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Leading article
Antimicrobial peptides in the gastrointestinal tract
In contrast with the relative sterility of the small intestine,
there is a large (approximately 1012 per gram content) and
complex population of bacteria in the colonic lumen.'
Indeed, the gastrointestinal tract represents the largest area
of interaction between the host and microorganisms.
Overall the relation between the normal intestinal flora and
the gastrointestinal tract is highly complex and not fully
understood. Animal studies suggest that exposure to
microorganisms is required for the normal development of
the intestinal mucosa.' However, the importance of the
normal mucosal immune system in protecting the host as
well as regulating the interactions with microorganisms is
illustrated by the development of intestinal disease,
predominantly in the presence of normal luminal flora, in
animals in whom specific cytokine genes have been

in the lumen or in the surface layer of mucus. The mucus
layer, which overlies the surface epithelial cells, provides
not only a physical barrier to bacteria and toxins but also
contains sIgA and lysozyme (which has antibacterial
activity against Gram positive organisms). In addition,
studies over the past few years suggest the presence of a
novel form of innate immunity, which may be mediated in
the lumen and at the mucosal surface, in the form of
antimicrobial peptides. Members of three families of
antimicrobial peptides, the defensins, magainins and
cecropins have been isolated from the gastrointestinal tract
of animals. In general, they are basic peptides, 20-40
amino acids in length (molecular weight 3-5 kDa) with
potent activities against both Gram negative and Gram
positive bacteria.

inactivated.2

A variety of mechanisms are required to achieve relative
sterility in the proximal gastrointestinal tract. Gastric acid
represents an important barrier to ingested bacteria and
peristaltic activity plays a major part in clearing microorganisms from the small intestine. Protective defence
mechanisms are also operative at the mucosal level and can
be divided into innate and adaptive immunity. The latter
entails the development of specific responses embodied in
the gastrointestinal immune system, in particular, the
production of secretory IgA (sIgA) antibodies. A complex
series of interactions between different cell types are
required for the development of highly specific antibody
mediated protection. A mucosal immune response is
usually induced in Peyer's patches where B cells are
stimulated. Committed B cells then migrate into the
systemic circulation via mesenteric lymph nodes and
thoracic duct. After emigration from the systemic
circulation into the intestinal lamina propria, these cells
mature into IgA producing plasma cells. Locally produced
IgA is then transported across the epithelium by polymeric
immunoglobulin receptor into the mucus layer where it
inhibits attachment of microorganisms to epithelial cells
('immune exclusion'). However, the migration of antigen
stimulated B cells from Peyer's patches to the intestinal
lamina propria can take four to six days.' As the
proliferation rate of microorganisms is usually of greater
magnitude, a much more rapidly responsive and/or preexisting, broad spectrum, antimicrobial defence is
required. In the systemic circulation, such 'innate'
immunity is mediated by a variety of molecules following
phagocytosis by polymorphonuclear cells and monocytes.
In the gastrointestinal tract such molecules may be active

Defensins
Circulating polymorphonuclear cells and monocytes
represent major systemic components of host defence
against microbes, largely due to their capacity for
phagocytosis. Polymorphonuclear cells are present in large
numbers and after ingestion, can kill bacteria via oxygen
dependent or oxygen independent mechanisms. The latter
is mediated via antimicrobial polypeptides located in
azurophil granules. They include bactericidal permeability
increasing protein, cathepsin G, lysozyme, azurocidin as
well as defensins. High concentrations of these molecules
would be delivered during fusion of azurophil granules
with phagosomes containing bacteria. Defensins were
first purified from rabbit alveolar macrophages and
polymorphonuclear cells and subsequently from human
polymorphonuclear cells (and designated HNP 1-4) in the
mid 1980s.4 The defensins constitute 30-50% of azurophil
granule protein and greater than 5% of the total protein
content in human and rabbit polymorphonuclear cells.5
They are small, cationic, arginine rich peptides containing
29-35 amino acids. Within the family, there is absolute
conservation of six cysteine residues, which leads to the
formation of three disulphide bonds that are essential for
antimicrobial activity. In vitro studies using defensins
purified from human polymorphonuclear cells have shown
their capacity to kill a wide range of Gram positive and
Gram negative bacteria and fungi as well as protozoa such
as Gardia lamblia. This systemic form of innate immunity
is elicited in the intestinal mucosa and the lumen after
direct invasion by pathogenic microorganisms or mucosal
injury induced by secreted toxins. Polymorphonuclear cells
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induced by their toxic products.8
Recent studies have shown that members of the defensin
family are also produced by intestinal Paneth cells in
mammals.9-12 These mucosal defensins may provide the
first line of innate protection against microbes, before
polymorphonuclear cell derived systemic innate immunity
is elicited. Expression of defensin transcripts in mouse
Paneth cells was first reported by Ouellette and colleagues
who designated these molecules cryptdins.9 To date, six
cryptdin peptides have been isolated from mouse small
intestine and amino acid sequence analysis has
demonstrated the presence of six distinctive cysteine
residues, in common with the other members of the
defensin family. An additional 11 cryptdin mRNA
isoforms have been characterised from a cDNA library
generated by PCR amplification of a single jejunal crypt.'3
Most of the isolated and sequenced as well as the predicted
mature isoforms of cryptdin show a high degree of
conservation. However, it is possible that the presence of
numerous isoforms of cryptdin may mediate different
levels of activity against a broad range of bacterial species
in the intestine. Thus, in in vitro assays against Eschenichia
coli, cryptdin 4 was shown to be the most active out of the
six peptides.'3

Complementary DNA clones of rabbit and human
myeloid defensins as well as mouse cryptdins have shown
that they are synthesised as 93-96 amino acid polypeptides
consisting of a 19 residue signal sequence and 40-45
amino acid propeptide.4 There is a high degree of similarity
in the signal sequence of members of the defensin family
and this was exploited to identify genes for new members
of the family in humans.'4 '5 They have been designated
defensin-5 and -6 (HNP 1-4 being considered by these
investigators to be defensins 1-4, however the original
terminology for the polymorphonuclear cell defensins
continues to be used by other investigators) and their
transcripts are highly expressed in Paneth cells of the small
intestine. 4 15 Recently, potent antimicrobial activity by
peptidic extracts from human terminal ileal mucosa has
also been shown.'6
To date, only the mouse small intestinal mucosal
defensins have been isolated and characterised. However,
the site at which they mediate their antimicrobial activities
in vivo remains to be determined. While they have been
shown to be present in Paneth cells, the mucus layer, and
the lumen, the range and potency of individual peptides
in the milieu of the mucous layer and the lumen is
unknown. It is also possible that, as for polymorphonuclear
cells, the mucosal defensins mediate their activity
intracellularly within the Paneth cells.
Paneth cells are found at the base of crypts and are
characterised by the presence of large eosinophilic
granules. The functions of these cells are not fully
understood. They have been shown to express a variety of
peptides and proteins in addition to defensins. These
include lysozyme,17 tumour necrosis factor a,18 and
guanylin (an endogenous ligand of receptors for E coli heat
stable enterotoxin (STa)).'9 In addition to being secretory
cells, Paneth cells have also been reported to be capable
of phagocytosis.20 It is therefore possible that antimicrobial
activity of defensins is mediated predominantly within
phagosomes in Paneth cells where high concentrations of

the peptides can be delivered. Although absent from
normal colon, Paneth cell metaplasia occurs in inflammatory bowel disease2" and this response is likely to
result from increased penetration by luminal microorganisms.

Magainins
Magainins are linear peptides (less than 30 amino acids)
devoid of cysteine residues and are active against a wide
range of Gram positive and Gram negative bacteria, fungi,
and protozoa.22 They were first isolated from the skin of
the African clawed frog, Xenopus laevis, by Zasloff and
colleagues.23 Their identification followed investigation
into the capacity of frog skin wounds to heal without any
sign of infection. This was despite the presence of
pathogenic organisms in the water tanks in which the
animals were kept.22 A number of magainin antimicrobial
peptides have subsequently been isolated from the stomach
of Xenopus laevis.24 They are stored in multi-nucleated
granular cells with capacity for secretion into the gastric
lumen. Genes for two members of the magainin family
(magainin and PGLa) have recently been shown to be
expressed in the small intestine of Xenopus laevis.25 They
are localised to large granule filled cells, which have
features in common with the defensin expressing
mammalian Paneth cells. Magainin-like immunoreactivity
has also been demonstrated in epithelial cells of human
submandibular and labial salivary glands.26 Peptides
belonging to this family would therefore be expected to be
present in the saliva to mediate antimicrobial activity in the
oral cavity.

Cecropins
Cecropins were originally isolated from haemolymph of
the cecropia moth after infection with bacteria.27 A
member of this family, designated cecropin P1 has been
isolated from porcine proximal small intestine28 and has
been localised to epithelial cells of the duodenum as well
as glucagon positive cells of the pancreas.29 It is a
3 1-residue linear peptide devoid of cysteine. Interestingly,
its antimicrobial activity seems to be restricted to Gram
negative bacteria (with moderate or no activity against
Gram positive bacteria).28

Proline rich and arginine rich antimicrobial peptides
After isolation of cecropin P1, further studies of extracts
of porcine proximal small intestine led to the isolation of
another antimicrobial peptide, designated PR-39 (proline
rich, arginine rich with 39 residues).30 Subsequent cDNA
cloning has shown that the gene for PR-39 is expressed in
the bone marrow.3' The cells expressing PR-39 in the pig
intestine have not been characterised but it is possible that
it is produced by bone marrow derived cells present in the

lamina propria.
Conclusion
Studies over the past few years have shown a novel form
of innate immunity in the gastrointestinal tract of animals
in the form of antimicrobial peptides. It is probable that
other members of known families and possibly also new
families of antimicrobial peptides will be identified in the
gastrointestinal tract of animals. Future studies should also
elucidate the in vivo importance of these molecules not
only in restricting the normal bacterial flora to the colonic
lumen but also in protecting the host against invasion.
With the increasing use of proton pump inhibitors, which
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are attracted into the mucosa after secretion of a wide
range of chemotactic molecules, and into the lumen in
response to chemotactic factors derived from bacteria.
Epithelial cells are the first host cells that would be affected
by pathogenic bacteria or their products. Recent studies
have shown that these cells are capable of producing
interleukin 8, a potent chemoattractant for polymorphonuclear cells, after direct invasion by bacteria6 7 or injury
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in association with acute and chronic inflammation in the
lamina propria.32
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may compromise gastric acid mediated antimicrobial
protection, the ability to up regulate expression of mucosal
antimicrobial peptides could be therapeutically beneficial.
Indeed, recent studies suggest that such up regulation may
occur in diseased mucosa in vivo; epithelial cell expression
of an antimicrobial peptide has been shown to be induced

