a vasodilatory peptide with hypotensive effect, adrenomedullin has effects on gastrointestinal functions, neurotransmission,
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hormone secretion and growth regulation.171 Moreover, it is
thought to be involved in skin growth, wound repair and prevention of gastric injury. Some of the cellular effects of adrenomedullin are mediated by binding to the CGRP receptor (which
has slightly higher affinity for CGRP than for adrenomedullin),
while two specific adrenomedullin receptors were identified with
higher affinity for adrenomedullin than for CGRP.172
The adrenomedullin peptide is amidated at its C-terminus
and exhibits a positive net charge (pI 9.7). It is characterized by
a single intramolecular disulfide bond between residues 16 and
21, and adopts an amphiphilic structure due to spatially separated hydrophobic and charged regions, similar to defensin-like
antimicrobial peptides. It is reported that E. coli and S. aureus are
killed by adrenomedullin both at minimum inhibitory concentrations of 12.5 μg/ml (2.07 μM).173 There was no activity against
C. albicans. Ultrastructural analysis demonstrated marked cell
wall disruption with E. coli. With S. aureus, abnormal septum
formation during cell division with no apparent peripheral cell
wall disruption was observed. Synthetic peptides representing the
C-terminal part (residues 13–52 and 16–52) of adrenomedullin
were 200-fold and 100-fold more active against E. coli and S.
aureus respectively. Therefore, it was proposed that postsecretory processing may generate multiple congeners with enhanced
antimicrobial activity. In line with this hypothesis, degradation of adrenomedullin to smaller fragments by plasma membrane enzymes and matrix metalloproteinase-2 was shown.174,175
However, the antimicrobial activity of the fragments remains
to be determined. In a study aiming to investigate the role of
adrenomedullin in oral health, comparable concentrations were
determined in serum and saliva (4.2 ng/ml and 4.9 ng/ml respectively).176 The growth of Streptococcus epideridis and Pseudomonas
sp. isolated from the human oral flora was partially inhibited by
physiological adrenomedullin concentrations. In addition, stimulation of the proliferation of buccal keratinocytes was observed
at these concentrations. No activity was found against the opportunistic bacterium Porphyromonas gingivalis implicated in certain
forms of periodontal disease.177
It was recently shown that intravenous administration of
human adrenomedullin together with its binding protein (human
AMBP-1) is successful in reversing experimentally induced sepsis
in rats.178 Most likely, this activity depends on host cell dependent
antiinflammatory effects such as reduction of cytokine release,
rather than on the antimicrobial properties of adrenomedullin.
It is known that in blood adrenomedullin forms a complex with
AMBP-1, which is identical to complement factor H. AMBP-1
binding increases receptor-mediated effects of adrenomedullin
but suppresses its antimicrobial activity.172
Lysozyme. Lysozyme is primarily defined by its muramidase
activity, i.e., the hydrolysis of the β-1,4 glycosidic bonds between
N-acetylmuramic acid and N-acetyl-d-glucosamine residues of
bacterial cell wall peptidoglycan. The 14.5 kDa basic (pI 9.3)
protein is widely produced in many cells and tissues and is present in virtually all body fluids of humans. Particularly high
concentrations are found in tears, gastric juice and milk.179-181
Larger amounts are also contained in the azurophil, specific
and gelatinase granules of neutrophils and the phagolysosomes

of macrophages. Lysozyme was officially named by Alexander
Fleming in 1922 describing the bacteriolytic activity of human
tissues and secretions.182 However, the antibacterial properties
of hen egg-white had already been recognized in 1909 by Pavel
Nikolaevich Lashchenkov.183 Besides its antibacterial activity,
various additional functions have been attributed to lysozyme,
including fungistatic activities, defence against HIV-1 and lysis
of tumor cells.184-186
Although very intuitive, the physiological relevance of lysozyme-dependent enzymatic cell wall degradation in antibacterial immune defence is not well established. Apparently by
damaging surface-exposed peptidoglycan, lysozyme mainly
kills Gram-positive bacteria. The reduced susceptibility of most
Gram-negative species may be caused by the presence of the outer
membrane that shields the peptidoglycan sacculus from the environment and cannot easily be penetrated by the small enzyme.
In a very recent study it was shown that the muramidase activity
of lysozyme is indeed essential to initiate processing of pro-IL-1β
to IL-1β, a key regulator of inflammatory responses to S. aureus,
upon exposure of macrophages to peptidoglycan.187 A two-step
mechanism was suggested that requires both the ingestion of the
particulate peptidoglycan and its intra-phagosomal digestion by
lysozyme, finally activating the NLRP3 inflammasome that controls cleavage of pro-IL-1β by caspase-1. However, there is considerable evidence that in many cases killing of bacteria by lysozyme
is largely independent of its enzymatic activity. It was shown that
after inactivation of its catalytic activity by reduction of essential
disulfide bonds human lysozyme retains its full bactericidal activity against Streptococcus sanguis.188 Furthermore, recombinant
hen egg-white lysozyme with the catalytic aspartic acid residue
substituted by serine was as bactericidal for S. aureus and Bacillus
subtilis as the wild-type enzyme.189 Structural analysis of human
lysozyme revealed two α-helices connected by a proline-glycine
hinge region reminiscent to a group of insect AMPs known as
cecropins that were first identified in the silk moth Hyalophora
cecropia (Fig. 14). A synthetic peptide representing this helixhinge-helix motif (residue 87–115 of human lysozyme, h-LYZ
87–115) displayed membrane-permeabilising properties and was
active against a variety of Gram-positive and Gram-negative bacteria and the yeast C. albicans.190 Somewhat reduced activity was
observed with a much shorter peptide (h-LYZ 107–115) only representing the second helix. Furthermore, it was shown that digestion of hen egg-white lysozyme with pepsin under mildly acidic
conditions (pH 4.0) generates several membrane-active peptides
resembling either of two helices located within the N-terminal
domain (residues 1 to 38). Since this domain falls in a region
with the greatest degree of conservation in mammalian lysozyme,
processing of lysozyme from breast milk in the stomach may provide an important mechanism in newborn immunity.191
Some bacterial pathogens such as S. aureus are fully resistant to lysozyme. Among several possible mechanisms, it was
demonstrated that modification of peptidoglycan by a specific
O-acetyltransferase at the O-6 position of N-acetylmuramic acid
renders staphylococci resistant to the muramidase activity of lysozyme.192 In addition, esterification of teichoic acids with d-alanine partially neutralising the negative charge of the cell surface
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confers resistance against the non-enzymatic activity of lysozyme
as well as against other cationic antimicrobial peptides.193,194
α-lactalbumin, a protein highly similar to lysozyme, is produced in the lactating mammary gland of humans and of all but
a few other mammalian species.195 Despite 38% sequence identity, the function of α-lactalbumin being involved in the regulation of the substrate specificity of β-1,4-galactosyltransferase
is fully distinct from that of lysozyme. In most tissues, β-1,4galactosyltransferase participates in the synthesis of the Galβ1-4GlcNac disaccharide unit of glycoconjugates. In the mammary
gland, binding of α-lactalbumin changes the acceptor specificity
of the enzyme toward glucose to synthesize lactose.196
Quite recently, four human genes encoding four additional
proteins highly similar to human lysozyme (h-LYZ) were identified and designated LYZL2, LYZL4, LYZL6 and SPACA3.197
The catalytic amino acid residues (corresponding to glutamine
35 and aspartic acid 52 of h-LYZ) are retained in LYZL2 and
LYZL6. In LYZL4, the aspartic acid residue is substituted by
glycine, and in SPACA3 both the glutamine and aspartic acid
residues are substituted by threonine and asparagine respectively.
Similarly, in α-lactalbumin the catalytic residues are substituted
by threonine and glutamic acid. Northern blot analysis revealed
that all four genes for the newly discovered lysozyme homologues
are predominantly expressed in the human testis/epididymis.
The gene product of SPACA3 named SLLP1 was shown to be
non-bacteriolytic and found to be located in the acrosomal matrix
of ejaculated sperms, apparently serving a function in sperm-egg
binding.198,199 It was further shown by in-situ hybridization that
the LYZL4 gene is expressed in the epithelium of human epididymis, most abundantly in the caput.197
Lactoferrin. Lactoferrin is a mammalian iron-binding glycoprotein of ca. 80 kDa belonging to the transferrin family.200 In
contrast to transferrin, which is primarily present in the bloodstream where it functions in iron delivery to cells, lactoferrin is
mostly found in exocrine secretion, and notably in secondary
granules of neutrophils. Rich sources of lactoferrin are milk (1–2
mg/ml), colostral milk (3–7 mg/ml), tear fluid (2 mg/ml) and
seminal plasma (1 mg/ml).200 In breast-fed infants lactoferrin
may be important for enhancing iron availability.201,202 As its primary function, however, lactoferrin is considered to play a role in
maternal and innate immunity.203 It has been shown that lactoferrin is active against bacteria, viruses, fungi and parasites, and it
has been implicated in protection against cancer. It is well established that lactoferrin is a multifunctional protein with the main
activities residing in particular domains. Sequestration of iron,
thus depriving microorganisms of the iron essential for growth,
is one important mechanism. Lactoferrin retains iron at much
lower pH than transferrin, giving it a more potent iron-withholding ability. Iron sequestration is the most probable reason for lactoferrin being able to prevent biofilm formation by Pseudomonas
aerugionsa. Nevertheless, under iron-restricted conditions, some
bacteria and the protozoan parasite Tritrichomonas foetus have
developed mechanisms for acquiring iron from iron-saturated
lactoferrin, involving specific lactoferrin receptors on their surface. Since all known lactoferrins from different mammals are
strongly cationic, which differentiates them from transferrins,

Figure 14. Structure of human lysozyme (PDB ID:3FE0). The helixhinge-helix motif (residue 87 to 115) demonstrated to be associated
with non-enzymatic antimicrobial activity is labeled in yellow. The
sequences of two derived synthetic antimicrobial peptides are shown
below.

charge appears to be an important factor for binding to target
cell membranes. The positively charged helix at the N-terminus
is important for the bactericidal activity and was described as the
lactoferricin domain (Fig. 15). Proteolysis in the stomach leads
to the release of the lactoferricin peptide (25 residues), which in
many cases is more active than the native lactoferrin and probably
acts by forming of amphiphatic structures leading to membrane
disruption.204 A 14 residue peptide contained within the lactoferricin peptide (corresponding to residues 17 to 30 of bovine
lactoferrin; LFcin17–30) was produced synthetically and found
to be even more active than lactoferricin. Another synthetic peptide corresponding to residues 268 to 284 of bovine lactoferrin
was termed lactoferrampin (LFampin268–284) and, similar to
LFcin17–30, displayed pronounced activity against C. albicans.
Finally, a chimeric peptide of LFcin17–30 and LFampin268–284
resulted in further improved antibacterial activity and proved to
be less sensitive to ionic strength.205 The N-terminal part of lactoferrin also possesses a serine protease-like activity which functions to inactivate the type III secretion system used by bacteria
to export virulence proteins for host cell invasion. The antiviral
activity of lactoferrin is observed at an early phase of the infection process and depends on blocking of host cell glycosaminoglycans, mainly heparan sulfate, used by the virus for adsorption,
or on direct interaction between lactoferrin and the viral particle. Possibly, the glycan chains of lactoferrin are essential for
the latter mechanism. Both HIV-1 replication and syncytia formation is inhibited by lactoferrin, which strongly interacts with
the viral gp120 crucial for invasion and membrane fusion. The
anti-carcinogenic effect of lactoferrin and lactoferrin-derived
peptides appears to be mediated by various immunomodulatory
properties and by its ability to promote apoptosis in cancer cells.
Orally administered lactoferrin proved to inhibit tumor growth
and metastasis in a rodent model.206 Lactoferrin receptors that
mediate internalization of lactoferrin are present in most tissues.
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Figure 15. Structural model representing the polypeptide backbone
of bovine lactoferrin (PDB ID:1BLF). The positions of the two bound Fe3+
ions (Fe) are indicated. Glycan side chains are represented in black. The
helices corresponding to the derived synthetic antimicrobial peptides
lactoferricin (bLF17-30; amino acid residues 17 to 30) and lactoferrampin
(LFampin; amino acid residues 268 to 284) are surrounded by dashed
lines. The corresponding amino acid sequences are shown below. In addition, the sequence of hLF1-11 derived from the N-terminus of human
lactoferrin is indicated.

In support of the concept of lactoferrin acting as a transcription factor, a nuclear localization signal can be identified within
the N-terminal region, and lactoferrin was shown to bind to
DNA.207,208 Likewise, an intracellular splicing isoform, known
as delta-lactoferrin, is an effective trascription factor involved in
regulating cell cycle progression and quality control of mRNA
synthesis.209
AMPs in Clinical Studies
Considerations for AMP-derived drugs. At present, drugs based
on AMPs have not yet been approved. However, the potential
of AMPs as templates for new antimicrobial active ingredients
has already been substantiated in a number of clinical studies.
Compared to conventional antibiotics, the action of most AMPs
is extremely rapid with bactericidal effects observed at concentrations very close to minimal inhibitory concentrations. In addition, several AMPs display unusually broad spectra of activity and
kill multi-drug-resistant pathogens. With respect to their rather
non-specific mode of action, resistance against AMPs cannot
be selected without bacterial membranes undergoing profound
structural changes. However, it cannot be ignored that pathogens
have acquired the ability to sense and to respond to AMPs, often
resulting in reduced negative charge of their cell envelope due to
specific surface modifications.9 Proteolytic inactivation of AMPs
also appears to be a generalized mechanism employed by various pathogens. Staphylococci exhibit proteolytic activity against

dermcidin after exposure to this AMP on human skin. In group
A streptococci (Streptococcus pyogenes or GAS) the cathelicidin
LL-37 stimulates the production of hyaluronic acid capsules, the
notorious virulence determinant of this pathogen, in addition to
two other virulence factors, the IL-8 protease Prts/ScpC and the
integrin-like/IgG protease Mac/IdeS.210 Thus, the production
of LL-37 in response to GAS infection, paradoxically, increases
GAS pathogenicity. Due to their peptidic nature AMPs or related
compounds are unlikely to be resorbed from the gastrointestinal tract if administered orally and may elicit immune responses
after injection leading to the neutralization of the active ingredient or the induction of allergic reactions. Therefore AMP-derived
drugs may be most reasonably administered as topical formulations for the treatment of skin and wound infections. Also, in
cases of severe systemic infections, when rapid neutralization of
endotoxins and reduction of the bacteria load is essential, intravenous administration of such drugs may be a life-saving treatment
option. It must further be taken into account that in addition
to their antimicrobial activity AMPs also display immunomodulatory, hormone and/or growth factor-like activity. The finding
that the α-defensins and LL-37 stimulate cell growth in a narrow concentration range, while being cytotoxic at higher concentration, might has been the reason why these prototypic human
AMPs have not been considered for clinical studies.149 Instead,
less well-known human AMPs besides AMPs from other origin
have served as templates for clinical trial candidates so far. As
detailed below, these include human lactoferrin, histatins and
bactericidal/permeability increasing protein (BPI) and porcine
protegrins, frog magainins and bovine indolicidin (Table 4).
In a further human study a radiolabelled peptide derived from
ubiquicidin was used as a probe for the visualization of infected
tissues. In all these studies artificial peptides obtained by modification and optimization of the parent AMPs were used.
UBI 29–41 derived from ubiquicidin. In a mouse infection
model, full-length ubiquicidin (UBI 1–59) injected intravenously
was effective against methicillin resistant S. aureus (MRSA), and
only somewhat reduced activity was observed with a derived
synthetic peptide consisting of only 8 amino acid residues (UBI
31–38).165 Another ubiquicidin-derived peptide (UBI 29–41)
labelled with radioactive technetium-99m (99mTc) was used as
a probe for real-time, whole-body imaging for the scintigraphic
visualization of infected tissues in mice.211 In an early clinical
study including seven adult patients with suspected bone or soft
tissue infection this procedure allowed to identify the sites of
inflammation.212
hLF1-11 derived from lactoferrin. A peptide representing the
first 11 amino acid residues of human lactoferrin (hLF1-11) was
demonstrated in vitro to be exceptionally active against a variety of bacteria and fungi including fluconazole resistant C. albicans.213 In a murine thigh muscle infection model, hLF1-11 was
effective against both multidrug-resistant Acinetobacter baumanii
and methicillin resistant S. aureus (MRSA).211,214 In other studies,
hLF1-11 released from biodegradable calcium phosphate cement
was successfully applied to prevent experimental osteomyelitis caused by S. aureus in rabbits.215 A clinical phase I study on
hLF1-11 as potential treatment for bacterial hospital infections
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Table 4. AMP-derive peptides tested in clinical studies
Peptide name

Parent AMP

Indication

Outcome

hLF1-11

lactoferrin

bacterial hospital infections

safety in humans established

P-113

histatins

experimental human gingivitis

improvement in certain dose groups and
certain populations of volunteers

rBPI21

BPI1

fulminant meningococcal sepsis

reduction in mortality (non-significant,
 robably due to an inappropriate study design)
p

iseganan

protegrins

stomatitis associated with anti-cancer chemotherapy;
oral mucositis associated with radiotherapy;
ventilator-associated pneumonia

no efficacy

pexiganan

magainins

diabetic foot ulcers

comparably effective to ofloxacin

omiganan

indolicidin

acne vulgaris
central catheter-related bloodstream infections

significantly superior to placebo
significantly superior to povidone iodine in
reduction of catheter colonisation and catheter-related local site infections

bactericidal/permeability increasing protein.

1

reportedly has been completed. It is stated that “overall safety
has been established in preclinical and clinical studies” (www.
am-pharma.com).
P-113 derived from histatins. P-113 represents a 12 amino
acid residue fragment of histatin 5 identified as the smallest fragment that retains antimicrobial activity. P-113 was evaluated in a
single-centre, randomized, double-blind, parallel-design clinical
phase I/II study for the treatment of experimental gingivitis.216
Prior to drug administration, volunteers were brought to gingival
health by scaling, tooth brushing and oral hygiene instructions.
A total of 159 subjects was randomly assigned to one of the following treatment arms: 0.005% P-113 mouthrinse, 0.01% P-113
mouthrinse, 0.05% P-113 mouthrinse or placebo mouthrinse.
Subjects self-administered 15 ml of study mouthrinse twice daily
for 28 days. During this time subjects were instructed to abstain
from all oral hygiene procedures. Efficacy was assessed by evaluation for plaque index, gingival index and bleeding on probing. As
a result, a significant reduction in plaque and a reduction in gingivitis were observed for patients using 0.01% P-113 mouthrinse.
There was also a trend towards reduction of bleeding on probing in the 0.01% dose group. No treatment-related adverse events
and no adverse shift in supragingival microflora were reported.
In a subsequent phase IIb multi-centre clinical study of similar design, P-113 was evaluated as 0.01% and 0.03% mouthrinse
versus placebo in 294 healthy volunteers.217 In this study a significant reduction of bleeding on probing was found in the 0.01%
group, and there were non-significant trends in reduction of the
other parameters. A subpopulation of subjects was identified who
suffered from gingival inflammation just prior to administration
of the mouthrinse, despite rigorous oral hygiene procedures in
the pretreatment phase. In these subjects particularly prone to
the development of gingivitis significant findings were observed
for all parameters, particularly after excluding smokers from the
evaluation.
In a further clinical phase II study using the human gingivitis
model, a topical P-113 gel formulation was tested at three different concentrations (0.0625, 0.125 and 0.375%) in 106 subjects.218
Significant reduction of bleeding on probing was observed in all

dose groups. Intergroup differences for plaque index or gingival
index were borderline or non-significant respectively.
rBPI21 derived from bactericidal/permeability increasing protein (BPI). The endotoxin-neutralising activity of a 21
kDa recombinant protein (rBPI21) derived from the N-terminal
domain of BPI has been evaluated in clinical studies. In an openlabel, dose-escalation phase I/II trial, 26 paediatric patients with
fulminant meningococcal sepsis were treated with rBPI21 administered intravenously. Only one of the patients (4%) died, which
favorably compared to a historical control group with 20% mortality (11 of 54 patients).219 In a subsequent phase III, randomized, placebo-controlled trial, 190 patients received rBPI21 and
203 placebo.220 As outcome, the beneficial effect of rBPI21 could
be confirmed, however reduction in mortality did not reach statistical significance, probably because the study was underpowered by an inappropriate design not taking into account the high
mortality of patients in the time between recruitment and drug
administration.221
Iseganan derived from porcine protegrins. The protegrins,
first isolated from porcine neutrophils, are members of the cathelicidin family.222 Five natural protegrins, 16 to 18 residues long,
are known and were shown to be active against Gram-negative
bacteria, Gram-positive bacteria and yeast. The highly cationic
peptides form two intramolecular disulfide bonds and adopt an
amphipathic structure composed of an antiparallel β-sheet with
a β-turn. Iseganan (also named IB-367) was identified as a synthetic protegrin analogue with broad-spectrum antimicrobial
activity.223 A phase III, randomized, double-blind, placebo-controlled study was conducted to evaluate the efficacy of iseganan
in the reduction of stomatitis in patients receiving stomatotoxic
anticancer chemotherapy.224 A total of 502 patients were treated
with iseganan, 9 mg per dose or placebo, administered as oral
rinse six times daily. As outcome of the study, a major impact
of iseganan on reducing stomatitis was not detected. In a similar study, iseganan was assessed in a total of 545 patients for
reducing the severity of oral mucositis during the course of radiotherapy treatment of head-and-neck cancer.225 However, no beneficial effect of iseganan compared to placebo was found. Also, no
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beneficial effect of iseganan in preventing ventilator-associated
pneumonia was observed in a placebo-controlled study including
709 intensive care patients.226 The lack of efficacy of iseganan
might has been caused by an inappropriate pharmaceutical formulation. It was proposed to use a mucosa-adhesive paste instead
of the aqueous solution in future studies.227
Pexiganan derived from frog magainins. Magainins are cationic α-helical peptides, 21 to 27 residues in length, isolated from
the skin of the African clawed frog Xenopus laevis with broadspectrum activity towards Gram-positive and Gram-negative
bacteria, fungi, protozoa, viruses and tumor cells.228 A synthetic
22-residue analogue of magain 2 was named pexiganan (or MSI78) and evaluated for the treatment of mildly infected diabetic
foot ulcers in two consecutive, double-blind, controlled trials.229,230 Overall, 835 outpatients were randomized for topical
treatment with pexiganan (1% pexiganan acetate cream twice
daily) or systemic treatment with an oral fluoroquinolone antibiotic (200 mg ofloxacin twice daily), plus a respective inactive placebo. Although the first study failed to demonstrate equivalence,
the second study and the combined data for both trials indicated
equivalent efficacy of topical pexiganan and oral ofloxacin with
respect to clinical improvement rates, microbiological eradication
rates and wound healing rates. Bacterial resistance emerged in
some patients who received ofloxacin, but no significant resistance development was observed in the pexiganan group. It was
concluded that topical treatment with the peptide reduces the
risk of selecting antimicrobial-resistant bacteria and avoids the
adverse effects of systemic anti-infective agents. However, the
FDA rejected the approval of pexiganan in 1999, reportedly as
it did not offer any great advantage over the current standard of
care.28
Omiganan derived from bovine indolicidin. The indolicidin
derivative omiganan is currently considered to be the AMP in
the most advanced stage of clinical development. Indolicidin is
a member of the cathelicidin family and was first isolated from
bovine neutrophils.231 The 13-residue AMP contains 5 tryptophan residues (39%), thus displaying the highest tryptophan
proportion ever seen in a peptide or protein.37 Upon interaction
with biological membranes indolicidin assumes a wedge- or boatshaped conformation with the hydrophobic tryptophan residues
in the wedge’s trough, flanked by positively charged regions at
both ends. If fully extended, indolicidin is able to span both
membrane leaflets, despite only consisting of 13 amino acid residues. This is possible because indolicidin adopts an approximate
poly-l-proline type II helix conformation, which is characterized
by very high helical pitches. The exact mode of action of indolicidin is still unknown. At bactericidal concentrations the peptide
appears to translocate through the membrane into the cytosol
where it may bind to nucleic acids, while it is membranolytic
at higher concentrations.232 Indolicidin has a very wide killing
spectrum with demonstrated activity against Gram-positive and
Gram-negative bacteria, fungi, protozoa and HIV-1. However,
its potential clinical usefulness is compromised by pronounced
haemolytic activity, indicative of nonspecific disruption of mammalian membranes. This disadvantage appears to be largely eliminated in omiganan, which is reportedly much less haemolytic.233

Clinical studies on omiganan have been performed for the treatment of acne and for preventing catheter-related infections (www.
migenix.com).233
Omiganan administered as a topical solution (MBI 594AN)
has been evaluated in five clinical trials for the treatment of acne.
Three phase I studies were performed with 36 healthy volunteers
and 35 acne patients demonstrating that omiganan is well tolerated and not systemically absorbed after topical administration.
A six-week, randomized, double-blind phase IIa study was performed with 75 subjects with facial acne vulgaris. Omiganan
diminished the severity of the disease in subjects with mild to
moderate acne, as shown by reduced counts of inflammatory
lesions (papules and pustules; 39% reduction compared to 21%
in the omiganan and placebo group respectively) and non-inflammatory lesions (comedones; 25% reduction compared to 10% in
the omiganan and placebo group respectively). According to the
Physician’s Global Severity Assessment scores, good to excellent
improvement was seen in 41% of patients treated with omiganan
compared to 32% for placebo treated subjects. Treatment with
a 2.5% omiganan solution performed equal or superior to a 5%
treatment group.
A phase IIb randomized, double-blind, vehicle-controlled
dose-finding study was conducted in 241 subjects to evaluate the
efficacy and safety of omiganan solutions over a treatment period
of 12 weeks. After 6 weeks of treatment, a 2.5% topical solution proved to be statistically superior to the vehicle control in
reducing all types of acne lesions measured, specifically reducing
inflammatory lesions by 40%. Between 6 and 12 weeks, the control group receiving the vehicle alone displayed a gradual decrease
in lesion counts, making the analysis beyond 6 weeks not statistically significant. This was interpreted as a placebo effect seen
frequently in acne studies. In the group receiving 1.25% omiganan solution, a dose response was seen showing trends towards
efficacy.
In order to demonstrate that omiganan is superior to povidone iodine in preventing central catheter-related bloodstream
infections, a phase III randomized, evaluation-committeeblinded study was performed in 1,400 patients. Omiganan was
formulated as 1% gel (MX-226) and administered at the catheter
insertion site. The treatment with omiganan achieved a clear,
statistically significant reduction in the two secondary efficacy
endpoints, catheter colonization (21% reduction) and catheter-related local site infections (49% reduction), compared to
povidone iodine. The primary endpoint, a reduction in catheterrelated bloodstream infections, resulted in a 15% improvement as
compared to povidone iodine, but this effect was not statistically
significant due to the small number of patients who contracted
such infections in this trial.27
Conclusions
In course of the evolution, killing of pathogens by producing
AMPs has proven to be a highly effective defence mechanism
found in the most primitive forms of life as well as in humans.
Many human AMPs have retained very ancient structural elements associated with their membranolytic activity, such as
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amphipathic helical and defensin-like motifs, but also have
acquired novel, mainly regulatory, functions reflecting the complexity of the vertebrate immune system. Although not yet studied in detail, deficiency in certain AMPs, as it is known for LL-37,
can be associated with severe disease, pointing to AMPs being an
integral part of the human immune system rather than serving
remote or auxiliary functions. In the traditional concept of innate
and adaptive immunity, the innate immune system recognizes a
restricted set of basically invariable pathogen-associated structures, while the adaptive immune system is capable of generating
antibodies and T cells directed against virtually all foreign structures, typically within several weeks. The more recent findings
on AMPs, though they are considered to be a part of the innate
immune system, indicate a remarkable degree of adaptiveness
within evolutionary time frames. Thus, several groups of human
AMPs such as the RNase A family, the PLUNC family and the
WAP domain containing peptides are encoded in gene clusters
undergoing very rapid evolution and apparently serve as templates
for the formation of new AMPs in response to changing microbial threats.118 Unlike (humanized) antibodies and recombinant
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