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Cathelicidins are small cationic peptides that possess broad-spectrum antimicrobial activity. These gene-encoded ‘natural
antibiotics’ are produced by several mammalian species on epithelial surfaces and within the granules of phagocytic cells. Since
their discovery over a decade ago, cathelicidins have been speculated to function within the innate immune system, contributing to
a first line of host defense against an array of microorganisms. Consequently, cathelicidins have captured the interest of basic
investigators in the diverse fields of cell biology, immunology, protein chemistry and microbiology. A burgeoning body of
experimental research now appears to confirm and extend the biological significance of these fascinating molecules. This article
reviews the latest advances in the knowledge of cathelicidin antimicrobial peptides, with particular emphasis on their role in
defense against invasive bacterial infection and associations with human disease conditions.
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BASIC BIOLOGY OF CATHELICIDINS

Cathelicidins are small (12—100 amino acids), cationic and
amphipathic in nature, features they share with other major
classes of mammalian antimicrobial peptides such as the
defensins. While humans and mice each possess a single
cathelicidin, other species such as cattle and pigs express
many different cathelicidins (1). All cathelicidins are pro-
duced as a precursor consisting of an N-terminal signal
peptide, a highly conserved prosequence and a structurally
variable C-terminal mature peptide (2). It is the presence of
the evolutionarily conserved prosequence that assigns an
antimicrobial to the cathelicidin class (3). The prosequence is
termed the ‘cathelin’ domain for its homology to cathelin, a
protein from porcine neutrophils that inhibits the protease
cathepsin L (hence cath-e-L-in). In contrast, the mature C-
terminal cathelicidin antimicrobial peptides share little
sequence homology, but can be divided into 3 general
groups: those forming amphipathic o-helices (e.g. human
LL-37), those with intramolecular disulfide bonds adopting
B-sheet structure (e.g. porcine protegrins), and those heavily
enriched in 1 or 2 amino acids such as proline or arginine
(e.g. bovine Bac7) (4). Cathelicidin genes consist of 4 exons
and 3 introns: the first 3 exons comprise the signal sequence
and cathelin prodomain, while the fourth exon encodes the
processing site and variable C-terminal antimicrobial peptide
(3). Proteolytic cleavage of the inactive precursor molecule to
release the mature C-terminal antimicrobial peptide from the
cathelin prodomain is accomplished by elastase (5) or
proteinase-3 (6) upon degranulation of activated neutro-
phils; processing of epithelial cell-derived cathelicidin pre-
cursors is less understood. These basic features of
cathelicidins are illustrated in Fig. 1.

The single human cathelicidin was cloned from human
bone marrow cDNA (7). Its mature form is known as LL-37,
since it begins with 2 leucines and is 37 residues in length. An
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alternative designation assigned to this gene product is
hCAP18 (8). This terminology was applied after identifica-
tion of a human cationic antimicrobial peptide found to have
a mass of 18 kDa before processing. In mice, the sole
cathelicidin peptide is named CRAMP, for Cathelin-Related
Antimicrobial Peptide (9). The mature human (LL-37) and
murine (CRAMP) peptides are encoded by similar genes,
and have similar a-helical structures, spectra of antimicro-
bial activity and tissue distribution (10). Thus, murine
CRAMP can serve as a useful model for in vivo analysis
of human cathelicidin function. As will be discussed below,
studies of CRAMP in the murine model have provided direct
evidence of the importance of endogenous cathelicidin
production in immune defense.

ANTIMICROBIAL AND IMMUNE FUNCTIONS OF
CATHELICIDINS

Mature cathelicidin peptides generally exhibit broad-spec-
trum antimicrobial activity against a range of Gram-positive
and Gram-negative bacterial species. Certain cathelicidins
are effective at killing nosocomial isolates of Staphylococcus
aureus, Enterococcus faecalis or Pseudomonas aeruginosa
that are resistant to conventional antibiotic therapy (11).
Cathelicidins also show inhibitory activity against certain
fungi (e.g. Candida albicans), parasites (e.g. Cryptospori-
dium parvum) or enveloped viruses (e.g. human immunode-
ficiency virus). Bacterial killing by cathelicidins is rapid. The
mechanism of killing in most cases is thought to involve
intercolation and assembly of the peptides within the
bacterial membrane to disrupt membrane integrity (12,
13), although certain cathelicidins such as porcine PR-39
reach intracellular targets to block bacterial protein synth-
esis (14).

The function of cathelicidins is not limited to antimicro-
bial killing, but extends to other aspects of immunity and
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Fig. 1. Gene and protein structures of cathelicidin antimicrobial peptides.

tissue repair. PR-39 from pigs promotes wound healing in
skin by stimulating syndecan production and angiogenesis
(15). LL-37 binds and neutralizes bacterial lipopolysacchar-
ide (LPS), preventing the induction of inflammatory med-
iators from monocytes and endothelial cells and inhibiting
development of lethal endotoxemia in vivo (16, 17). LL-37
can also influence wound repair and has been shown to have
additional effects on the host relevant to immune defense.
The human cathelicidin up-regulates epithelial expression of
chemokine and chemokine receptor genes (18), and itself
acts as a chemoattractant for neutrophils, monocytes, T-
lymphocytes and mast cells (19, 20). In this fashion, LL-37
acts to orient the host immune response by recruitment of
leukocytes to the site of infection (18). Microbial killing is
effected by phagocytosis and amplified by the robust
production of additional cathelicidin by the activated
neutrophils (21) and mast cells (22). Because cathelicidins
are widely distributed within skin and mucosal epithelial
tissues, as well as secretions such as saliva and sweat (23, 24),
they are ideally situated to serve a sentinel role as multi-
functional effectors of innate immunity.

Because cathelicidins possess significant proinflammatory
as well as antimicrobial properties, it is important for the
host to regulate their production in response to appropriate
stimuli. For example, baseline cathelicidin production is very
low in normal skin keratinocytes, but is dramatically
increased in response to wounding or challenge with the
bacterial pathogen Streptococcus pyogenes (25). Cathelicidin
production in myeloid cells is similarly induced in response
to LPS or bacterial infection (26, 27). The production of
cathelicidins as an inactive full-length precursor requiring
proteolytic activation represents a further level of control.
Recently, the function of the highly conserved prodomain
was clarified in experiments with recombinant human

cathelin. This molecule was shown both to function as a
cysteine protease inhibitor and to possess independent
antimicrobial activities that were complementary to those
of LL-37 (28). The cathelin moiety may simultaneously act
to potentiate bacterial killing while limiting tissue injury
from microbial and neutrophil-derived proteases. Additional
regulation of the inflammatory response may be provided by
cytotoxic or proapoptotic effects of cathelicidins on prolif-
erating lymphocytes (29).

EVIDENCE THAT CATHELICIDINS INFLUENCE
SUSCEPTIBILITY TO BACTERIAL INFECTION

An expanding body of experimental research points to an
important role for cathelicidins in mammalian defense
against bacterial pathogens. Derived from a variety of model
systems, these studies can be grouped into 3 complementary
avenues of investigation. First, investigations have correlated
the in vitro cathelicidin sensitivity or resistance of a
particular bacterium with its pathogenic potential. Secondly,
evidence exists that blocking cathelicidin production or
activation increases immune susceptibility of the host to
infectious challenge. Thirdly, therapeutic effects of exogen-
ous cathelicidin administration have been demonstrated
against bacterial colonization or disease. Data collected
from each of these approaches are summarized in this
section.

Certain strains of pathogenic bacteria exhibit intrinsic
resistance to cathelicidins and related antimicrobial peptides.
Mechanisms underlying this resistance have been character-
ized in several species, revealing a diverse array of pheno-
typic strategies to survive cathelicidin killing (Fig. 2). One
common pattern of antimicrobial resistance involves bacter-
ial modification of normally anionic constituents of their cell
walls with cationic molecules; the net effect of these
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Fig 2. Potential mechanisms of bacterial resistance to cathelicidin antimicrobial peptides.

substitutions is to decrease the attraction of positively
charged cathelicidins to the bacterial cell surface. Cell wall
charge alterations associated with cathelicidin resistance in
Gram-negative bacteria include covalent modification of the
LPS lipid A by acylation or aminoarabinose or the expres-
sion of LPS-associated phosphatidylcholine (30, 31). Cathe-
licidin resistance in the Gram-positive pathogen S. aureus is
mediated by incorporation of p-alanine within lipotechoic
acid or r-lysine within phosphotidylglycerol in the cell wall
(32). Neisseria gonorrhoeae utilizes an efflux pump to expel
cathelicidin, avoiding accumulation of bactericidal levels
(33). Enterococcus faecalis, S. pyogenes, Salmonella enterica
and Proteus mirabilis produce proteinases that are capable of
degrading human cathelicidin LL-37 (34). Certain strains of
S. pyogenes also secrete a complement-inhibitory protein
known as SIC that recently has been shown to bind LL-37
and block its antimicrobial activity. Finally, pathogenic
Shigellaec possess a unique strategy to avoid cathelicidin
killing, down-regulating colonic epithelial cell production of
LL-37 at the mRNA level (395).

For some of the above pathogens, isogenic mutants have
been identified that exhibit increased cathelicidin sensitivity
in vitro compared with the wild-type parent strain. These
mutants have been studied in animal models of infection
providing suggestive data that cathelicidin resistance itself
contributes to virulence potential. DIt~ and MprF~ mu-
tants of S. aureus lack p-alanine and vr-lysine cell-wall

modifications, respectively, and are more sensitive to cathe-
licidins in vitro. Both types of mutants are more readily
phagocytosed by neutrophils and less able to establish
systemic infection in mice (36, 37). Salmonella enterica
mutants in PmrA lack the aminoarabinose modification of
LPS associated with cathelicidin resistance and are less
virulent in a murine enteric infection model (38). One study
of S. pyogenes pathogenicity approached the issue from the
opposite perspective. This bacterium is normally sensitive to
human LL-37 or murine CRAMP killing, but resistant
mutants can be selected by serial exposure to cathelicidin in
vitro. Upon subcutaneous inoculation of mice, the CRAMP-
resistant S. pyogenes mutant was found to induce rapidly
spreading necrotic skin infections, whereas the wild-type
parent bacterium produced smaller localized ulcerations
(39).

Further data linking endogenous cathelicidin peptide
production to innate immune defense come from studies in
which specific host pathways for cathelidin activation or
inactivation are manipulated. For example, a specific
inhibitor of neutrophil elastase was used to block the
proteolytic activation of protegrin in porcine skin. Admin-
istration of this inhibitor significantly decreased the ability
of pigs to clear bacteria from skin wounds, while subsequent
treatment with the calculated amount of intact protegrin
normalized in vivo antimicrobial activity (40). Mice with a
knockout of neutrophil elastase exhibit neutrophil killing
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defects and are more susceptible to S. aureus and C. albicans
infections (41). It is interesting to speculate that impaired
proteolytic activation of neutrophil granule cathelicidins
contributes to the immunodeficient phenotype of the knock-
out mice, but this hypothesis remains to be tested. Shedding
of heparan sulfate cell-surface proteoglycans can interfere
with cathelicidin function. The pathogen P. aeruginosa,
through its virulence factor LasA, enhances in vitro shed-
ding of the proteoglycan syndecan-1 (42). Newborn mice
deficient in syndecan-1 resist P. aeruginosa lung infection but
become susceptible when treated with syndecan-1-derived
heparan sulfate chains (43).

Additional experimental evidence indicates that augmen-
tation of cathelicidin levels on host mucosal surfaces can
retard bacterial colonization and enhance resistance to
infection. Mice treated intratracheally with an adenoviral-
LL37 vector had a lower bacterial load and diminished
inflammatory response after P. aeruginosa challenge com-
pared with untreated controls (44). In lambs with pneumo-
nia, intratracheal administration of cathelicidin reduced the
concentration of bacteria in both bronchoalveolar lavage
fluid and consolidated pulmonary tissues (45). Topical
administration of a gel containing a porcine cathelicidin
was shown to inhibit development of wound infections in
pigs (46).

Overexpression or supplementation studies do not, how-
ever, prove that the endogenous level of cathelicidin produc-
tion by a mammalian host is sufficient to establish effective
innate immunity against bacterial pathogens. The applica-
tion of knockout mouse technology to the field of cathe-
licidin research is beginning to provide such evidence. A
mouse deleted for the gene encoding the only mouse
cathelicidin CRAMP exhibits normal growth and develop-
ment and produces normal numbers of circulating leuko-
cytes (39). Yet, blood and isolated mast cells from CRAMP-
knockout are notably deficient in killing the pathogen S.
pyogenes, and knockout mice challenged with this bacterium
develop much more severe and persistent necrotizing skin
infections than their wild-type littermates (22, 39). Thus,
cathelicidin, which is induced adaptively in the skin follow-
ing cutaneous injury or S. pyogenes infection (25), appears to
serve a critical innate defense function against invasive
bacterial infection.

CATHELICIDINS IN HUMAN CLINICAL DISEASE

The previous section reviewed recent in vitro and in vivo
experimental evidence that points to an important role for
cathelicidins in mammalian innate defense. These discoveries
have prompted clinical investigators to study how normal or
abnormal patterns of cathelicidin expression can be linked to
human disease pathogenesis. Production of cathelicidin is
increased adaptively in response to a number of specific
infections and in response to acute damage to the epithelial
barrier. Conversely, increased production of these molecules

is also associated with certain chronic inflammatory dis-
orders, reflecting the dual functions of cathelicidins in
immune activation (15). Investigators are also asking
whether decreased cathelicidin production or interference
with cathelicidin function may be evident in primary
immunodeficiencies, or explain the increased infectious risks
associated with certain injuries (e.g. burns) or chronic
diseases (e.g. cystic fibrosis).

Certain infectious disease conditions in humans trigger
local production of cathelicidins by epithelial cells and
infiltrating leukocytes. LL-37 is up-regulated in the nasal
mucosal of patients with chronic rhinitis (47), while in the
lower respiratory tract, high concentrations of LL-37 are
found in the bronchoalveolar lavage (BAL) fluid of infants
with pneumonia (48). Biopsies of patients with bacillary
dysentery produced by Shigella spp. reveal down-regulation
of cathelicidin production, suggesting a potential virulence
property of the bacteria to subvert innate immune defenses
of the gastrointestinal mucosa (35).

A wide variety of skin disorders has been examined for
changes in the pattern of cathelicidin expression at the
epidermal barrier. LL-37 expression is increased in the
inflammatory skin lesions of erythema toxicum neonatorum,
with immunolocalization of the peptide within CDI15-
expressing neutrophils, EG2-expressing eosinophils and
CDla-expressing dendritic cells (49). LL-37 expression is
also induced within the epidermis during development of
verruca vulgaris or condyloma accuminata, suggesting that
the cathelicidin represents a component of the immunologi-
cal response to papillomavirus infection (50). Differential
expression of antimicrobial peptides appears to play a
determinative role in the susceptibility of chronic inflamma-
tory skin disorders to infectious complications. In psoriasis,
cathelicidin levels are elevated and secondary infection is
rare, whereas in atopic dermatitis cathelicidin expression is
deficient and bacterial or viral superinfection is common
(51). Relevant in this regard is the proven activity of human
cathelicidin against S. pyogenes (25) and the synergistic
activity of human cathelidicin together with p-defensin
against S. aureus (51), the leading agents of superficial and
invasive skin infection in humans.

Cathelicidin is produced in high levels in skin post-
wounding and is strongly expressed in healing skin epithe-
lium, and antibody against this antimicrobial peptide
inhibits re-epithelialization in a dose-dependent manner
(25, 52). In chronic ulcers, LL-37 levels are low and absent
in the ulcer edge epithelium (52). Thus, it appears that
cathelicidins are important in successful wound closure and
defects in their production can be correlated with develop-
ment of chronic ulcers. Cathelicidin production is increased
in the skin of newborn mice and humans compared with
adults, representing a compensatory increase in innate
immune defense capability during a period when cellular
immune defenses are still immature (53).
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The chronic inflammation of cystic fibrosis (CF) is also
associated with increased levels of cathelicidin in respiratory
tract secretions. However, the CF airway surface fluid is
diminished in its ability to kill bacteria. This defect is
reflected in chronic high-level bacterial colonization and
recurrent pneumonia with organisms such as P. aeruginosa.
The bacterial killing ability of CF airway fluid is restored
when its salt concentration is lowered to normal levels,
suggesting that the abnormally high salt concentrations
produced by the defective CF transmembrane conductance
regulator may be responsible (54). The bacterial killing
ability of epithelial-derived antimicrobial peptides such as
LL-37 is inactivated by high salt concentrations (55, 56),
suggesting that a defect in this component of innate immune
defense may be responsible for the chronic pulmonary
infections seen in CF patients. In vitro experiments suggest
that a gene therapy approach may one day be used to
address this problem: while the airway surface fluid of cystic
fibrosis xenografts failed to kill P. aeruginosa or S. aureus,
exposure of the xenografts to an adenovirus expressing
human cathelicidin restored bacterial killing to normal levels
(44).

Recently, an association between oral disease and cathe-
licidins was shown in patients with Kostmann syndrome, a
severe congenital neutropenia. These patients are treated
with granulocyte-colony-stimulating factor to increase neu-
trophil counts within the normal range. Nevertheless,
patients with Kostmann syndrome still experience frequent

B. CATHELICIDIN RELEASE AND
PROTEOLYTIC ACTIVATION

A. MICROBIAL OR PHYSICAL
INJURY TO EPITHELIUM

E. GRANULOCYTES ENGULF BACTERIA

AND PRODUCE MORE CATHELICIDIN

F. PROAPOPTOTIC AND PROTEASE INHIBITOR EFFECTS

oF CATHELICIDIN MITIGATE INFLAMMATION

infections and develop periodontal disease. Functional
analysis of neutrophils isolated from these patients demon-
strated normal oxidative burst function, but revealed a lack
of measurable cathelicidin (57). Several of the original index
cases in the Kostmann family were recently shown to harbor
mutations in the neutrophil elastase gene, suggesting a
mechanism for a lack of cathelicidin processing and activa-
tion (58).

CONCLUSIONS AND FUTURE PROSPECTS

Diverse biological functions have been documented for
cathelicidins in microbial killing and augmentation of innate
immune functions (Fig. 3). Clinical studies are now identify-
ing associations between changes in cathelicidin production
or function and human infectious diseases, inflammatory
syndromes or immune deficiencies. A thorough understand-
ing of these associations will pave the way for treatment
strategies involving administration of exogenous cathelicidin
or modulation of endogenous cathelicidin production.
Indeed, clinical trials have already tested the efficacy of
oral administration of synthetic cathelicidin derivatives in
cancer patients to prevent chemotherapy-induced mucositis
(59). Butyrate and other short-chain fatty acids have been
shown to up-regulate colonocyte production of LL-37,
providing an initial rationale for dietary modulation of
innate mucosal immunity (60). In the coming years, we will
learn more about how impaired cathelicidin activity on

C. BotH CATIONIC PEPTIDE AND
CATHELIN DoMAIN KILL BACTERIA

D. CATHELICIDIN CHEMOTACTIC FOR
NEUTROPHILS AND MAST CELLS

G. CATHELICIDIN STIMULATES ANGIOGENESIS.
PROTEQGLYCANS, PROMOTES WOUND HEALING

Fig 3. Multiple biological functions of cathelicidins that function in innate defense of host epithelial surfaces against bacterial infection.
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mucosal tissues predisposes to infectious complications, how
resistance to cathelicidin killing represents a defining feature
of certain invasive microbial pathogens, and how dysregu-
lated cathelicidin expression may contribute to chronic
inflammatory disorders. Further knowledge regarding basic
cathelicidin structure—function interactions and regulatory
pathways will allow physicians and researchers to exploit the
diverse biological functions of these peptides towards
improved medical diagnosis and therapy.
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