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Cationic antimicrobial peptides constitute part of the innate immune system and provide an essential role
in the defense against infection. At present there is a paucity of information regarding the antimicrobial profile
of the chicken (Gallus gallus). Using in silico studies, an expressed sequence tag (EST) clone was identified
which encodes a novel cationic antimicrobial peptide, chicken liver-expressed antimicrobial peptide 2 (cLEAP-
2). The predicted amino acid sequence composed a prepropeptide, and the active peptide contained four
conserved cysteine amino acids. The gene was localized to chromosome 13, and analysis of the genome revealed
three exons separated by two introns. The cLEAP-2 gene was expressed in a number of chicken epithelial
tissues including the small intestine, liver, lung, and kidney. Northern analysis identified liver-specific
cLEAP-2 splice variants, suggesting some degree of tissue-specific regulation. To investigate whether cLEAP-2
expression was constitutive or induced in response to microbial infection, 4-day-old birds were orally infected
with Salmonella. Analyses of cLEAP-2 expression by semiquantitative reverse transcription-PCR indicated that
cLEAP-2 mRNA was upregulated significantly in the small intestinal tissues and the liver, indicative of direct
and systemic responses. The antimicrobial activity of cLEAP-2 against Salmonella was analyzed in vitro with
a time-kill assay and recombinant cLEAP-2. Interestingly Salmonella enterica serovar Typhimurium SL1344
showed increased susceptibility to the active cationic peptide (amino acids 37 to 76) compared to S. enterica
serovar Typhimurium C5 and Salmonella enteritidis. Taken together, these data suggest that cationic cLEAP-2
is part of the innate host defense mechanisms of the chicken.

Endogenous cationic peptides play an important role in in-
nate immunity, and to date, hundreds of natural peptides have
been isolated from vertebrate, invertebrate, and plant species.
Unlike many natural antimicrobials synthesized via specialized
metabolic pathways, these peptides, ranging in size from 1.5 to
10 kDa, are expressed from individual genes and produced by
proteolytic processing from precursor molecules. Their pri-
mary role is defense against microbial attack, and the cationic
peptides are capable of killing gram- and gram-positive bacte-
ria, fungi, eukaryotic parasites, and enveloped viruses (27).

The amino acid sequences of known antimicrobials are di-
verse. However, the peptides have been divided into groups
broadly based on their known or predicted three-dimensional
structures, with the most important difference being the pres-
ence or absence of cysteines (13). The first group comprises
molecules with a linear, �-helical peptide structure without
cysteines and includes numerous frog peptides, including the
magainins and bombinins. Peptides with a �-sheet structure
stabilized by two or more disulfide bonds constitute another
group and include the �- and �-defensins. A further group
includes peptides with a predominance of one or more amino
acids, whereas molecules derived from larger peptides com-
prise another class and include lactoferricin, a digestion prod-
uct of lactoferrin. Recently, a cationic peptide, liver-expressed
antimicrobial peptide 2 (LEAP-2), which appears unique re-
garding its primary structure and disulfide motif, has been
identified (14, 16).

Underlying all classes of antimicrobials is the ability of each
peptide to adopt a shape in which clusters of hydrophobic and
cationic amino acids are spatially organized in particular sec-
tions of the molecule. This structural conformation is key to
their mechanism of action. In general, the peptides function by
binding to the negatively charged surface components of bac-
terial membranes via electrostatic charge interactions, inte-
grating into the membrane and causing it to depolarize and
collapse. However, some peptides are multifunctional. For ex-
ample, PR-39, a proline-arginine-rich peptide found in the pig
intestine, stops bacterial synthesis and can induce wound heal-
ing (4, 6). Human �-defensins have also been shown to have a
chemoattractant activity for immature dendritic cells and
memory T cells, suggesting that these peptides also function as
an important link between the innate and adaptive systems (24,
25).

Antimicrobials are generally expressed at sites exposed to
multiple microbes including organs such as the gastrointestinal
tract (GI) and skin. The importance of these peptides in pro-
tecting GI surfaces against pathogens is shown by matrilysin-
deficient mice. These mice lack the proteolytic enzymes nec-
essary for processing cryptidins, the �-defensins of murine GI
cells, and consequently lack functional cryptidins. This results
in their increased susceptibility to infection by orally adminis-
tered Salmonella (22). Interestingly, mice engineered to syn-
thesize human defensin 5, in addition to their natural comple-
ment of gut antimicrobials, show increased resistance to orally
administered Salmonella enterica serovar Typhimurium. This
raises the possibility that the natural array of GI antimicrobial
peptides synthesized in each species may play a key role in
determining the pathogenicity of a particular microbe in that
species (19).
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At present, there is a paucity of information regarding the
avian antimicrobial profile and the potential role these pep-
tides play in microbial pathogenicity and colonization of the
avian GI tract. This is especially important, as birds are uni-
versally recognized as a major reservoir of human entero-
pathogens but are themselves often asymptomatic. To date,
four antimicrobial peptides, termed gallinacin 1 and 2 and
turkey heterophil peptides 1 and 2, have been characterized
from avian heterophils (5, 8). All are homologous to �-de-
fensins and show activity against Salmonella enteritidis and
Campylobacter jejuni. A third chicken antimicrobial, gallinacin
3, encoding a defensin-like antimicrobial peptide, has been
reported in chicken epithelial tissues, including the colon and
kidney, although its antimicrobial profile is not known (28).

We report here on the expression and antimicrobial activity
of the novel avian antimicrobial peptide, chicken LEAP-2
(cLEAP-2). We show cLEAP-2 gene expression to be induced
in avian tissues, including the small intestine, in response to
Salmonella infection and provide in vitro evidence for selective
cLEAP-2 antimicrobial activity against Salmonella strains.

MATERIALS AND METHODS

Livestock. The poultry (Goldline) used in the experiments were supplied by
the Comparative Biology Centre, Newcastle University. All birds were sacrificed
by cervical dislocation. The in vivo bacterial challenge experiment was carried
out under United Kingdom Animal Project license no. PPL60/2702.

Molecular analyses. The expressed sequence tag (EST) clone chEST497m18,
encoding cLEAP-2, was obtained from MRC Geneservice United Kingdom.
Forward and reverse primers were designed to amplify coding regions of the
cLEAP-2 cDNA. Primers 1F (5�-CTCATACTGTGAAGATGCAC-3�) and 3R
(5�-CCGTTCTAAGGAAGCAGC-3�) were designed to correspond to the exon
1 and 3 cLEAP-2 sequences, respectively, and amplified nucleotides 65 to 298 of
the EST 497m18 cDNA, which encoded the putative cLEAP-2 prepropeptide.

Tissue expression. (i) RT-PCR. Total RNA was extracted from chick tissues
snap-frozen in liquid nitrogen. Initially, the tissues were ground to a fine powder,
and the RNA was extracted by using RNAwiz (Ambion). To reduce degradation,
RNase inhibitor (Invitrogen) was added to each sample (1 U/�g of RNA) before
storage at �80°C. All samples were pretreated, before reverse transcription
(RT), with DNase (Promega) at a concentration of 1 U/�g of RNA. RT was
performed at 42°C for 1 h, followed by heat inactivation for 5 min at 95°C. The
cDNAs were amplified in sequential cycles. The annealing conditions consisted
of an initial 1-min denaturation step at 95°C; 35 cycles of 1 min at 95°C, 1 min
at 55°C, 1 min of 72°C; and a final extension step of 72°C for 12 min. The RT
products were resolved by electrophoresis with either 1 or 1.5% Tris-borate-
EDTA agarose gels with added ethidium bromide and photographed under UV
illumination. In control samples, reverse transcriptase was omitted to demon-
strate that PCR amplification was not due to contamination with genomic DNA.
Each RT product was verified by DNA sequencing.

(ii) Semiquantitative RT-PCR. Coamplification of cLEAP-2 and 18S rRNA
was carried out by using the GeneAmp RNA PCR core kit (Applied Biosystems).
The optimum conditions were established according to the manufacturer’s in-
structions by using the cLEAP-2-specific primers and 18S rRNA-specific primers
(Ambion). The PCR cycle number was limited to within an experimentally
determined linear range of amplification (21). Products were separated by using
1% Tris-borate-EDTA agarose gels with added ethidium bromide. Densitometry
was performed by using a GDS 5000 gel documentation system (UV Products;
Cambridge, United Kingdom).

(iii) Northern blot analysis. Poly(A�) RNA was extracted from avian tissues
by using the NucleoTrap kit (Clontech). Two micrograms from each tissue was
electrophoresed on a formaldehyde gel, blotted onto nylon, and fixed by UV
cross-linking. The hybridization probes were a 150-bp EcoRI cDNA fragment
encoding the cLEAP-2 propeptide and a 1,150-bp DNA clone (EST 116g5
purchased from MRC Geneservice United Kingdom) encoding chicken glycer-
aldehyde 3-phosphate dehydrogenase (cGAPDH). The cDNAs were labeled
with [�-32P]CTP by using the Megaprime DNA labeling system (Amersham).
For each probe, the membrane was prehybridized at 68°C in Quickhyb buffer
(Stratagene), hybridized for 1 h with the probe, and washed at high stringency.
The membrane was analyzed by using a Packard Instant Imager.

Peptide expression. To determine the antimicrobial activities of the cLEAP-2
peptides, DNA fragments encoding the putative cLEAP-2 propeptide (amino
acids 25 to 76) and mature peptide (amino acids 37 to 76) were amplified by
PCR. Primers 1F�-3R� and 2F�-3R� amplified the DNA sequences encoding the
propeptide and mature peptides, respectively, and are as follows: 1F�, 5�-CGC
GGATCCCTGCACCAACCAC-3�; 2F�, 5�-CGCGGATCCATGACGCCTTTC
TGG-3�; 3R�, 5�-GGGGTACCTCACTCGGAGGCCGTTCTAAG-3�. The for-
ward primers were engineered to contain BamHI restriction sites, and the
reverse primer was engineered to contain a KpnI restriction site. The restriction
sites are underlined. Each fragment was cloned into the pRSETA expression
vector (Invitrogen) and transformed into Escherichia coli Origami B::pLysS by
selection with 50 �g of ampicillin/ml and 34 �g of chloramphenicol/ml. Freshly
transformed recombinant clones were cultured at 37°C, in the appropriate anti-
biotics, until turbid and induced with 1 mM IPTG (isopropyl-�-D-thiogalactopy-
ranoside). Two hours after induction, the cells were harvested by centrifugation,
resuspended in 20 mM Tris (pH 8) and 1 mM Tris (2-carboxyethyl) phosphine
(Sigma), and lysed by sonication. The soluble and insoluble fractions were re-
covered, and the protein concentrations were determined and either analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis on 15% (wt/
vol) polyacrylamide gels or used for studies of antimicrobial activity.

Western analyses. Bacterial extracts (30 �g of protein per lane) containing
either no cLEAP-2 peptide, the propeptide, or peptide were separated on an
SDS–15% polyacrylamide gel and transferred onto a polyvinylidene difluoride
membrane (Hybond P; Amersham). The membrane was incubated overnight at
4°C in a blocking solution of phosphate-buffered saline (PBS), 0.1% (vol/vol)
Tween 20, and 5% (wt/vol) milk powder containing a 1:5,000 dilution of anti-
polyhistidine antibody (Sigma). The membrane was washed in PBS–Tween 20
(0.1%), a chemiluminescence detection reaction was performed by using ECL
Plus (Amersham), and the membrane was exposed to X-ray film according to the
manufacturer’s recommendations.

Antimicrobial assay. Salmonella strains were cultured until turbid at 37°C in 20
ml of Luria broth containing 0.05 M glucose. Of each culture, 250 �l was
subcultured into a fresh 20 ml of Luria broth with 0.05 M glucose and incubated
for 3 h at 37°C. After the second incubation, 20 �l of each culture was diluted to
2 ml in PBS. Ten microliters of each peptide extract (20 �g/ml) or PBS was added
to 90 �l of diluted culture, vortexed, and incubated for 3 h at 37°C. The suspen-
sions were sequentially diluted to 10�4 in PBS, and each dilution was plated onto
blood agar. All plates were incubated overnight at 37°C, and the colonies were
counted. The number of CFU resulting from a 3-h incubation with either
propeptide or mature peptide were presented relative to the control incubations
with a peptide-free E. coli extract. Ten microliters of 200-mg/ml magainin
(Sigma) was used as the antimicrobial peptide positive control. cLEAP-2 extracts
tested for antimicrobial activity were solubilized in PBS. Assays were performed
with the following strains: S. enterica serovar Typhimurium phoP (2), S. enterica
serovar Typhimurium C5 (12), S. enterica serovar Typhimurium SL1344 (10), and
S. enteritidis (gift of A. Khan, University of Newcastle, Newcastle, United King-
dom).

Experimental infections. Two groups of 5-day-old female chicks were orally
gavaged with 0.1 ml of inoculum containing approximately 5 � 106 organisms of
either S. enteritidis or S. enterica serovar Typhimurium SL1344. Age-matched,
noninfected control birds were housed under similar environmental conditions,
and 0.1 ml of PBS was introduced by gavage. Chicks were sacrificed on the fourth
day after infection. Tissue samples were collected, snap-frozen in liquid nitrogen,
and stored at �80°C until analyzed.

Statistics. Data are expressed as means � standard errors. Statistical analyses
were performed by one-way analysis of variance, followed by the Dunnett’s
multiple-comparison test for unpaired data. A difference with a P value of 	0.05
was considered statistically significant.

RESULTS

Gene identification, location, and expression analyses.
BLASTp searches of the chicken EST intestinal database (3)
identified two ESTs, 497m18 (633 bp) and 148o1 (616 bp),
whose predicted amino acid sequence showed homology to
that of the human LEAP-2 (hLEAP-2) antimicrobial peptide
(Fig. 1). Using the BLAST (tblastn) nucleic acid alignment
program and the DNA sequence from the chEST clone
497m18, cLEAP-2 was identified on chromosome 13 of the
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Gallus gallus genome. The gene comprises three exons and two
introns of approximately 0.6 and 0.95 kb, respectively.

RT-PCR analyses with primers designed to amplify
cLEAP-2 and sequencing of the cDNA products revealed
cLEAP-2 expression in the small intestine, liver, lung, and
kidney of 5-day-old chicks (Fig. 2A). Expression was also ob-
served in the small intestinal tissues of chickens at 5 and 72
weeks of age. In contrast, no expression was detected in sam-
ples analyzed from the pancreas, brain, spleen, or ovary. Trans-
lation of the cDNA sequences isolated from each of the chick
RNA samples into putative amino acid sequences revealed a
peptide of 76 amino acids with significant identity to that en-
coded by the EST 497m18 clone (Fig. 3). Only three amino
acid changes were observed, including the substitution of as-
partic acids at positions 21 and 44 for tyrosine and valine
residues, respectively, and the substitution of a proline at po-
sition 52 for a serine residue. Analyses of the encoded primary
structure of the cLEAP-2 peptide indicated a putative signal
sequence, suggesting that the peptide was secreted, and a
unique proregion of 12 amino acids terminated by an endo-
proteinase cleavage site, RLKR, indicating that the propeptide
was proteolytically cleaved to release the mature active peptide
(14). The predicted molecular masses of the pro- and mature
peptides were 6,074.2 and 4,593.3 Da, respectively (ExPASy
Peptide Mass Program). Typical of cationic antimicrobial pep-
tides, the mature peptide was composed of a high percentage
of positively charged and hydrophobic amino acids, and within
this region, four conserved cysteine residues were identified.

Analyses of small intestinal RNA from an 18-day-old
chicken embryo revealed a unique 100-bp PCR product (Fig.
2B) which was also detected in the kidney tissues (Fig. 2A).

This was identified as a putative cLEAP-2 splice variant in
which the DNA sequence encoding amino acids 21 to 65 of
cLEAP-2 had been excised.

Hybridization of the 32P-labeled cLEAP-2 probe to
poly(A�) RNA isolated from the chick brain, small intestine,
kidney, liver, and lung verified the patterns of cLEAP-2 ex-
pression observed by RT-PCR in the liver, small intestine, and
brain tissues but not in the kidney or lung (Fig. 4A). This lack
of correlation in the latter tissues may have reflected the re-
duced sensitivity of the Northern analyses compared to the
RT-PCR. Interestingly, the analysis of liver mRNA isolated
from tissues of 4-day-old birds revealed two transcripts of ap-
proximately 1 and 2 kb, respectively, hybridizing to the
cLEAP-2 probe, of which the latter appeared to be more highly
expressed. In contrast, only the 1-kb transcript was identified in
mRNA isolated from the small intestine. Surprisingly, North-
ern analyses of liver mRNAs isolated from 8-day-old birds did
not reveal the larger 2-kb transcript (Fig. 4B).

Inducibility. Antimicrobial peptides can be either constitu-
tively expressed or induced in response to microbial infection,
and regulation is often dependent on the site of synthesis. For
example, bovine �-defensins are induced in some epithelial
cells (20) but constitutively expressed in granulocytes (26).
Similarly, gallinacin-3 has been shown to be constitutively ex-
pressed in the avian skin and tongue but inducible in the
trachea (28). To determine whether the expression of
cLEAP-2 in the small intestine and liver was constitutive or
inducible in response to Salmonella infection, S. enteritidis, S.
enterica serovar Typhimurium SL1344, or PBS was introduced
to groups of 5-day-old chickens by gavage. After 4 days of
infection, the liver and small intestines of the birds were ex-
tracted and analyzed for cLEAP-2 RNA expression by semi-
quantitative RT-PCR with the 1F-3R primer pair. This allowed
amplification of cDNAs putatively encoding the cLEAP-2 pre-
propeptide. A significant increase (P 	 0.01) in small intestinal
cLEAP-2 expression was detected in the birds infected with
Salmonella (Fig. 5), and a similar response was recorded in the
liver (P 	 0.01). These increases were observed regardless of
the Salmonella strain and suggested that cLEAP-2 expression
was induced in the avian tissues in response to either local or
systemic infections.

Interestingly, analyses of the Salmonella fecal numbers at
day 3 postinfection were found to be one log lower in the S.
enterica serovar Typhimurium SL1344-infected birds (3.5 �
104/gram of feces) than in those infected with S. enteritidis (4.0
�105/gram of feces). These data suggested that enhanced S.

FIG. 1. Comparison of the amino acid structures of LEAP-2 homologues from the chicken (Fig. 3), mouse, and human. The putative
propeptide region is underlined, the predicted endoprotease cleavage site is shown in italics, and the mature peptide is shown below, after the
hyphen. The pattern of cysteine amino acids is conserved between all three homologues.

FIG. 2. (A) Expression of cLEAP-2 in 5-day-old chick tissues. M,
ladder standards; SI, small intestine; Li, liver; Sp, spleen; Lu, lung; Pa,
pancreas; Ov, ovary; Br, brain; Ki, kidney. (B) Expression of cLEAP-2
in the small intestine of an 18-day chicken embryo (Em), a 5-week-old
bird, and a 72-week-old bird.
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enterica serovar Typhimurium SL1344 killing had occurred in
the GI tracts of the chicks.

Antimicrobial activity. To investigate whether cLEAP-2
showed selective antimicrobial activity against Salmonella spe-
cies, the cLEAP-2 DNA sequences encoding the propeptide
and peptide were isolated by PCR and hyperexpressed in E.
coli by using pPRSETA and the Origami B::pLysS strain. This
strain contains the plasmid pLysS, which under the T7 pro-
moter, prevents any expression of proteins until induced by

IPTG and thus prevents any toxic effects caused by leakage of
cLEAP-2 within the host strain. In addition, the cytoplasm of
Origami B, in comparison with other E. coli strains, provides a
higher oxidizing environment, facilitating the folding of pro-
teins by promoting disulfide bond formation. SDS and Western
analyses of culture extracts revealed peptide bands of approx-
imately 6 and 4 kDa, respectively, in strains expressing the
cLEAP-2 propeptide (amino acids 25 to 76) and mature pep-
tide (amino acids 37 to 76) compared to the peptide-free con-

FIG. 3. The cDNA and peptide sequences of cLEAP-2. The prepropeptide contains 76 amino acids. The signal peptide is underlined, the
propeptide is terminated by the motif RLKR (shown in bold), and the positions of introns 1 and 2 are marked by vertical arrows. The amino acids
differing from those predicted from the chEST clone 497m18 and the four conserved cysteines are shown in italics. The nucleotide sequence of
the 3� and 5� untranslated regions are presented, with locations of the TATA box (TATT), a putative NF-
B binding site (GGGCTCTTCC), and
polyadenylation site (AATAAAA) indicated by underlining.

FIG. 4. Northern blot analysis. (A) cLEAP-2 expression in 5-day-old chick tissues. (B) cLEAP-2 expression in the liver tissues of 8-day-old birds
following infection with Salmonella or PBS. Lanes: 1, S. enterica serovar Typhimurium 1344; 2, S. enteritidis: 3, control birds given PBS.
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trol strain (Fig. 6A). Using a time-kill assay, the antimicrobial
activities of the culture extracts (20 �g/ml) containing either no
peptide, the cLEAP-2 propeptide, or cLEAP-2 peptide were
tested against Salmonella species including the wild-type S.
enteritidis and S. enterica serovar Typhimurium strains C5 and
SL1344 and the mutant S. enterica serovar Typhimurium strain
phoP. In comparison with the peptide-free control extract,
reductions in phoP and SL1344 microbial numbers were ob-
served using extracts containing the cLEAP-2 peptide but not
the propeptide (Fig. 6B). The numbers of S. enterica serovar
Typhimurium C5 and S. enteritidis were not affected following
incubation with either of the recombinant cLEAP-2 peptides.

DISCUSSION

Antimicrobial peptides are important effectors of vertebrate
innate defenses, and at each site of production, they provide an
array of antimicrobial molecules, which work synergistically to
prevent infection. Cells and tissues synthesizing antimicrobial
peptides are generally those exposed to microbial pathogens.
In the chicken, four �-defensins have been identified in het-
erophils (5, 8), and a fifth defensin-like antimicrobial peptide,
gallinacin 3, is expressed in a number of avian tissues (28). To
date, however, no cationic antimicrobial peptides have been
identified in the chicken small intestine.

The novel cationic LEAP-2 peptide was first identified in
human blood (14). The discovery of a homologue, cLEAP-2, in
the avian species is important, especially given the remarkable
sequence identity of cLEAP-2 and hLEAP-2 at the amino acid
level. Amino acids 1 to 27 of the mature LEAP-2 peptide
(MTPFWRGVSLRPVGASCRDNSECITMLCR) are encoded
in exon 2 of the chicken gene. Of these amino acids, 25 of 27
(92.5%) are identical to those of hLEAP-2 and 26 of 27
(96.2%) are similar. Exon 2 also encodes 12 amino acids of the

cLEAP-2 propeptide (LHQPQPLLRLKR). In contrast to the
remarkably high conservation in the mature peptide domain,
only 2 of 12 (16.6%) propeptide amino acids are identical in
humans and chickens. Moreover, this limited homology is lim-
ited to the endoprotease processing site. The unusually high
sequence identity of peptides from species whose last common
ancestor existed over 100 million years ago suggests an impor-
tant functional role.

We have shown, in agreement with Lynn et al. (15), that the
cLEAP-2 gene encoding the novel antimicrobial peptide,
cLEAP-2, is expressed in chicken epithelial tissues including
the small intestine, liver, kidney, and lung. This suggests that
cLEAP-2 is expressed as part of the epithelial innate defense
system and functions to prevent potentially pathogenic mi-
crobes from interacting with epithelial surfaces and invading
the tissues. The lack of cLEAP-2 expression in the pancreas,
ovary, brain, or spleen may have reflected the sensitivity of the
detection system or the reduced susceptibility of these tissues
to microbial invasion. Interestingly, hLEAP-2 transcripts were
detected in brain tissue, but only when using quantitative real-
time PCR and at levels 104 lower than those of the GAPDH
housekeeping gene (14).

The RT-PCR analyses of LEAP-2 expression in human tis-
sues identified at least four splice variants. Employing a com-
parable primer pair, only two cLEAP-2 PCR products were

FIG. 5. Induction of cLEAP-2 expression in chick small intestinal
and liver tissues following oral infection with Salmonella. RT-PCR
analyses were performed on the chick tissues 3 days after infection.
The number of experimental observations in each group was four, and
values are means � standard errors of the means. 1344, S. enterica
serovar Typhimurium SL1344; SE, S. enteritidis: C, control birds given
PBS; *, P 	 0.01 compared to the appropriate control.

FIG. 6. Antimicrobial activities of the cLEAP-2 propeptide (amino
acids 25 to 76) and mature peptide (amino acids 37 to 76). (A) SDS-
polyacrylamide gel electrophoresis and Western analyses of the pep-
tide-free (a), 6-kDa cLEAP-2 propeptide (b), and 4.5-kDa cLEAP-2
peptide (c) E. coli preparations. (B) Time-kill assay analyses of
cLEAP-2 activities. The number of CFU resulting from a 3-h incuba-
tion with either propeptide or mature peptide are presented relative to
control incubations with a peptide-free E. coli extract. PhoP, S. enterica
serovar Typhimurium PhoP mutant; SE, S. enteritidis; C5, S. enterica
serovar Typhimurium C5; 1344, S. enterica serovar Typhimurium
SL1344. Data are presented as means � standard errors of the means
(n � 3 for all S. enteritidis observations; n � 4 for all other observa-
tions, except where indicated). *, P 	 0.05 compared to the appropri-
ate negative control.
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identified in the avian tissues. The expression of a third tran-
script (2 kb) was identified by Northern blot analyses of liver
mRNA isolated from 5-day-old birds and indicated the synthe-
sis of an additional cLEAP-2 splice variant. The significance of
these transcripts in avian tissue is not known. However, the
2-kb hLEAP-2 transcript has been attributed to the existence
of an alternative LEAP-2 promoter site directing the synthesis
of an mRNA species that includes intron 1 and which encodes
a LEAP-2 peptide without a signal sequence. Interestingly, the
comparable chick transcript was not detected in the birds chal-
lenged with Salmonella. These data suggest that cLEAP-2 pep-
tides may have functions in addition to that of antimicrobial
activity. This multifunctionality is not unique, for the angio-
genins discovered nearly two decades ago and initially identi-
fied as having roles in vasculogenesis and tumor cell growth
have recently been shown to exhibit bactericidal and fungicidal
activity and have been proposed to play an important role in
systemic innate immunity (11).

In certain epithelial cells, inducible antimicrobial peptide
genes such as those encoding the bovine tracheal antimicrobial
peptide and human �-defensin 2 become activated in response
to bacteria and lipopolysaccharide (LPS) (1, 7, 23). Challeng-
ing 5-day-old chicks with Salmonella resulted in a significant
increase in cLEAP-2 expression in both the small intestine and
liver and provided evidence of cLEAP-2 induction in response
to both local and systemic responses. Although we have no
proof of increased peptide synthesis, these data suggest that
cLEAP-2 is an inducible peptide. Whether induction occurred
as a consequence of direct microbial contact or was mediated
through bacterial products such as LPS or proinflammatory
cytokines such as interleukin-1 and tumor necrosis factor is not
known. However, the induction of antimicrobial peptides is
known to follow the activation of a regulatory pathway involv-
ing Toll receptors and the transcription factor NF-
B (17).
Toll-like receptors (TLRs) have been identified in the chicken,
and the type 2 chTLR message has been shown to be ubiqui-
tously expressed (9). Recent in silico studies have identified
putative TLR pathways in the chicken (16), and a potential
transcription factor binding site for NF-
B in the promoter
region of the cLEAP-2 gene (Fig. 2) suggests that the increase
in cLEAP-2 gene expression may occur through this signaling
pathway.

The fecal counts from the in vivo studies suggested that the
S. enterica serovar Typhimurium SL1344 enteropathogen was
more sensitive to the bactericidal activity of the chick gut than
S. enteritidis. The MICs of the more effective antimicrobial
peptides are in the range of 0.1 to 10 �g/ml (13), and sufficient
recombinant extract (20 �g/ml) was isolated to investigate
cLEAP-2 antimicrobial activity against Salmonella sp. in vitro.
Microgram amounts of peptide were found to be effective
against the mutant Salmonella phoP and wild-type S. enterica
serovar Typhimurium SL1344 strains but ineffective against S.
enteritidis and S. enterica serovar Typhimurium C5. Cationic
antimicrobial peptides function by disrupting the structure of
the outer membrane of gram-negative bacteria, but their bac-
tericidal activity is also dependent on their disrupting the cy-
toplasmic membrane. Most antimicrobial peptides are too
large to use porin channels, so the surface charge and perme-
ability of the outer microbial membrane determines the ability
of each peptide to reach its target. The susceptibility of S.

enterica serovar Typhimurium SL1344 and the resistance of S.
enteritidis and S. enterica serovar Typhimurium C5 to cLEAP-2
activity were probably a reflection of the different compositions
of the bacterial membranes. Salmonella spp. are known to
resist cationic antimicrobial peptide activity by reducing the
negative charge of their outer membranes. This is known to
occur through modification of the anionic membrane mole-
cules, including teichoic acids, LPS, or lipid A, with positively
charged substituents (18). Several modifications of lipid A are
responsible for cationic antimicrobial resistance in Salmonella,
and the enzymes responsible for these are linked to the ex-
pression of phoP and phoQ (2). Indeed, the S. enterica serovar
Typhimurium phoP mutant strain, which has lost the ability to
modify its membranes, was more sensitive to cLEAP-2, as
reflected by the 40% reduction in numbers (Fig. 6B). It was
interesting that the in vivo reduction in S. enterica serovar
Typhimurium SL1344 numbers was paralleled in vitro. How-
ever, the in vivo observation probably reflected the synergistic
activity of an array of cationic antimicrobial peptides rather
than cLEAP-2 per se. Furthermore, it is also unlikely that
cLEAP-2 is only active against gram-negative bacteria, as syn-
thetic hLEAP-2 has been shown to demonstrate activity
against gram-positive bacteria and yeasts.

These data suggest that the cLEAP-2 gene encodes a novel
cationic antimicrobial peptide, which is induced in chick tissues
in response to Salmonella infection and which forms an inte-
gral part of the avian innate host defense system.
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