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                    Abstract

Production of antimicrobial peptides and proteins is an important means of host defense in eukaryotes. The larger antimicrobial proteins, containing more than 100 amino acids, are often lytic enzymes, nutrient-binding proteins or contain sites that target specific microbial macromolecules. The smaller antimicrobial peptides act largely by disrupting the structure or function of microbial cell membranes. Hundreds of antimicrobial peptides have been found in the epithelial layers, phagocytic cells and body fluids of multicellular animals, from mollusks to humans. Some antimicrobial peptides are produced constitutively, others are induced in response to infection or inflammation. Studies of the regulation of antimicrobial peptide synthesis in Drosophila have been particularly fruitful, and have provided a new paradigm for the analysis of mammalian host defense responses. It now appears that the general patterns of antimicrobial responses of invertebrates have been preserved in vertebrates (“innate immunity”) where they contribute to host defense both independently and in complex interplay with adaptive immunity.
                    

                    ANTIMICROBIAL PEPTIDES—BACKGROUND AND DEFINITION

Multicellular organisms continually defend themselves against parasitization by potentially harmful microbes. In the absence of penetrating injury, the most common sites of initial encounter with microbes are the epithelial surfaces (skin, the moist surfaces of the eyes, nose, airways and the lungs, mouth and the digestive tract, and the urinary and reproductive systems). Because mechanisms requiring specific antigen recognition depend on clonal proliferation of immunocytes, and therefore take days to weeks to develop fully, the initial host resistance mechanisms must recognize or target microbe-specific class characteristics and employ mechanisms that are either constitutive or rapidly inducible. Some unique microbial molecular features are recognized by complementary receptors that trigger localized effector mechanisms (“pattern recognition”) while other structural or metabolic characteristics make the microbes selectively susceptible to the action of injurious antimicrobial substances including chemically highly reactive molecules, lytic enzymes, pore-forming molecules, or substances that sequester essential nutrients. Certain antimicrobial substances may be present constitutively; the local synthesis or release of others is provoked by invading microbes; and yet other antimicrobial substances can be brought into the area of invasion by mobile cells. Unlike innate immunity, adaptive immunity (antibodies and antigen-recognizing cytotoxic lymphocytes) is a late evolutionary development developed fully only in higher vertebrates. Specific antigen recognition by lymphocytes probably plays a limited role during the initial encounter but it is especially effective against persistent microbes or against microbes previously encountered by the host.
The innate antimicrobial properties of epithelial surfaces were noted a century ago by Metchnikoff, who emphasized the cleansing role of mechanical factors such as the continuous movement of the tear film across the frontal surface of the eye. Metchnikoff also observed that microbes that breached the epithelial surfaces were met by mobile cells (phagocytes) that ingested and killed the invaders. Having described the phagocytic killing of microbes, Metchnikoff surmised that microbicidal substances must be present in phagocytes and thought that these were “ferments” (enzymes). In the 1920s, Fleming discovered that the fluid coating the epithelia contained an antimicrobial enzyme which he named lysozyme, and showed that the same substance was also found in abundance in phagocytes. Later studies identified the main target of lysozyme as a sugar linkage in the peptidoglycan cell wall of bacteria.
Over the past 40 years, a number of additional antimicrobial substances produced by epithelia and phagocytes have been characterized, ranging in size from small inorganic molecules such as hydrogen peroxide to large protein complexes such as those generated by the activation of the complement cascade. Antimicrobial peptides are conventionally defined as polypeptide antimicrobial substances, encoded by genes and synthesized by ribosomes, with fewer than 100 amino acid residues. This definition distinguishes them from most (but not all) peptide antibiotics of bacteria and fungi, which are synthesized by specialized metabolic pathways and often incorporate exotic amino acids.
                    DISTRIBUTION OF ANTIMICROBIAL PEPTIDES

The highest concentrations of antimicrobial peptides are found in animal tissues exposed to microbes or cell types that are involved in host defense (Table 1). Epithelial surfaces secrete antimicrobial peptides from both barrier epithelia and glandular structures (Zasloff, 1987; Diamond et al., 1991; Ouellette and Selsted, 1996; Jones and Bevins, 1992). Phagocytic cells contain several types of storage organelles (granules) for microbicidal substances and digestive enzymes (Levy, 1996; Ganz and Lehrer, 1997). In the process of phagocytosis, granules fuse to phagocytic vacuoles that contain ingested microbes, thereby exposing the microbes to very high concentrations of microbicidal and digestive substances. Other granules are secreted into the extracellular fluid where their contents kill microbes or inhibit their multiplication. Both types of granules contain abundant antimicrobial peptides (Ganz et al., 1985; Selsted et al., 1984; Cowland et al., 1995).
In invertebrates, the fluid portion of blood (hemolymph) as well as the granules of phagocytic cells (hemocytes) contain antimicrobial peptides (Boman et al., 1991; Iwanaga et al., 1994). Secretion of antimicrobial peptides from the fat body (equivalent to the liver in vertebrates) into hemolymph appears to be the dominant mechanism in injured or infected insects, while hemocytes may be the more important source in horseshoe crabs. Like in vertebrates, insect epithelia, most prominently the gut, secrete tissue-specific antimicrobial peptides (Richman and Kafatos, 1996; Richman et al., 1997), a response which is likely to be important in insect resistance to intestinal parasites.
                    STRUCTURES AND MECHANISM OF ACTION

Almost all antimicrobial peptides are cationic and amphipathic. The simplest antimicrobial peptide structures whose mechanism of action has been investigated are either α-helices or β-hairpins. Both types of peptides can form transmembrane channels. The length of a simple α-helix is approximately 1.5 Å per amino acid residue whereas that of a β-hairpin is roughly 3.5 Å per two residues. Since the hydrocarbon core of the phospholipid membrane is roughly 30 Å across it takes about twenty amino acids to span the membrane by either an α-helical or β-hairpin peptide. Indeed, the simplest antimicrobial peptides of these two classes are the frog skin peptide magainin (23 amino acids) (Bechinger et al., 1993; Ludtke et al., 1996) and the pig leukocyte peptide protegrin (16–18 amino acids) (Aumelas et al., 1996; Fahrner et al., 1996). Smaller natural antimicrobial peptides exist (e.g., the 12 amino acid cyclic dodecapeptide (Romeo et al., 1988)) but their structure in membranes and their mechanism of action have not been extensively investigated. More recently, it has been demonstrated that even smaller artificial peptides (6 or 8 amino acids) can generate pores in membranes by assembling into nanotubes (Fernandez-Lopez et al., 2001). It is possible that naturally occurring small peptides that employ similar mechanisms will be discovered.
There are three major hypotheses about how the disruption of membrane integrity kills the target microbes. The loss of microbial viability may be due to the cumulative effects of energy drain due to the equilibration of intracellular and extracellular ion concentrations through the disrupted membrane. Alternatively, antimicrobial peptides may enter the target cell through the disrupted membrane, bind to as yet unknown intracellular molecules and interfere with their metabolic function. Finally, some peptides may generate pores that admit water but do not allow osmotically active substances to pass. The entry of water generates osmotic pressure that eventually stretches and breaks the microbial membrane (Lehrer et al., unpublished). Either way, repair processes may limit or reverse these lesions when peptide concentrations are low or limited in time. Prolonged exposure to higher concentrations of antimicrobial peptides overwhelms the repair capacity of the microbe and the damage becomes irreversible.
The assembly of membrane pores by magainins (Ludtke et al., 1996; Matsuzaki, 1998; Shai, 1999) and tachyplesins (β-hairpin peptides from horseshoe crab hemocytes) (Matsuzaki et al., 1991) is favored by membranes that are rich in anionic phospholipids, a characteristic property of bacterial membranes. Conversely, the cell membranes of animals are rich in neutral phospholipids and cholesterol, substances that inhibit the incorporation of these peptides into membranes and the formation of pores. This mechanism explains why the concentrations necessary to kill eukaryotic cells are much higher than those required for killing most bacteria. Current evidence favors similar mechanisms of action for other peptides commonly found in the animal and plant kingdoms (Lohner et al., 1997).
Defensins (Ganz and Lehrer, 1995) are particularly abundant and widely distributed antimicrobial peptides characterized by a cationic β-sheet rich amphipathic structure stabilized by a conserved three-disulfide motif. They range in size from 29 to 47 amino acids, and are abundant in many vertebrate granulocytes, Paneth cells (specialized granule-rich intestinal host defense cells), and on epithelial surfaces. Like the simpler magainins and protegrins, defensins also form pores in target membranes. There is evidence that the permeabilization of target cells is nonlethal unless followed by defensin entry into the cell and additional intracellular damage (Lichtenstein, 1991).
                    REGULATION OF SYNTHESIS AND RELEASE

In invertebrates and plants, organisms that lack adaptive immunity, antimicrobial peptides constitute a major component of host defense (Fritig et al., 1998; Meister et al., 1997). Many of the plant and invertebrate peptides (e.g., insect defensins and plant defensins) structurally and functionally resemble their vertebrate counterparts but a comprehensive evolutionary lineage has not yet been established. Both plants and invertebrates induce the synthesis of antimicrobial peptides in response to infection. The signaling pathways that mediate this response are similar to the acute phase response in animals and employ similar transcriptional regulators, most prominently the rel/NF-κB family. In vertebrates, antimicrobial peptide synthesis is either constitutive or inducible by microbial macromolecules and/or cytokines. The epithelial β-defensin of the bovine trachea, the tracheal antimicrobial peptide (TAP), is synthesized in the airway epithelia when these are exposed to inhaled bacteria or lipopolysaccharide (Diamond et al., 1996). This response is initiated by lipopolysaccharide receptors that ultimately signal to transcriptional regulators including the NF-κB complex, acting on NF-κB binding motifs in the promoter of the TAP gene. In addition to transcriptional regulation of synthesis, stimulus-dependent degranulation provides an additional level of responsiveness and specificity. Thus the granulocytes of many vertebrates contain antimicrobial defensin peptides in their phagocytic granules and another class of antimicrobial peptides, cathelicidins, in granules destined for extracellular secretion (Rice et al., 1987; Sorensen et al., 1997). Intestinal Paneth cells, positioned at the bottom of narrow crypts in the small intestine, release their defensin-rich granules (Ouellette and Selsted, 1996) upon stimulation by cholinergic or bacterial stimuli, both of which are associated with food ingestion (Qu et al., 1996).
All known antimicrobial peptides are synthesized as larger precursors, containing one or multiple copies of the active peptide segment which are released by proteolytic processing. In the simplest cases the cotranslational removal of an N-terminal signal peptide frees the active moiety but more commonly one or more anionic propieces are also removed during processing (Valore and Ganz, 1992; Terry et al., 1988; Zasloff, 1987). Perhaps the most intriguing and as yet unexplained processing pattern is seen with cathelicidins, a group of peptides with a conserved 100 amino acid domain that is frequently proteolytically cleaved from the highly variable C-terminal antimicrobial domain (Zanetti et al., 1995). In phagocytes, the cathelicidins are commonly stored as inactive precursors in secretory granules. In many cases, the processing enzyme is neutrophil elastase contained in a separate set of storage granules. During phagocytosis, this binary system combines to generate active antimicrobial peptides. The function of the highly conserved cathelin domain is not yet known.
                    SPECTRUM OF ACTIVITY

Many antimicrobial peptides display activity against gram-positive and gram-negative bacteria, yeasts and fungi, and even certain enveloped viruses and protozoa. Other peptides are more restricted in their spectrum. Even minor variations in peptide structure can influence activity, and a systematic understanding of the relationship between peptide structure and activity is an important area for future investigations. Evidence is accumulating that many peptides act synergistically with larger polypeptides whose antimicrobial activity is enzymatic (e.g., lysozyme) or is dependent on specific recognition of bacterial macromolecules (e.g., the bactericidal permeability-inducing protein, BPI) (Levy et al., 1994). Synergistic interactions between two antimicrobial peptides in the frog skin, magainin 2 and PGLa, have also been reported (Westerhoff et al., 1995). In addition to their action on microbes, some antimicrobial peptides can function as regulatory molecules in the host. For example, in vitro studies suggest that defensins can attract phagocytes and lymphocytes to sites of infection, inhibit the release of cortisol from adrenal cells, induce the proliferation of fibroblasts and modify ionic fluxes in epithelial cells (Ganz and Lehrer, 1995).
                    BIOLOGICAL ROLE AND CONSEQUENCES OF DEFECTS IN THE FUNCTION OF ANTIMICROBIAL PEPTIDES

In insects, injury or infection elicits the production of antimicrobial peptides in the fat body (the insect equivalent of the vertebrate liver) and within a few hours renders the insect hemolymph (the insect equivalent of blood) antimicrobial. At least two distinct pathways participate in the induction response. In Drosophila, the antifungal response is induced by the Toll signaling pathway that is very similar to the dorsoventral morphogenic pathway as well as to the acute phase response in mammals, which involves the cytokine interleukin-1 (IL-1). The antibacterial response involves a less extensively characterized imd (immune deficiency gene) system. Genetic disruption of these two pathways in Drosophila blocks the induction of two distinct sets of antimicrobial peptides and causes increased susceptibility to fungal or bacterial infections, respectively (Lemaitre et al., 1996; Meister et al., 1997).
Evidence for the significant role of antimicrobial peptides in the host defense of mammals is also accumulating. In mouse knockout models, the disruption of the matrilysin gene prevented the normal proteolytic activation of intestinal defensins (cryptdins) and increased the susceptibility of these mice to intestinal infections (Wilson et al., 1999). In pigs, the application of an exogenous inhibitor of the proteolytic activation of cathelicidins increased bacterial proliferation in skin wounds (Cole et al., 2001). In the most direct experiment to date, mice with disrupted genes for the cathelin-related antimicrobial peptide (CRAMP) showed increased susceptibility to skin infections with group A streptococci (Nizet et al., 2001). Thus, interference with synthesis and posttranslational processing of antimicrobial peptides weakens host resistance to infections.
In a rare human disease, specific granule deficiency, the content of defensins (and probably several other antimicrobial peptides and proteins as well) in neutrophil granulocytes is severely decreased. The patients develop recurrent and severe bacterial infections. However, the interpretation and attribution of this defect is made complex by the multiple proteins affected (Ganz et al., 1988).
                    INTERACTION OF ANTIMICROBIAL PEPTIDES WITH THE ADAPTIVE IMMUNE SYSTEM

In addition to the innate immune system present in all animals, vertebrates evolved an adaptive immune system based on specific recognition of antigens. The immunocytes involved in adaptive immunity possess highly diverse antigen recognition receptors generated by somatic gene rearrangements and somatic mutations in the genes that encode their antigen recognition sites. When its receptor binds an antigen, the immunocyte undergoes clonal expansion to generate an effector population (either antibody-producing or capable of directly killing the invader or the cell harboring it). It has long been known that many microbial antigens are more effective in eliciting this response than other environmental antigens. A well-known practical application of this observation is the use of microbe-derived adjuvants to increase antibody responses to artificial immunogens. Broadly speaking, the ability of the adaptive immune system to respond more vigorously to pathogenic microbes can be accounted for by positing that the activation of the innate immune responses generates signals that make the activation of adaptive responses more likely or more intense (Hoffmann et al., 1999). There is increasing evidence that antimicrobial peptides released in response to microbial invasion can activate adaptive immunity (Lillard, Jr. et al., 1999), at least in part by attracting antigen-presenting dendritic cells to the site of invasion (Yang et al., 2001).
                    Summary and conclusions

Antimicrobial peptides participate in host defense of invertebrates and vertebrates by contributing to the killing of invading microbes. In higher vertebrates, antimicrobial peptides may also activate adaptive immunity.

                    
Table 1. Structures, distribution and activities of antimicrobial peptides. 
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1From the Symposium Comparative Immunology presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 2–6 January 2002, at Anaheim, California.


2E-mail: tganz@ucla.edu

                    References

[bookmark: jumplink-I1540-7063-043-02-0300-AUMELAS1]

Aumelas
,  A.
, M. Mangoni, C. Roumestand, L. Chiche, E. Despaux, G. Grassy, B. Calas, and A. Chavanieu. 1996
. Synthesis and solution structure of the antimicrobial peptide protegrin-1. Eur. J. Biochem
, 237
575
-583.



[bookmark: jumplink-I1540-7063-043-02-0300-BECHINGER1]

Bechinger
,  B.
, M. Zasloff, and S. J. Opella. 1993
. Structure and orientation of the antibiotic peptide magainin in membranes by solid-state nuclear magnetic resonance spectroscopy. Protein Sci
, 2
2077
-2084.



[bookmark: jumplink-I1540-7063-043-02-0300-BOMAN1]

Boman
,  H. G.
, I. Faye, G. H. Gudmundsson, J. Y. Lee, and D. A. Lidholm. 1991
. Cell-free immunity in Cecropia. A model system for antibacterial proteins. Eur. J. Biochem
, 201
23
-31.



[bookmark: jumplink-I1540-7063-043-02-0300-COLE1]

Cole
,  A. M.
, J. Shi, A. Ceccarelli, Y. H. Kim, A. Park, and T. Ganz. 2001
. Inhibition of neutrophil elastase prevents cathelicidin activation and impairs clearance of bacteria from wounds. Blood
, 97
297
-304.



[bookmark: jumplink-I1540-7063-043-02-0300-COWLAND1]

Cowland
,  J. B.
, A. H. Johnsen, and N. Borregaard. 1995
. hCAP-18, a cathelin/pro-bactenecin-like protein of human neutrophil specific granules. FEBS Lett
, 368
173
-176.



[bookmark: jumplink-I1540-7063-043-02-0300-DIAMOND1]

Diamond
,  G.
, J. P. Russell, and C. L. Bevins. 1996
. Inducible expression of an antibiotic peptide gene in lipopolysaccharide-challenged tracheal epithelial cells. Proc. Natl. Acad. Sci. U.S.A
, 93
5156
-5160.



[bookmark: jumplink-I1540-7063-043-02-0300-DIAMOND2]

Diamond
,  G.
, M. Zasloff, H. Eck, M. Brasseur, W. L. Maloy, and C. L. Bevins. 1991
. Tracheal antimicrobial peptide, a cysteine-rich peptide from mammalian tracheal mucosa: Peptide isolation and cloning of a cDNA. Proc. Natl. Acad. Sci. U.S.A
, 88
3952
-3956.



[bookmark: jumplink-I1540-7063-043-02-0300-FAHRNER1]

Fahrner
,  R. I.
, T. Dieckmann, S. S. Harwig, R. I. Lehrer, D. Eisenberg, and J. Feigon. 1996
. Solution structure of protegrin-1, a broad-spectrum antimicrobial peptide from porcine leukocytes. Chem. Biol
, 3
543
-550.



[bookmark: jumplink-I1540-7063-043-02-0300-FERNANDEZLOPEZ1]

Fernandez-Lopez
,  S.
, H. S. Kim, E. C. Choi, M. Delgado, J. R. Granja, A. Khasanov, K. Kraehenbuehl, G. Long, D. A. Weinberger, K. M. Wilcoxen, and M. R. Ghadiri. 2001
. Antibacterial agents based on the cyclic D,L-alpha-peptide architecture. Nature
, 412
452
-455.



[bookmark: jumplink-I1540-7063-043-02-0300-FRITIG1]

Fritig
,  B.
, T. Heitz, and M. Legrand. 1998
. Antimicrobial proteins in induced plant defense. Curr. Opin. Immunol
, 10
16
-22.



[bookmark: jumplink-I1540-7063-043-02-0300-GANZ1]

Ganz
,  T.
, and R. I. Lehrer. 1995
. Defensins. Pharmacol. Ther
, 66
191
-205.



[bookmark: jumplink-I1540-7063-043-02-0300-GANZ2]

Ganz
,  T.
, and R. I. Lehrer. 1997
. Antimicrobial peptides of leukocytes. Curr. Opin. Hematol
, 4
53
-58.



[bookmark: jumplink-I1540-7063-043-02-0300-GANZ3]

Ganz
,  T.
, J. A. Metcalf, J. I. Gallin, L. A. Boxer, and R. I. Lehrer. 1988
. Microbicidal/cytotoxic proteins of neutrophils are deficient in two disorders: Chediak-Higashi syndrome and “specific” granule deficiency. J. Clin. Invest
, 82
552
-556.



[bookmark: jumplink-I1540-7063-043-02-0300-GANZ4]

Ganz
,  T.
, M. E. Selsted, D. Szklarek, S. S. Harwig, K. Daher, D. F. Bainton, and R. I. Lehrer. 1985
. Defensins. Natural peptide antibiotics of human neutrophils. J. Clin. Invest
, 76
1427
-1435.



[bookmark: jumplink-I1540-7063-043-02-0300-HOFFMANN1]

Hoffmann
,  J. A.
, F. C. Kafatos, C. A. Janeway, and R. A. Ezekowitz. 1999
. Phylogenetic perspectives in innate immunity. Science
, 284
1313
-1318.



[bookmark: jumplink-I1540-7063-043-02-0300-IWANAGA1]

Iwanaga
,  S.
, T. Muta, T. Shigenaga, Y. Miura, N. Seki, T. Saito, and S. Kawabata. 1994
. Role of hemocyte-derived granular components in invertebrate defense. Ann. N. Y. Acad. Sci
, 712
102
-116.



[bookmark: jumplink-I1540-7063-043-02-0300-JONES1]

Jones
,  D. E.
, and C. L. Bevins. 1992
. Paneth cells of the human small intestine express an antimicrobial peptide gene. J. Biol. Chem
, 267
23216
-23225.



[bookmark: jumplink-I1540-7063-043-02-0300-LEMAITRE1]

Lemaitre
,  B.
, E. Nicolas, L. Michaut, J. M. Reichhart, and J. A. Hoffmann. 1996
. The dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal response in Drosophila adults. Cell
, 86
973
-983.



[bookmark: jumplink-I1540-7063-043-02-0300-LEVY1]

Levy
,  O.
 1996
. Antibiotic proteins of polymorphonuclear leukocytes. Eur. J. Haematol
, 56
263
-277.



[bookmark: jumplink-I1540-7063-043-02-0300-LEVY2]

Levy
,  O.
, C. E. Ooi, J. Weiss, R. I. Lehrer, and P. Elsbach. 1994
. Individual and synergistic effects of rabbit granulocyte proteins on Escherichia coli. J. Clin. Invest
, 94
672
-682.



[bookmark: jumplink-I1540-7063-043-02-0300-LICHTENSTEIN1]

Lichtenstein
,  A.
 1991
. Mechanism of mammalian cell lysis mediated by peptide defensins. Evidence for an initial alteration of the plasma membrane. J. Clin. Invest
, 88
93
-100.



[bookmark: jumplink-I1540-7063-043-02-0300-LILLARD1]

Lillard
,  J. W.
,  Jr., P. N. Boyaka, O. Chertov, J. J. Oppenheim, and J. R. McGhee. 1999
. Mechanisms for induction of acquired host immunity by neutrophil peptide defensins. Proc. Natl. Acad. Sci. U.S.A
, 96
651
-656.



[bookmark: jumplink-I1540-7063-043-02-0300-LOHNER1]

Lohner
,  K.
, A. Latal, R. I. Lehrer, and T. Ganz. 1997
. Differential scanning microcalorimetry indicates that human defensin, HNP-2, interacts specifically with biomembrane mimetic systems. Biochemistry
, 36
1525
-1531.



[bookmark: jumplink-I1540-7063-043-02-0300-LUDTKE1]

Ludtke
,  S. J.
, K. He, W. T. Heller, T. A. Harroun, L. Yang, and H. W. Huang. 1996
. Membrane pores induced by magainin. Biochemistry
, 35
13723
-13728.



[bookmark: jumplink-I1540-7063-043-02-0300-MATSUZAKI1]

Matsuzaki
,  K.
 1998
. Magainins as paradigm for the mode of action of pore forming polypeptides. Biochim. Biophys. Acta
, 1376
391
-400.



[bookmark: jumplink-I1540-7063-043-02-0300-MATSUZAKI2]

Matsuzaki
,  K.
, M. Fukui, N. Fujii, and K. Miyajima. 1991
. Interactions of an antimicrobial peptide, tachyplesin I, with lipid membranes. Biochim. Biophys. Acta
, 1070
259
-264.



[bookmark: jumplink-I1540-7063-043-02-0300-MEISTER1]

Meister
,  M.
, B. Lemaitre, and J. A. Hoffmann. 1997
. Antimicrobial peptide defense in Drosophila. Bioessays
, 19
1019
-1026.



[bookmark: jumplink-I1540-7063-043-02-0300-NIZET1]

Nizet
,  V.
, T. Ohtake, X. Lauth, J. Trowbridge, J. Rudisill, R. A. Dorschner, V. Pestonjamasp, J. Piraino, K. Huttner, and R. L. Gallo. 2001
. Innate antimicrobial peptide protects the skin from invasive bacterial infection. Nature
, 414
454
-457.



[bookmark: jumplink-I1540-7063-043-02-0300-OUELLETTE1]

Ouellette
,  A. J.
, and M. E. Selsted. 1996
. Paneth cell defensins: Endogenous peptide components of intestinal host defense. FASEB J
, 10
1280
-1289.



[bookmark: jumplink-I1540-7063-043-02-0300-QU1]

Qu
,  X. D.
, K. C. Lloyd, J. H. Walsh, and R. I. Lehrer. 1996
. Secretion of type II phospholipase A2 and cryptdin by rat small intestinal Paneth cells. Infect. Immun
, 64
5161
-5165.



[bookmark: jumplink-I1540-7063-043-02-0300-RICE1]

Rice
,  W. G.
, T. Ganz, J. M. Kinkade Jr., M. E. Selsted, R. I. Lehrer, and R. T. Parmley. 1987
. Defensin-rich dense granules of human neutrophils. Blood
, 70
757
-765.



[bookmark: jumplink-I1540-7063-043-02-0300-RICHMAN1]

Richman
,  A.
, and F. C. Kafatos. 1996
. Immunity to eukaryotic parasites in vector insects. Curr. Opin. Immunol
, 8
14
-19.



[bookmark: jumplink-I1540-7063-043-02-0300-RICHMAN2]

Richman
,  A. M.
, G. Dimopoulos, D. Seeley, and F. C. Kafatos. 1997
. Plasmodium activates the innate immune response of Anopheles gambiae mosquitoes. EMBO J
, 16
6114
-6119.



[bookmark: jumplink-I1540-7063-043-02-0300-ROMEO1]

Romeo
,  D.
, B. Skerlavaj, M. Bolognesi, and R. Gennaro. 1988
. Structure and bactericidal activity of an antibiotic dodecapeptide purified from bovine neutrophils. J. Biol. Chem
, 263
9573
-9575.



[bookmark: jumplink-I1540-7063-043-02-0300-SELSTED1]

Selsted
,  M. E.
, D. Szklarek, and R. I. Lehrer. 1984
. Purification and antibacterial activity of antimicrobial peptides of rabbit granulocytes. Infect. Immun
, 45
150
-154.



[bookmark: jumplink-I1540-7063-043-02-0300-SHAI1]

Shai
,  Y.
 1999
. Mechanism of the binding, insertion and destabilization of phospholipid bilayer membranes by alpha-helical antimicrobial and cell non-selective membrane-lytic peptides. Biochim. Biophys. Acta
, 1462
55
-70.



[bookmark: jumplink-I1540-7063-043-02-0300-SORENSEN1]

Sorensen
,  O.
, K. Arnljots, J. B. Cowland, D. F. Bainton, and N. Borregaard. 1997
. The human antibacterial cathelicidin, hCAP-18, is synthesized in myelocytes and metamyelocytes and localized to specific granules in neutrophils. Blood
, 90
2796
-2803.



[bookmark: jumplink-I1540-7063-043-02-0300-TERRY1]

Terry
,  A. S.
, L. Poulter, D. H. Williams, J. C. Nutkins, M. G. Giovannini, C. H. Moore, and B. W. Gibson. 1988
. The cDNA sequence coding for prepro-PGS (prepro-magainins) and aspects of the processing of this prepro-polypeptide. J. Biol. Chem
, 263
5745
-5751.



[bookmark: jumplink-I1540-7063-043-02-0300-VALORE1]

Valore
,  E. V.
, and T. Ganz. 1992
. Posttranslational processing of defensins in immature human myeloid cells. Blood
, 79
1538
-1544.



[bookmark: jumplink-I1540-7063-043-02-0300-WESTERHOFF1]

Westerhoff
,  H. V.
, M. Zasloff, J. L. Rosner, R. W. Hendler, A. De Waal, A. Vaz Gomes, P. M. Jongsma, A. Riethorst, and D. Juretic. 1995
. Functional synergism of the magainins PGLa and magainin-2 in Escherichia coli, tumor cells and liposomes. Eur. J. Biochem
, 228
257
-264.



[bookmark: jumplink-I1540-7063-043-02-0300-WILSON1]

Wilson
,  C. L.
, A. J. Ouellette, D. P. Satchell, T. Ayabe, Y. S. Lopez-Boado, J. L. Stratman, S. J. Hultgren, L. M. Matrisian, and W. C. Parks. 1999
. Regulation of intestinal alpha-defensin activation by the metalloproteinase matrilysin in innate host defense. Science
, 286
113
-117.



[bookmark: jumplink-I1540-7063-043-02-0300-YANG1]

Yang
,  D.
, O. Chertov, and J. J. Oppenheim. 2001
. The role of mammalian antimicrobial peptides and proteins in awakening of innate host defenses and adaptive immunity. Cell Mol. Life Sci
, 58
978
-989.



[bookmark: jumplink-I1540-7063-043-02-0300-ZANETTI1]

Zanetti
,  M.
, R. Gennaro, and D. Romeo. 1995
. Cathelicidins: A novel protein family with a common proregion and a variable C-terminal antimicrobial domain. FEBS Lett
, 374
1
-5.



[bookmark: jumplink-I1540-7063-043-02-0300-ZASLOFF1]

Zasloff
,  M.
 1987
. Magainins, a class of antimicrobial peptides from Xenopus skin: Isolation, characterization of two active forms, and partial cDNA sequence of a precursor. Proc. Natl. Acad. Sci. U.S.A
, 84
5449
-5453.




    
    
         
    




        


        
The Society for Integrative and Comparative Biology


        

    








 
    

    
        
    
                
                    Issue Section:

                        Regular Article
                


    



 
    

    
        
 
    


                

                
                    Download all slides
                

                    
         
    


                
    
        

 
    

    
         
    


                

            

        


    




    
        
    
        
            
        

            Advertisement

            


 
    

 

    

 

    

    
        



        


    
            
                Citations

                    
    
        

 
    


                    

                            

                    
                Views

                
                    15,967

                

            

                    
                    Altmetric

                    
    
            
    

         
 
    


                    



            

                    
                
                    [image: Information]
                    More metrics information
                
            

    




                
                    




    
            Metrics


            
                
                    
                        Total Views
                        15,967
                    

                    
                        
                            14,247
                            Pageviews
                        

                        
                            1,720
                            PDF Downloads
                        

                                            

                

                Since 1/1/2017

            


            
            
                


                
                    	Month:	Total Views:
	January 2017	152
	February 2017	175
	March 2017	124
	April 2017	84
	May 2017	74
	June 2017	56
	July 2017	47
	August 2017	50
	September 2017	84
	October 2017	99
	November 2017	113
	December 2017	355
	January 2018	378
	February 2018	433
	March 2018	545
	April 2018	585
	May 2018	379
	June 2018	287
	July 2018	194
	August 2018	197
	September 2018	231
	October 2018	325
	November 2018	397
	December 2018	282
	January 2019	219
	February 2019	298
	March 2019	400
	April 2019	481
	May 2019	408
	June 2019	283
	July 2019	224
	August 2019	194
	September 2019	286
	October 2019	341
	November 2019	347
	December 2019	226
	January 2020	252
	February 2020	298
	March 2020	298
	April 2020	327
	May 2020	194
	June 2020	232
	July 2020	132
	August 2020	122
	September 2020	105
	October 2020	143
	November 2020	133
	December 2020	157
	January 2021	141
	February 2021	150
	March 2021	132
	April 2021	170
	May 2021	149
	June 2021	151
	July 2021	83
	August 2021	89
	September 2021	114
	October 2021	172
	November 2021	102
	December 2021	109
	January 2022	88
	February 2022	121
	March 2022	130
	April 2022	125
	May 2022	105
	June 2022	81
	July 2022	64
	August 2022	98
	September 2022	111
	October 2022	103
	November 2022	93
	December 2022	74
	January 2023	102
	February 2023	102
	March 2023	126
	April 2023	111
	May 2023	99
	June 2023	50
	July 2023	61
	August 2023	69
	September 2023	56
	October 2023	71
	November 2023	59
	December 2023	78
	January 2024	111
	February 2024	105
	March 2024	218
	April 2024	48


                

            



        
            Citations

                
    
        

 
    


                    Powered by Dimensions
                

                                
                        
                                218
                        
                        Web of Science
                    

        



        
            Altmetrics

            

    
            
    

         
 
    

            

        






    

                        ×
                    

                

        


 
    

    
        
    
        Email alerts

                
                    Article activity alert
                

                
                    Advance article alerts
                

                
                    New issue alert
                

                    
                Receive exclusive offers and updates from Oxford Academic
            

        
            

            
                
            
        

    

 
    

    
            


 
    

    
        
    Citing articles via

    
            
                Web of Science (218)
            

                    
                Google Scholar
            

            


 
    

    
            	
                
                    Latest
                

            
	
                
                    Most Read
                

            
	
                
                    Most Cited
                

            


        






    




            
                    


    


    



        
Testing the Adaptive Sterilization Hypothesis in mice inoculated with Chlamydia muridarum    



 






        
            
        







    


    



        
Problems with paralogs: the promise and challenges of gene duplicates in evo-devo research    



 






        
            
        







    


    



        
Developmental Patterns Underlying Variation in Form And Function Exhibited by House Gecko Toe Pads    



 






        
            
        







    


    



        
Freezing And Mechanical Failure of A Habitat-forming Kelp in The Rocky Intertidal Zone    



 






        
            
        







    


    



        
Thermomechanical and Morphological Properties of Loligo vulgaris Squid Sucker Ring Teeth    



 






        
            
        






                    

            





        
        
        
        
        
 
    

    
            
        More from Oxford Academic

            
                Biological Sciences
            

            
                Science and Mathematics
            


            
                Books
            

            
                Journals
            

    

 
    


    




    



    
        
    
        
            
        

            Advertisement

            


 
    













                

            
    


        
        


        
            


    
    
        
    
        
            
        

            Advertisement

                    
                close advertisement
            
    


 
    


    


    
            
    
        
    
        
            
        

            Advertisement

            


 
    


    



    



    	
    About Integrative and Comparative Biology

	
    Editorial Board

	
    Author Guidelines

	
    Facebook

	
    Twitter


	
    Purchase

	
    Recommend to your Library

	
    Advertising and Corporate Services

	
    Journals Career Network







        
            

    [image: Integrative and Comparative Biology]
                        


        
            	Online ISSN 1557-7023
	Print ISSN 1540-7063
	Copyright © 2024 The Society for Integrative and Comparative Biology


        



    


 
    


    
        
    
        



    
    



	About Oxford Academic
	Publish journals with us
	University press partners
	What we publish
	New features 





	Authoring
	Open access
	Purchasing
	Institutional account management
	Rights and permissions





	Get help with access
	Accessibility
	Contact us
	Advertising
	Media enquiries





	Oxford University Press
	News
	Oxford Languages
	University of Oxford





Oxford University Press is a department of the University of Oxford. It furthers the University's objective of excellence in research, scholarship, and education by publishing worldwide

[image: Oxford University Press]






	Copyright © 2024 Oxford University Press
	Cookie settings
	Cookie policy
	Privacy policy
	Legal notice










 
    


        

    

    

    


        








    



    
        
    

    Close




    
        

    

    Close






    
        This Feature Is Available To Subscribers Only

        Sign In or Create an Account

    

    Close




    This PDF is available to Subscribers Only

    View Article Abstract & Purchase Options
    
        For full access to this pdf, sign in to an existing account, or purchase an annual subscription.

    

    Close


 
    


    







    
    














    
    
    
        
            [image: Scholarly IQ]
        











    


    
    
    
    

    



    

    
    




    

    
            

 
    


    




        
    

