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Abstract — Antimicrobial peptides (AMPs) are small, endogenous, polycationic molecules that con-
stitute a ubiquitous and significant component of innate immunity. These natural antibiotics have broad
microbicidal activity against various bacteria, fungi, and enveloped viruses. Because most AMPs
kill bacteria by physical disruption of cell membranes, which may prevent microorganisms from
developing resistance against these agents, they are being explored as possible alternatives to con-
ventional antibiotics. Pigs, like many other mammals, produce an impressive array of AMPS, which
are synthesized predominantly by host leukocytic phagocytes or mucosal epithelial cells. Currently,
more than a dozen distinct porcine AMPs have been identified and a majority belongs to the cathe-
licidin family. This review briefly summarizes recent advances in porcine AMP research with an
emphasis on the diverse biological functions of each peptide. Mechanisms of action of these AMPs
and their role in the resistance to infections are considered. Finally, the current status of pharmaceutical
and agricultural uses of AMPs as well as future prospects for their application in the food animal indus-
try is discussed.
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Résumé — Peptides antimicrobiens porcins : nouvelles perspectives pour d’'anciennes molécules

de défense de I'hdteLes peptides antimicrobiens sont de petites molécules endogenes, polyca-
tioniques, qui représentent un élément important et ubiquitaire des défenses immunes naturelles.
Ces antibiotiques naturels ont un effet antimicrobien a large spectre, a la fois contre des bactéries, des
moisissures et des virus enveloppés. Comme la plupart de ces peptides antimicrobiens tuent les bac-
téries par altération physique de leur membrane, ce qui peut éviter le développement de souches
microbiennes résistantes a ces agents, ils représentent des alternatives possibles a I'emploi des antibio-
tiques classiques. Le porc, comme de hombreux autres mammiféres, produit une gamme importante
de peptides antimicrobiens, synthétisés pour I'essentiel par les leucocytes a activité phagocytaire,
ou par les cellules épithéliales des muqueuses. Il y a actuellement plus d'une douzaine de peptides
antimicrobiens identifiés chez le porc, dont la majorité fait partie de la famille des cathélicidines. Cet
article résume les progres récents accomplis dans le domaine des peptides antimicrobiens du porc,
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en insistant particulierement sur les effets biologiques variés de chaque peptide, sur leurs mécanismes
d'action et leur réle anti-infectieux. Enfin, cette revue discute de I'état actuel des utilisations phar-
maceutiques et agronomiques de ces peptides antimicrobiens, ainsi que des perpectives de leur utili-
sation pour I'élevage industriel.
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1. INTRODUCTION cialists and food animal producers are

searching for alternative, yet effective,

The discovery and development of antibi-1cans of preventing and treating emerging

otics have led to a dramatic improvemen?nOI re-emerging diseases.

in the ability to treat infectious diseases and Antimicrobial peptides (AMPs, also
significant increases in food animal pro-known as peptide antibiotics or natural
duction during the past five decades and ar@ntibiotics) constitute a ubiquitous and
among the major advances of the 20th cefroadly effective component of innate
tury. In the food animal industry, the use offfmunity of hosts [15, 16, 34, 66]. Since
antibiotics as growth enhancers has beentge first discoveries of plant thionins in 1972
common practice for more than 30 year$28] and insect cecropins in 1981 [108],
and is estimated to constitute more than haffearly 400 AMPs have been identified in
of the total antimicrobial use worldwide Pacteria, plants, invertebrates, and verte-
[123]. Unfortunately, widespread and somebrates [16, 37, 40, 97]. They appear to be
times indiscriminate use of antibiotics has®n ancient but effective component of host
been accompanied by the emergence fense and are being explored as possible
microorganisms that are resistant to thes@lternatives to conventional antibiotics [31,
agents. Antibiotic-resistant bacteria have38, 4749, 60, 80, 124].

been posing increasingly serious concerns to Unlike conventional antibiotics, which
the public, health specialists, and food aniare synthesized enzymatically by microor-
mal producers [53, 75, 123]. To overcomeganisms, each AMP is encoded by a distinct
antibiotic resistance and to retain consumegene and made from an mRNA template.
confidence in a safe food supply, health speMost AMPs appear to kill bacteria by a
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common mechanism, which involves directextensive, and readers are referred to sev-
electrostatic interaction with negatively eral in-depth reviews for comparative infor-
charged microbial cell membranes, followedmnation [37, 40, 55, 56, 66]. This review
by physical disruption [9, 15, 84]. In con-summarizes recent advances in AMP
trast, most traditional antibiotics act byresearch in pigs, with an emphasis on the
inhibiting enzymes involved in synthesis ofdiverse biological functions of each porcine
bacterial cell walls, proteins, or DNA and AMP. Mechanisms of action of these AMPs
usually have a single or limited type of tar-and their role in the resistance to infections
get molecule(s), which can be mutated easre considered. Finally, the current status
ily by bacteria to gain resistance [49, 60].of pharmaceutical and agricultural uses of
Because specific receptors are not involveddMPs as a new generation of antibiotics as
AMPs are capable of killing a broad specwell as future prospects for their applica-
trum of microorganisms without develop-tion in the food animal industry is high-
ment of resistance [47-49, 60]. lighted.

All AMPs share common features, such
as small size (12-100 amino acid residues),
polycationic charge, and amphipathic struc2. ARSENAL OF PORCINE AMPS
ture [9, 15, 47]. Based on structural simi-
larities, they can be classified into two broad \1ore than a dozen distinct AMPs have
groups, i.., linear and cyclic peptides. Thgyeen, jgentified in pigs. All of these peptides
first group includes linear peptides with5qopt diverse spatial structures, are rela-
amphipathia-helical structures or extendedsjyely small with a molecular weight of less
hel!ces with a high proportion of certaingphan 10 kDa, but are broadly effective
residues, and the second group consists ghainst various species of microorganisms
peptides containing one or more disulfidgTap ). Ejther they were isolated as mature
bridges with loop oB-sh_eet structures [9, peptides from PMNSs, lymphocytes, and the
15, 16, 47]. Many cells in the immune SySsma|| intestine, or their amino acid
tem or on mucosal surfaces have the pme%‘equences were deduced from cDNA or
tial to produce AMPs and protect hostsyene sequences. Cecropin P1 was the first
against pathogen invasion. Granules of polys,rcine AMP isolated from the upper part of
morphonuclear neutrophils (PMNS), ihe small intestine by Boman’s group in
macrophages, eosinophils, T lymphocytes) ggg [64]. Another proline-arginine-rich
and nat_ural k|IIe_r (NK) cells are equipped3g_amino acid peptide, PR-39, also was
with an impressive array of AMPS [36, 42, rified by this group from the small intes-
66, 70]. Upon cell activation and degranusine 2 years later [1]. Protegrins 1 to 5 con-
lation, these granule-associated peptides agjy te 3 group of broad-spectrum AMPs of
either fused intracellularly with pathogen- ig myeloid origin identified by Lehrers
containing vacuole_s or secreted extracellugroup [61, 136, 137]. That group also iso-
arly and exert their effects through non+aeq two proline-phenylalanine-rich AMPs,
oxidative killing mechanisms [25]. ,ophenin-1 and -2, from porcine neu-
Interestingly, mucosal epithelial cells, Wh'ChtrophiIs [50]. Three porcine myeloid antimi-
do not have granules, also express anggpial peptides, PMAP-23, -36, and -37,
secrete AMPs [24, 39]. More and more pepyere identified by cDNA cloning [113, 120,
tl_des probably will be identified from addi- 130]. A novel AMP, termed NK-lysin, was
tional cell types and added to the AMPigq|ated from porcine small intéstine and
superfamily. has been shown to be a new effector

Although much of the early work on molecule of cytotoxic T and NK cells [5].
mammalian AMPs was conducted in pigsRecently, a porcing-defensin, pBD-1 was
investigations in other species have beenloned and found to be expressed throughout
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Table I. Summary and characteristics of porcine cationic antimicrobial peptides.

Peptide* Class Storage  Antimicrobial Mature Peptide Length Charge
Site Spectrum® Sequence® (aa)
Cyclic
Protegrin-1 Cathelicidin ~ PMNs G+, G-,F,V RGGRLCYCRRRFCVCVGR-NH2 18 +6
Protegrin-2 Cathelicidin =~ PMNs G+,G-,F,V RGGRLCYCRRRFCICV-NH2 16 +5
Protegrin-3  Cathelicidin ~ PMNs G+, G-, F,V RGGGLCYCRRRFCVCVGR-NH2 18 +6
Protegrin4 Cathelicidin ~ PMNs G+, G-, F,V RGGRLCYCRGWICFCVGR-NH2 18 +6
Protegrin-5 Cathelicidin ~ PMNs G+, G-, F,V RGGRLCYCRPRFCVCVGR-NH2 18 +6
pBD-1 Defensin Epithelia G+, G- KNIGNSVSCLRNKGVCMPGKCAPKMKQIGTCGMPQVKCCKRK 42 +10
NK-lysin Saposin T,NKcells G+ G- GLICESCRKIIQKLEDMVGPQPNEDTVTQAASRVCDKMK
ILRGVCKKIMRTFLRRISKDILTGKKPQAICVDIKICKE 78 +8
Linear
PR-39 Cathelicidin ~ PMNs G- RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPPRFP-NH2 39 +9
PMAP-23  Cathelicidin  PMNs G+, G- RIIDLLWRVRRPQKPKFVTVWVR 23 +6
PMAP-36  Cathelicidin ~ PMNs G+, G- GRFRRLRKKTRKRLKKIGKVLKWIPPIVGSIPLGCG 36 +13
PMAP-37  Cathelicidin  PMNs G+, G- GLLSRLRDFLSDRGRRLGEKIERIGQKIKDLSEFFQS 37 +4
Prophenin-1 Cathelicidin ~ PMNs G- AFPPPNVPGPRFPPPNFPGPRFPPPNFPGPRFPPPNEPGP
RFPPPNFPGPPFPPPIFPGPWFPPPPPFRPPPFGPPREP 79 +6
Prophenin-2 Cathelicidin ~ PMNs ? AFPPPNVPGPRFPPPNVPGPRFPPPNFPGPRFPPPNFPGP
RFPPPNFPGPPFPPPIFPGPWFPPPPPFRPPPFGPPREP 79 +6
Cecropin P1  Cecropin ? G- SWLSKTAKKLENSAKKRISEGIAIAIQGGPR 31 +4

2 Abbreviations: pBD-1, porcine (3-defensin 1; NK, natural killer; PR-39, proline-arginine-rich 39-amino
acid peptide; PMAP, porcine myeloid antimicrobial peptide; PMN, polymorphonuclear neutrophil.

b G+, gram-positive; G-, gram-negative; F, fungus; V, enveloped virus.

¢ Cysteine (C) residues are bolded in cyclic peptides; NH2 denotes C-terminal amidation.

epithelia of the respiratory and gastroin-otics with broad-spectrum activity against
testinal tracts [134]. All of these AMPs, various bacteria, fungi, and enveloped
except cecropin P1 and NK-lysin, belongviruses [35, 67, 85]. In addition to their
to either the defensin or the cathelicidin fammicrobicidal activity, defensins also are
ily, which are the two major groups of chemotactic for monocytes, T lymphocytes,
AMPs found in most mammalian speciesand dendritic cells [22, 118, 126]; inhibit
[37-39, 66]. Cathelicidin-related AMPs rep-the binding of ACTH to its receptors (hence
resent the majority of those identified inthe name “corticostatins”) [119]; suppress
pigs so far. Althouglu-defensins are the the activation of the classical pathway of
most abundant AMPs in granules of PMNsomplement [121]; induce histamine release
or intestinal paneth cells in many mam-from mast cells [14]; and promote the bind-
malian species [36, 67, 85], they have noing of lipoprotein(a) to the vascular matrix
been found in pigs. [13, 54]. All defensins are polycationic pep-
tides of 3-5 kDa and are characterized by
the presence of six or eight conserved cys-
2.1. Defensins, a superfamily teine residues forming three or four
of conserved cysteine-rich AMPs intramolecular disulfide bridges. Five fam-
ilies of defensins have been reported in
Defensins constitute a large family ofeukaryotes ranging from plants, insects, and
endogenous cysteine-rich peptide antibimammals [18, 24, 55, 57, 65, 116] (Fig. 1).
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wdefonsin Cl(ﬁ——ﬂccl prosequence, and a mature biol_og_ically
active peptide [35, 67]. Upon microbial inva-
p-defensin C' 777777 m sio_n, mature active_ defensin_s are released
: - N quickly by proteolytic processing from pre-
Insect defensin  Coeeneereemeees TSR — G-CrreeeC-C cursor peptides. Alla-defensins are
[ ——=—=—=—— ] expressed in granule-containing granulo-

Plant defensin ~ C------- C-C—C—G-C——C-C—C  cytic leukocytes or intestinal paneth cells,
whereas mogs-defensins are synthesized
Figure 1. Conserved disulfide bridge patternspy epithelial cells lining the respiratory, gas-
of mammaliana- and B-defensins, insect troenteric, and urogenital tracts, which do
defensins, and plant defensins. Each group it contain storage granules [24, 65]. There-
ggirg?tg;gzti?nt;y(@)e rg‘;?&gg;’_ sg:ggngégﬂdrggr 'Qre,a-defensins are considered t_raditionall_y
sents an amino acid residue. Rhesu&S important mediators involved in systemic
B-defensin-1 represents a third group of mamhost defense, wherefisdefensins may be
malian defensins, and its unique cyclic structurénvolved more in mucosal immunity. How-
is formed by the head-to-tail ligation of two ever, cattle are the only species examined
a-defensin-like propeptides [116]. Therefore, ity gate in whiclg-defensins are expressed
can be considered a subgroumedefensins. abundantly in both PMNs and macrophages
in addition to mucosal epithelial cells [96,

Based on the positions of cysteine residuet00]
and linkages of the disulfide bridges, mam- gased on gene structure, length and

malian defensins are divided further i”tohomology of amino acid sequences, and
three groupsa-, -, andé-defensins. Rhe-  gjteg of expressiofi;defensins are classified
sus6-defensin-1 currently is the only fyther into two subgroups [24, 135] (Fig. 2).
B-defensin and was isolated recently fromrpe first group contains precursor peptides
leukocytes of rhesus monkeys [116]. How-yf 61-65 amino acid residues, and each has
ever, it also can be considered a subgroup ﬁfcompact gene with a shorter intron of less
a—defgnsln, because it is formed b)_/ the headnan 2 kb (Fig. 3). Many are expressed abun-
to-tail ligation of twoa-defensin-like  gantly in oral and airway epithelia. The sec-
propeptides via a posttranscriptional progng group contains precursor peptides that
cessing pathway [116]. Despite a lack okyye generally 3-10 amino acids longer, each
similarity in amino acid sequences, the thregyith a relatively large gene containing an
dimensional structures of all eukaryotiCintron of greater than 6.5 kb. Besides the
defensins are rather similar, consisting ofjthelia of respiratory and digestive tracts,
two or three antiparallgd-sheets with or yiqney and genitourinary epithelia appear
without ana-helix [57], except that rhesus 1 pe ‘the major expression sites. Another
6-defensin-1 adopts a cyclic structure [116]siriking difference between these two groups
Furthermore, all mammalian- and g that expression of moBtdefensin genes
B-defensin genes are clustered in close proxy the first group is induced upon exposure
imity on the same chromosome, as demony, inflammatory and infectious agents,
strated in humans, mice, cattle, and sheggnereas those in the second group have a
[65]. Conserved structures and homologouggnstitutive expression pattern. Examina-
chromosomal locations point to & COMMORjoy of the promoter sequences of genes for
ancestry of these defensins and probably thgqyciblep-defensins revealed the presence
system of innate immunity [57]. of several consensus binding sites for
Mammalian defensins are synthesizeduclear factoxB (NF-kB) and NF-inter-
by either bone marrow myeloid cells orleukin (IL)-6, which may explain their
mucosal epithelial cells as prepro-peptidegnducibility upon inflammation and infec-
that are composed of a signal sequence,ten [24].
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Group 1

pBD-1  MRLHRLLLVFLLMVLLPVPG---LLKNIG---NSVSLRNKG i3 KRK
TAP MRLHHLLLALLFLVLSAWSG---FTQGVG--~NPVYQVRNKGT o RKK
LAP MRLHHLLLALLFLVLSAGSG--~FTQGVR-~--NSQYARRNKGT o RRK
EBD MRLHHLLLTLLFLVLSAGSG---FTQGIS---NPLSOJRLNRGI il RWR
BNBD-4 MRLHHLLLAVLFLVLSAGSG---FTQRVR~~~-NPQSRWNMG o RR
hBD-2  MRVLYLLFSFLFIFLMPLPG---VFGGIG---DPVTIJLKSGAT . KKP
sBD-1  MRLHHLLLVLFFVVLSAGSG---FTQGVR---NRLGJHRNKG K RKK
rBD-2  MRIHYLLFSFLLVLLSPLSA--~FTQSIN---NPITIALTKGG . KKK
mBD-3  MRIHYLLFAFLLVLLSPPAA---FSKKIN-~-NPVSJLRKGG e KRK
GAL-1  MRIVYLLLPFILLLAQGAAG---SSQALG---RKSOKIFRKSG q KRIWG
THP-1  MRIVYLLFPFILLLAQGAAG---SSLALG---KREKCLRRNG i KTLLG
Group 2

hBD-1  MRTSYLLLFTLCLLLSEMASGGNFLTGLGHRSDHYN(IVSSGG ' CCK
mBD-1  MKTHYFLLVMLCFLFSQMEPGVGILTSLGRRTDOYKALOHGG ® CAKS
mBD-2  MRTLCSLLLICCLLFSYTTPAVGSLKSIGYEAELDHCHTNGGY| ] COKYMK
rBD-1  MKTHYFLLVMLFFLFSQMELGAGILTSLGRRTDQYRQLONGG d CaRS

B~-DEFENSIN CONSENSUS C------ C----C--===--~ G-C------ cc

Figure 2. Classification of mammalia@-defensins. Based on length and homology of amino acid
sequences, gene structure, and sites of expreBsiefiensins are classified into two groups. Group 1
contains precursor peptides of 61-65 amino acid residues, and each has a compact gene with a shorter
intron of less than 2 kb. Group 2 contains precursor peptides that are generally 3-10 amino acids
longer, each with a relatively large gene containing an intron of greater than 6.5 kb. Abbreviations:
BD, B-defensin; TAP, tracheal antimicrobial peptide; LAP, lingual antimicrobial peptide; EBD,
entericf3-defensin; BNBD, bovine neutroptfitdefensin; p, porcine; h, human; s, sheep; r, rat;

m, mouse; GAL, Gallinacin; THP, turkey heterophil peptide. (Modified from Ref. [135].)

pBD-1, a porcine form of epithelial sion, the pBD-1 gene failed to upregulate
[(-defensin in response to both in vitro stimulation of
tongue epithelial cells with lipopolysaccha-
Recently, we cloned the full-length ride (LPS), tumor necrosis factor (TN&)-
cDNA for pBD-1, which is the only member Or IL-1B and in vivo infection of pigs with
of the defensin family identified in pigs thus Salmonella typhimuriuror Actinobacillus
far [134]. The pBD-1 mRNA is expressedpleuropneumoniafi35]. In addition, direct
abundantly in tongue epithelia and to a lessdfansfection of the pBD-1 gene promoter
extent throughout the respiratory and digesnto mouse embryonic fibroblast NIH/3T3
tive tracts. The pBD-1 gene spans approxicells showed no difference in reporter gene
mately 1.9 kb and, like its congeners in othe@ctivity upon stimulations with LPS and
mammals, consists of two short exons sepgk-1B [135]. Thus, pBD-1 appears to be the
arated by a 1.5-kb intron [135] (Fig. 3).only B-defensin that can be classified struc-
Exon 1 encodes the 5'-untranslated regioturally into the inducible group but exhibits
(UTR) and signal sequence of the 64-amin@ constitutive expression pattern. The con-
acid prepro-pBD-1, and exon 2 encodes thstant expression of pBD-1 in airway and
prosequence, mature peptide, and theral mucosa, which also is consistent with a
3'-UTR. Despite its resemblance to manyack of consensus binding sites for KB-or
inducible B-defensins in amino acid NF-IL-6 in its promoter region, suggests
sequence, gene structure, and sites of expregat it may play a surveillance role in
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EXON 1 INTRON EXON 2
— N
—— & PRE PRO MATURE PEPTIDE
5-UTR 20-29 aa 2-8 aa 36-42 aa 3-UTR

P

Porcine Bovine  Avian Murine Ovine Caprine Human

pBD-1 TAP GAL1-2 mBD1-4 sBD1-2 gBD1-2 hBD1-2
LAP THP 1-2 BD1-2
EBD
BNBD 1-13

Figure 3. Structural organization g#-defensin genes and a list of encoded precursor peptides. Each
B-defensin gene contains two short exons interrupted by a large intron. The encoded prepro-pep-
tide is composed of a signal sequence, a proregion, and a mature peptide with antibacterial activity.
Exon 1 encodes the 5'-untranslated region (UTR) and signal sequence, and exon 2 encodes the pros-
equence, mature peptide, and the 3'-UTR. The map is drawn to scale. AbbreviatighseBisin;

TAP, tracheal antimicrobial peptide; LAP, lingual antimicrobial peptide; EBD, erfiatéfensin;

BNBD, bovine neutrophiB-defensin; p, porcine; h, human; s, sheep; g, goat; m, mouse; r, rat; GAL,
Gallinacin; THP, turkey heterophil peptide.

maintaining the steady state of microfloraever, is pH, salt, and serum dependent; either
on mucosal surfaces. Fluorescence in sitlow pH (5.5), high salt (100-150 mM NacCl),
hybridization mapped the pBD-1 gene toor serum inactivates its microbicidal activ-
porcine chromosome 15q14-q15.1 within aty [105], as they do for other defensins [35,
region of conserved synteny to the chro65].

mosomal locations of humaa- and

-defensins, further supporting the notion

that defensins are highly conserved, innategy 2 Cathelicidins, a family of AMP
defense molecules with a common ances-  precursors with a common

try [135]. prosequence

Consistent with its abundant expression
of transcripts in tongue epithelial cells, the Cathelicidins constitute a group of AMPs
pBD-1 peptide was immunolocalized to thesharing a conserved N-terminal prosequence
cornified mature epithelial cells in filiform followed by highly heterogeneous 12-79-
papillae (but not in fungiform papillae) of amino acid C-terminal mature peptides [131,
the dorsal tongue [105]. Recombinantl32] (Fig. 4). The C-terminal peptides of
pBD-1 peptide has potent antibacterial activeathelicidins in various mammalian species
ity against both gram-positive and -negahave extremely diverse amino acid
tive bacteria as well as fungi, includingsequences and subsequent spacial structures
Escherichia coli S. typhimuriumListeria  ranging from am-helix to a-sheet. They
monocytogenesnd Candida albicans are named cathelicidins for the high homol-
[105]. Killing of microbes by pBD-1, how- ogy of their prosequences to cathelin,
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a 96-amino acid polypeptide originally puri-  Gene structures for cathelicidins, as
fied from porcine PMNs [94]. These pep-exemplified by PR-39, protegrins, and
tides are synthesized as prepro-peptides lprophenins, are all compact and organized in
bone marrow myeloid cells, then constituthe same manner with four exons and three
tively stored in peripheral PMN granules asntrons [46, 137, 138] (Fig. 4). Exons 1-3
propeptides, from which mature active pepencode the prepro-sequence, and exon 4
tides are cleaved by endogenous elastag@icodes several final residues of the prose-
upon PMN activation and degranulation [88quence followed by the mature peptide
131, 132]. In some cases, the matureequence. Promoter regions of cathelicidin
molecules are modified further by C-termi-genes are conserved and contain several
nal amidation. binding sites for NfB, NF-IL-6, and acute
Porcine cathelicidins include PR-39; pro-phase response factor, suggesting that
tegrins 1-5; prophenins 1-2; and PMAP-23cytokines generated early in infections may
-36, and -37. They all are derived from bong!pregulate cathelicidin gene expression,
marrow myeloid cells and constitutively Similar to inducible-defensins. All porcine
stored as pro-peptides in peripheral PMNeathelicidin genes are clustered densely on
granules, where few or no transcripts arehromosome 13 [137, 138]. Their homol-
expressed [131, 132]. LL-37/hCAP-18, theogy and nearby chromosomal locations indi-
only cathelicidin found in humans, appearsate that this family may have evolved
to be the sole exception; it also is synthethrough gene duplications [138]. To date,
sized inducibly by skin keratinocytes andnearly 30 cathelicidins have been identified
airway epithelial cells [11, 30]. in at least eight mammalian species, includ-

EXON 1 EXON2 EXON3 EXON 4
—

i PRO (Cathelin) = I MATURE PEPTIDE I
o » 3.UTR
29-30 aa 94-114 aa 12-79 aa \

Porcine Bovine  Ovine Lapine Human  Equine  Murine
PR-39 Bac-5 SMAP-29 CAP-18  LL-37/ eCATH 1-3 CRAMP
PG 1-5 Bac-7 Bac-7.5 p-15s hCAP-18

PF 1-2 BMAPs  Dodecapeptide
PMAPs Indolicidin
Dodecapeptide

Figure 4. Structural organization of cathelicidin genes and a list of encoded precursor peptides.
Each cathelicidin gene contains four exons separated by three introns. The prepro-peptide is composed
of a conserved signal sequence and a proregion, followed by highly heterogeneous mature peptide with
antibacterial activity. Exons 1-3 encode the 5'-untranslated region (UTR) and the prepro-sequence,
and exon 4 encodes several final residues of the proregion and the mature peptide sequence as well
as 3'-UTR. The map is drawn to scale. Abbreviations: PR-39, proline-arginine-rich 39-amino acid pep-
tide; PG, protegrin; PF, prophenin; PMAP, BMAP, SMAP, porcine, bovine, sheep myeloid antimi-
crobial peptide; Bac, bactenecin; CAP, cationic antimicrobial peptide; LL-37, leucine-leucine 37-amino
acid peptide; eCATH, equine cathelicidin; CRAMP, cathelin-related antimicrobial peptide.
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ing humans, pigs, cattle, sheep, rabbitdused rat lungs [4]. In vivo studies showed
mice, guinea pigs, and horses, either byhat a single intravenous injection of PR-39
cDNA cloning of bone marrow cells or by completely abolished postischemic ROS
direct purification from peripheral PMNs production, neutrophil adhesion, and

[33, 82,99, 131, 132]. transvascular emigration in rat mesenteric
venules subjected to ischemia-reperfusion

2.2.1. PR-39, a multifunctional [62]. Furthermore, pretreatment with
proline-arginine-rich peptide PR-39 significantly increased the survival

rate and abrogated the liver injury of galac-

PR-39 is a linear cathelicidin of 39 aminotosamine-sensitized mice following a poten-
acid residues with high contents of prolindially lethal endotoxic shock (C.R. Ross and
(49%) and arginine (26%) adopting aF Blecha, unpublished results). These find-
polyproline type Il structure [1, 19]. It was iNgs suggest that PR-39 may be therapeu-
isolated originally from bulk homogenates oftically useful as a potent anti-inflammatory
porcine small intestines [1], but later cloningdrug to prevent neutrophil adhesion and acti-
of PR-39 cDNA in myeloid cells from vationas well as excessive tissue injury dur-
porcine bone marrow suggested that thé1d postischemic and other inflammatory
enteric PR-39 may be derived from residenfesponses. Nevertheless, the prevailing func-
leukocytes in the intestine rather than frondion of PR-39 in vivo remains unclear. How-
intestinal epithelia [112]. Indeed, the PR-€Ver, we can speculate that all of the above
39 peptide has been purified from porcingictivities may be tightly integrated and
PMNSs [102], but PR-39 mRNA could not finely tuned in pigs during injury, infection,
be detected by reverse-transcriptase-poly@nd wound healing.
merase chain reaction in small intestines of
pigs at any age [125]. PR-39 is active mainly2.2.2. Protegrins, a group of compact
against gram-negative bacteria [1, 103] and AMPs with broad-spectrum
increases significantly in sera of pigs during microbicidal activity
the onset of salmonellosis [133], further
demonstrating the in vivo involvement of Protegrins constitute a group of small

this peptide in host defense. AMPs that contain 16-18 amino acid
In addition to its antibacterial activity, residues with four cysteines forming two
PR-39 has several other important functiondisulfide bridges (C1-C2 and C3-C4), which
It is a specific PMN chemoattractant [58],stabilize an antiparall§d-sheet structure
accumulates in wound fluid and induces th¢10, 51]. Among five known congeners, pro-
expression of syndecan-1 and -4, which artegrins 1-3 have been purified from porcine
important heparan sulfate proteoglycans oRPMNs [61], and the other two, protegrins
cell surfaces involved in wound repair [32].4-5, were derived from a bone marrow
It also is capable of suppressing invasiv€eDNA and a gene sequence, respectively
and mobile activities of human hepatocel{136, 137]. Protegrins exhibit potent, broad-
lular carcinoma cells [83]. More strikingly, spectrum, microbicidal activity against var-
PR-39 potently inhibits the assembly of theous gram-positive and -negative bacteria,
phagocyte NADPH oxidase complex bymycobacteria, fungi, and enveloped viruses,
binding to Src homology 3 (SH3) domainsincluding several sexually transmitted
of p4P"oX thereby limiting the production human pathogen§hlamydia trachomatjs
of reactive oxygen species (ROS) [104]Neisseria gonorrhoeae@nd Haemophilus
Consistent with its function as a potentducreyi periodontopathic bacteridcti-
NADPH oxidase inhibitor, PR-39 has beemobacillus actinomycetemcomitarsap-
shown to block ischemia- and high*K nocytophagaspp.,Porphyromonas gingi-
induced ROS production in isolated pervalis, Prevotella intermedia and
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Fusobacterium nucleatyrand HIV type |  tions (10 mM PBS + 0.1 M NacCl) [50]. The
virions [23, 79, 80, 91, 115]. repeated decamer and the hydrophobic tail

In contrast to defensins, antimicrobial€XNiPit N0 activity againdt. colieven under

activities of protegrins are maintained a ow lonic conditions, leaving their poten-
ial functions unknown.

physiological NaCl concentrations and ar
not inhibited by extracellular cations or If the prosequence were cleaved after the
serum components [52]. Intramolecularvaline, which is the common cleavage site,
disulfide bridges for maintaining the antipar-as in the case of cathelin and several other
allel B-sheet structure are believed to becathelicidins [90], prophenin precursors
required for the peptides to form pores invould be processed into a 97-residue mature
the membrane, as demonstrated@mopus peptide. However, the actual mature prod-
laevisoocytes [76]. In fact, the antimicrobial ucts are prophenins-1 and -2, which contain
activity of a linearized protegrin variant is only the C-terminal 79 residues. Surpris-
decreased remarkably [52]. The minimalingly, a 13-amino acid peptide between the
structure of protegrin-1 for activity againstcommon cleavage site and the N-terminus of
N. gonorrhoeaeand C. trachomatisis prophenin-1, termed tritrpticin, has been
defined within the central region of the synthesized and shows strong antibacterial
molecule (residues 5-16), and optimal activactivity against both gram-negative and -
ity requires both intramolecular disulfide positive bacteria [63]. However, whether
bridges [52, 76, 92, 128]. The small sizethis 13-residue peptide exists in nature
stability, and overall effectiveness, com-remains to be determined. If it does exist,
bined with a substantial lack of cytotoxicity it presents the intriguing possibility that a
to host cells, make protegrins promising topprecursor of cathelicidin can be processed
ical therapeutics to prevent and treat humaimto two functionally active mature AMPs.
sexually transmitted diseases and periodontal
infections. 2.2.4. PMAP-23, -36, and -37, three
novel porcine cathelicidins
2.2.3. Prophenins, proline-
phenylalanine-rich AMPs Identification of porcine bone marrow
with repeated decamers cDNAs that encode peptides with cathelin-
like pro-sequence places three additional
Prophenin-1 and -2 are two other memmembers into the rapidly expanding family
bers of the cathelicidin family purified from of cathelicidins. They are porcine myeloid
porcine leukocytes [50]. They containantimicrobial peptides (PMAP) of 23, 36,
79 amino acid residues with an unusuallyand 37 amino acid residues, i.e., PMAP-23,
high content of proline (53.2%) and con--36, and -37 [113, 120, 130]. Structure pre-
siderable amounts of phenylalanine (19%}liction analysis and circular dichroism spec-
and arginine (7.6%). Their precursors werdra suggest that PMAP-36, and -37 adopt an
identified independently as c6 and c12, twamphipathica-helix, whereas PMAP-23
cDNA clones isolated from a porcine boneassumes a hairpin-like structure (an antipar-
marrow cDNA library [114]. The primary allel B-sheet connected by a loop at center).
structures of prophenins are remarkable foBequence comparison reveals that PMAP-23
the six nearly perfect tandem repeats of ahows no significant similarity to any known
proline-rich decamer, FPPPNFPGPR. UndeAMPs, whereas PMAP-36 (1-20) has a
low ionic strength conditions (10 mM PBS), moderate homology of 35% to a rabbit
prophenin-1 is effective against gram-negeathelicidin CAP18. Although PMAP-37
ative bacteria but not against gram-positiveshows negligible identity to porcine cecropin
The antibacterial activity of prophenin-1isP1, it has more than 50% similarity to two
abolished under physiological NaCl condi-insect AMPs, cecropins A and B. However,
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no evolutionary relationship seems to exis{protozoan pore-forming AMPS), reveals
between them, because they are generat&é8-27% identities, including positions of
from totally different precursors. six conserved cysteines, disulfide bridging

Although none of these three peptideP@!terns, and secondary structures [6, 68].
has been purified from natural sources, synthus; placement of NK-lysin in the saposin-
thetic peptides exhibit remarkable in vitroike protein family, all members of which
antibacterial activity against gram-negative?PPear to interact with lipids, has been pro-
and -positive bacteria. PMAP-37 is the mosP0Sed [6]. Indeed, NK-lysin renders lipid
potent membrane-active agent and causé¥layers permeable in a nonspecific manner
the permeabilization of the bacterial inned93]. Furthermore, it can directly bind the
membrane at 0.241M, whereas PMAP-23 lipid A portion of lipopolysaccharide and
and PMAP-36 kill bacteria at 1-}0M and ~ Protects galactosamine-sensitized mice from
10-50 pM, respectively. However, l€thal endotoxic shock [8]. It also shows
PMAP-37 shows hemolytic activity to activity against various bacteria and fungi,

human erythrocytes at 10-50/, whereas mqluding E. coli, Bacillys megaterium
no lysis occurs with PMAP-23 or Acinetobacter calcoaceticuStreptococcus

PMAP-36 at concentrations up to 1081 PyogeneisandC. albicangs]. It lyses cer-
[113, 120, 130]. tain tumor cells, but not erythrocytes [5].
Antimicrobial and tumorolytic activities of
NK-lysin, like those of other saposin-like
2.3. NK-lysin, a new effector molecule proteins, are believed to arise from its inter-
of cytotoxic T and NK cells action with lipids and ability to form pores
in the cell membrane because ofuitbeli-
NK-lysin is a 78 amino acid cationic cal structure. Intact disu!fi'de bridges are
AMP that recently has been purified from'®duired to maintain its activity, and the pep-
the porcine small intestine based on it§id€ IS inactivated when reduced by thiore-
antibacterial activity and has been showfl0Xin reductase, which is present on PMN
to be produced by cytotoxic T and NK cellstYioPlasmic membranes [7]. Unexpectedly,
[5]. A corresponding cDNA clone also hasNK-lysin also has been found to stimulate
been identified in a porcine bone marrowPotent insulin secretion from rat pancreatic
cDNA library [5]. NK-lysin contains six SIS and to exert its direct effect ivells,
cysteines that form three intramolecula®Ut the stimulatory activity was indepen-
disulfide bridges (C1-C6, C2-C5, C3_C4)_Qent of the+concom|tan_t changes in cytoso-
The three-dimensional structure of NK-lysin'i¢ free C&* concentration [129].
consists of five amphipathic-helices folded
into a single globular domain with a
hydrophobic core and a hydrophilic surface2.4. Cecropin P1, a mammalian
[74]. Its amino acid sequence exhibits 43%  homolog of insect cecropins
identity and 67% similarity to granulysin,
a protein present in cytotoxic granules of Cecropin P1 was the first porcine AMP
activated human T and NK cells [109]. Likejsp|ated, and its name reflects the identity

granulysin, NK-lysin is an additional com- (3304) 10 its insect congeners [64]. Although
ponent of the cytotoxic arsenal of activategy ost of the features typical of insect

lymphocytes in addition to perforin and Fasecropins are conserved in cecropin P1,
Fas ligand-mediated apoptosis [89, 110]. some slight differences in structure do exist.
Comparison of NK-lysin’s structure with For example, cecropin P1 has a continuous
those of saposin-like proteins, includingamphipathica-helical structure over its
saposins, surfactant-associated protein Rntire length, which is different from the
plant aspartic proteinases, and amoebaporbglix-hinge-helix structure of its insect
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homologs [106]. Porcine cecropin is ami-the proper assembly and activation of phago-
dated at the C-terminus, which is not truecyte NADPH oxidase [104], and NK-lysin is
for insect homologs. Cecropin P1 showsnactivated by the PMN cytoplasmic mem-
much more potent activity against gram-brane-bound thioredoxin reductase [7]. We
negative bacteria than gram-positives, andecently demonstrated that porcine epithe-
amidation does not affect its antibacterialial-derived pBD-1 is remarkably synergis-
activity [64, 122]. However, neither the genetic with neutrophil-derived peptide antibi-
nor cell types that are responsible for thetics, PR-39 and protegrin 3, in killing
production of this peptide have been idenbacteria even at physiological NaCl con-
tified. centrations, which otherwise would render

Merrifield et al. [122] compared the pBD-1 totally inactive [105]. This scenario

antibacterial activities of the D-enantiomer™2Y OCcur in vivo and be functionally sig-
and the retro isomer of cecropin P1 angplﬂcant, because PMNs will be recruited to

demonstrated that chirality (L/D enantiomer)mucosal epithelial surfaces and interact with

had no marked effect on the antibacteria°c@! epithelial cells under inflammatory

activity of the peptide, suggesting that nocondmons.
stereo-specific protein receptors were In some cases, serum components and
involved. However, the primary sequenceextracellular concentrations of cations and
is the determining factor, because the reverddaCl also influence the microbicidal activ-
sequence was inactive against the bacteriies of AMPs. Humar- andp-defensins
tested. Cecropin P1 is also capable of uncoare inactivated by serum components and
pling oxidative phosphorylation in the mito- higher NaCl concentrations [86, 87], which
chondria, but this activity is not correlatedalso is the case for porcine pBD-1 [105].
with its antibacterial activity [59]. However, protegrins maintain their activities
in the presence of cations, serum or at phys-
iological NaCl concentrations in vitro [52].

3. SYNERGISTIC INTERACTIONS Therefore, caution must be used when an
AMONG PORCINE AMPS in vitro activity is assigned to an individual
AMP.

Because PMN degranulation results in
the release of a vast array of AMPs as well
as reactive oxygen and nitrogen intermedi4. MECHANISMS OF ACTION
ates, it is not surprising that these neutrophil OF AMPS
granule-derived substances work in concert
under in vivo conditions. Synergistic inter-  The exact killing mechanisms of various
actions appear to be beneficial for the hostgicroorganisms by AMPs with diverse
efficient use of these weapons to fight microstructures are not understood clearly. How-
bial invasions. Synergism has been showgver, peptide-lipid interactions leading to
for human defensins with each other or wittmembrane permeabilization, rather than
ROS and for rabbit bactericidal/permeabilreceptor-mediated recognition processes,
ity-increasing protein with p15s or defensinsapparently are a common mechanism of
[26, 71-73]. However, little is known about their lytic action [9, 15, 84]. Cytoplasmic
how porcine PMN-derived protegrins, membranes of cells are the targets in most
prophenins, PR-39, and/or ROS work incases. The cationic property of AMPs assists
concert or how enteric NK-lysin, PR-39 andin electrostatic interactions with negatively
cecropin P1 affect each other on the porcineharged phospholipids on target cell mem-
intestinal surface. Antagonism also has beebranes. Membrane permeabilization by
found in some cases. For example, PR-3@mphipathic peptides with-helical or
inhibits the production of ROS by inhibiting B-sheet structures can proceed through either
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of the following two mechanisms: trans-malian cell behaviors. For instance, PR-39
membrane pore formation via a “barrel-exerts its anti-inflammatory function at least
stave” mechanism and membrane disruppartly by binding to SH3 domain-containing
tion and solubilization via a “carpet-like” p47h°X thereby interfering with the assem-
mechanism [84]. In the barrel-stave modelbly of the NADPH oxidase enzyme com-
the peptides tend to form bundles and perplex [104].

etrate membranes, thereby forming voltage- L
dependent transmembrane pores or chan- All AMPs appear to have selectivity
nels, in which hydrophobic surfaces oftoward target cells, i.e., they lyse microbes
peptides interact with the lipid core of theVvigorously but with IlttI.e or no cytotoxicity
target membrane and hydrophilic surface$ host cells. The unique high content of
point inward. In the carpet-like model, the@nionic phospholipids, the absence of
peptides bind the membrane with thei,c_holesterol, and large trr_;msmembrane poten-
hydrophobic surfaces facing the membrané@ls across prokaryotic cell membranes
and their hydrophilic surfaces facing thee_xplam the dn‘fe_rence in their preference of
solvent. When a threshold concentration okilling prokaryotic over eukaryotic cells [15,
peptide monomers is reached, the membrarf/» 48l-

is solubilized into pieces and transient pores

are formed. Such pores are different from

those in the barrel-stave model in that thgg ROLE OF AMPS IN NATURAL
lipid bends back on itself. AMPs with linear RESISTANCE TO INEECTIONS
a-helical structures, including cecropin P1

and probably PMAP-23, -36, and -37, exert . .
their antimicrobial activity via the carpet- AMPS constitute an ancient but not obso-

like mechanism, whereas cyclic peptidedt€ System of host defense. Although it is
with B-sheet structures, such as pBD-1 prodlfflcult to demonstrate the contribution of
tegrins, and NK-lysin may utilize the bar-2nY single AMP to disease resistance

rel-stave mechanism as demonstrated with€cause of the extreme complexity and
insect cecropins, neutrophitdefensins, redundancy of host-defense mechanisms,

and protegrins [35, 41, 67]. accgmulating ev!denc_e suggests that AMPs
are involved actively in inflammatory and
PR-39 is a notable exception to the mechinfectious processes. The broad antimicro-
anisms described above in that it does ndiial spectrum and strategic locations of
lyse bacteria directly but seems to inducéMPs in leukocytic phagocytes or mucosal
the degradation of proteins required for bacepithelial cells provide the most obvious
teria DNA replication [17]. It requires a lag indirect argument for their participation in
time of 8-10 min to penetrate the outerinflammation and infection. Several AMPs,
membrane oE. coli, then kills bacteria with- particularly cathelicidins and defensins, have
out lysis [17]. Consistent with this, a recentbeen found in blisters and wound fluid, some
study found that PR-39 rapidly penetratest antimicrobial concentrations [29, 101].
into cells without permeabilizing the plasmalncreased levels of AMPs also are associ-
membrane and binds a number of SH3-corated with animal or human infections [2,
taining cytoplasmic proteins, including Lck, 133]. Prominent induction of genes for many
Src, p13k, and p13@S which are either epithelial 3-defensins occurs during skin
protein kinases or adaptor moleculesnjuries and airway and enteric infections
involved in diverse signaling pathways [21].[98, 111, 117]. In addition, administration of
Perhaps PR-39 inhibits bacterial protein and\MPs to mice has been shown to provide
DNA syntheses by bhinding to certain intra-significant protection against lethal endo-
cellular receptor(s). This also may explairtoxic shock or experimental infections [3,
the pleiotropic effects of PR-39 on mam-45, 107].
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Moreover, transgenic animals and plantgrobial agents with less likelihood to gain
that overexpress AMPs show enhancedesistance are needed.
resistance to bacterial or fungal infections  ApMPs show a low level of resistance

[20, 27, 93], and fruit flies deficient in the geyelopment in vitro and other highly desir-
Toll-signaling pathway, which controls syn- e properties, such as the ability to kill

thes_is_ of the antifungal peptide dr07<;0mycinr‘,ipid|y a broad spectrum of microorgan-
exhibit dramatically reduced survival fol- s including drug-resistant bacteria and
lowing a fungal infection [69]. The recur- ofan fungi, to protect animals against both
rent bacterial infections in the airways ofigical and systemic infections, the capacity
cystic fibrosis (CF) patients were believed tqq e ralize endotoxin, and synergy with
be due to impairment of the antimicrobialconyentional antibiotics [47-49]. Moreover,
activity of salt-sensitivg-defensins and  anps demonstrate an equal activity against
cathelicidin LL-37/hCAP-18 by the high- 4r,q_resistant bacterial strains both in vivo
salt airway surface flmd in CF patients [44]. 5nd in vitro. For example, pBD-1 in com-
However, recent evidence showed that NaGlination with PR-39 or protegrin-3 caused a
concentrations in airways of both CFoquction of 4-5 log units CFU within
patients and normal controls are comparablys min ofS. typhimuriunDefinitive Type
low, leaving the functions of AMPs on the 194 [105], which is resistant to at least five
airway surface unclear [77, 78]. common antibiotics [43]. Protegrin-1 simi-
Nevertheless, other pathophysiologicalarly decreased the CFU of either methi-
functions of AMPs provide evidence to sup-<illin-resistantStaphylococcus aureus
port their important roles in infection and Pseudomonas aerugino®g more than
inflammation. For example, PR-39 limits 3 log units in less than 15 min [107]. Resis-
tissue injury by diminishing excessive ROStance to protegrin-1 did not develop after
production via inhibition of NADPH oxi- 18 serial passages of MRSA or 11 passages
dase assembly and PMN recruitment [4pf P. aeruginosainder conditions of culti-
104]. At the same time, PR-39 may aid irvation, which increased the minimal
wound repair by inducing syndecan expresinhibitory concentration for norflozacin by
sion and presumably altering cell divisiona factor of 85 and 10, respectively. A single
characteristics [32]. injection of protegrin-1 significantly pro-
tected mice from infections with antibiotic-
resistant pathogens, including methicillin-
6. PROSPECTS OF AMPS FOR THE  resistantS. aureusP. aeruginosaand
FOOD ANIMAL INDUSTRY vancomycin-resistarfnterococcus faecium
[107]. Several AMPs and their synthetic

The use of antibiotics to treat infectiousoMologs currently are being tested in clin-
diseases in both human and veterinar{F@l trials mainly to treat topical infections
medicine has been tremendously beneficidf7-49, 80, 124]. Some of these peptides
to societies worldwide. However, the effi-undoubtedly will be approved in the near
cacy of these agents has been compromisé‘é‘“re as new antimicrobials, particularly to
increasingly by the appearance of drug-resid€at drug-resistant pathogens.
tant microbes. The widespread use of antibi- However, use of chromatographically
otics as growth enhancers in the food animadurified, chemically or recombinantly syn-
industry is posing serious concerns to théhetic AMPs in the food animal industry
public because of the potential developmentay be limited by their cost of production.
of resistant pathogens and the resultant pulternative cost-effective strategies would
lic health risk [123]. Thus, new approachesnclude immunomodulation, gene transfer,
to the problem of antimicrobial resistanceand transgenic approaches. Using an
and development of novel classes of antimiimmunomodulator(s) to enhance the in vivo
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expression, synthesis, and release of AMP¥®uy-en-Josas, France) for the French transla-
during or preceding the outbreak of a distion of the abstract. This is contribution no. 00-

ease appears to be the simplest approa
However, finding such modulators selec-
tive for the enhancement of AMP expres-
sion might be difficult. On the other hand,
attempts to transfer AMP gene(s) to spe-
cific tissues and to develop transgenic ani-[l]
mals with controlled expression of AMPs
have yielded some promising results.
Recently, adenovirus-mediated transfer of
human LL-37/hCAP-18 to human bronchial
CF xenografts increased the expression ofy)
this peptide by three- to fourfold above nor-
mal levels in airway surface fluid and more
importantly restored killing oP. aerugi-
nosaandsS. aureusy airway surface fluid

[12]. Transgenic mice expressingaeli-

cal AMP under the control of the IL-2 pro- [3]
moter showed significant resistanceiwi-

cella abortus[93], and overexpression of
AMPs in transgenic plants conferred
enhanced resistance to bacterial and fungal¥]
infections [20, 27]. Moreover, some reports
indicate the use of animals or plants as biore-
actors to produce large amounts of AMPs
for pharmaceutical use [81, 127].

Clearly, AMPs that bear broad-spectrum Gl
microbicidal activity with less likelihood
for microbial resistance may offer new ther-
apeutic options in the control of infectious
diseases. The next decade probably will see
the use of gene transfer and/or transgenic
animals with controlled AMP expression in
the food animal industry. Less reliance on (6]
traditional antibiotics will reduce potential
public health concerns, while increasing
both consumers’ confidence in the food sup-
ply and the profits of food animal producers.
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