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Mammalian defensins in the antimicrobial 
immune response
Michael E Selsted & Andre J Ouellette

Defensins are peptidic components of the innate immune system of plants and animals. In mammals, defensins 
have evolved to have a central function in the host defense properties of granulocytic leukocytes, mucosal surfaces, 
skin and other epithelia. This review focuses on the biological functions of three structural subgroups of mammalian 
defensins and the evidence for their involvement as effectors of antimicrobial innate immunity.

The efficacy of antimicrobial host defense in animals can be attributed 
to the ability of the immune system to recognize and neutralize micro-
bial invaders quickly and specifically. It is evident that innate immunity 
is fundamental in the recognition of microbes by the naive host1. The 
efficient sensing of microbes is mainly the result of binding of pathogen-
associated molecular patterns by Toll-like receptors (TLRs) and other 
pattern-recognition molecules on host cells or in plasma2. After the 
recognition step, an acute antimicrobial response is generated by the 
recruitment of inflammatory leukocytes or the production of anti-
microbial substances by affected epithelia. In both cases, the host’s 
cellular response includes the synthesis and/or mobilization of anti-
microbial peptides that are capable of directly killing a variety of 
pathogens3–5. For mammals, there are two main genetic categories 
for antimicrobial peptides: cathelicidins6 and defensins7,8. This review 
will discuss the present state of knowledge regarding the host defense 
functions of defensins in vertebrates, with an emphasis on mammalian 
defensins.

Three defensin structural motifs
Three defensin subfamilies, α-defensins, β-defensins and θ-defensins, 
are expressed in vertebrates (Fig. 1). The mature peptides share several 
features, including short polypeptide sequences (ranging from 18 to 45 
amino acids), three intramolecular disulfides, cationic net charge (rang-
ing from +1 to +11), lack of glycosyl or acyl side-chain modifications, 
and tertiary structures that are dominated by turn-linked β-strands. 
All defensins are synthesized as ‘prepropeptides’ and are processed to 
various degrees depending on the site of expression (discussed further 
below). The α- and β-defensins are products of distinct gene families 
that evolved from an ancestral β-defensin gene that is expressed in 
species at least as ancient as venomous snakes9. The divergence of the 
α- and β-defensin genes gave rise to distinct clusters that are adjacent 

on the chromosomal maps of all mammals that express both fami-
lies10–12. It is apparent that there has been rapid evolution of defensin 
genes in mammals through duplication and diversification. This is 
postulated to reflect an evolutionary response of the immune system 
to the ever-changing ‘microbial ecology’ of the host’s habitat13.

The α- and β-defensins are distinguished structurally by the linear 
spacing and disulfide pairings of their six conserved cysteine resi-
dues (Fig. 1). Despite their differing covalent structures, the tertiary 
structures of α- and β-defensins are very similar. The θ-defensins are 
structurally dissimilar to α- and β-defensins, as they are backbone-
cyclized peptides that derive from mutated α-defensin genes14,15. 
The θ-defensin precursors (of which three have been identified) are 
α-defensin paralogs that are truncated by a stop codon corresponding 
to residue 4 on the carboxyl side of the third cysteine in full-length 
α-defensin. A nine–amino acid segment is excised from the resulting 
truncated α-defensin precursor and is then spliced, head-to-tail, to 
another identical or similar nonapeptide (Fig. 1). The resulting octa-
decapeptide is a cyclic molecule stabilized by three disulfides, the only 
known cyclic polypeptide motif in animals. Three rhesus macaque 
θ-defensin precursors can theoretically pair to generate six different 
cyclic peptides. So far, three of these have been isolated from granulo-
cytes and have been characterized16. The θ-defensins are expressed in 
several species of Old World monkeys and in orangutans (an ape) but 
not in humans or New World primates17. Although humans express 
mRNA encoding θ-defensin orthologs, mutations that introduce stop 
codons into the otherwise open reading frame of the θ-defensin pre-
cursors abolish peptide production18.

Sites of defensin expression
Before their structural characterization (and naming), α-defensins 
were identified as antimicrobial proteins purified from extracts of 
cytoplasmic granules of polymorphonuclear leukocytes19. Subsequent 
structural characterization of the bioactive molecules showed them to 
be cationic, tridisulfide peptides, which were then called α-defensins. 
So far, leukocyte α-defensins have been isolated from leukocytes of 
primates (humans and rhesus macaques), rabbits, and several roden-
tia (rats, guinea pigs and hamsters). Notably, leukocytes of mice lack 
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defensins20. Indeed, expression of α-defensins in different leukocyte 
lineages varies considerably among species. For example, rabbits are 
the only animals with appreciable amounts of α-defensins in their 
alveolar macrophages. It has been shown that human monocytes21 and 
natural killer cells22 express human neutrophil α-defensin peptides 
(HNP1–HNP3) that were thought to be unique to polymorphonuclear 
leukocytes. In rhesus monkeys, θ-defensin expression is detected only 
in neutrophils and monocytes15.

Although mice lack leukocyte α-defensins, Paneth cells that popu-
late the crypts of Lieberkühn throughout the mouse small intestine 
express many antimicrobial α-defensins called ‘cryptdins’ (crypt 
defensins). The crypts invaginate the intestinal mucosa, opening into 
the lumen of the small bowel (Fig. 2). Cryptdin peptides, packaged in 
apically oriented granules of Paneth cells, are secreted into the crypt 
by degranulation that is both constitutive and inducible. Six unique 
α-defensins isolated from Paneth cells of outbred Swiss mice have 
been characterized structurally and functionally, but genetic evidence 
has identified many more enteric α-defensins, as 17 unique cryptdin-
encoding mRNAs were detected in a single mouse small intestinal 
crypt. Mouse cryptdins are processed to their active form during 
granulogenesis, and the convertase responsible for their activation is 
matrix metalloproteinase 7 (MMP-7, also called matrilysin)23. HD-5 
and HD-6 are enteric α-defensins expressed in human Paneth cells, 
and processing of ‘pro-HD-5’ is mediated by one or more isoforms 
of Paneth cell trypsin24. Although the main sites of human α-defen-
sin production are leukocytes and Paneth cells, the human female 
reproductive tract expresses HD-5, and α-defensins are also present 
in rabbit kidney25.

Biosynthesis of  ‘prepro-α-defensins’ 
involves the rapid cleavage of the signal pep-
tide producing ‘pro-α-defensins’ that have 
little or no microbicidal activity in vitro26–28. 
Activation of the peptide requires proteolytic 
removal of an anionic ‘propiece’ of about 40 
residues. The propiece is a characteristic of 
all known α- and θ-defensins and generally 
confers charge balance to the propeptide, 
potentially minimizing autotoxicity in the 
producing cell. The β-defensins, however, 
have very short amino acid sequences sepa-
rating the signal and mature peptide regions. 
Thus, it seems that the structural requirements 
for the biosynthesis and intracellular traffick-
ing of the α- and β-defensin peptide families 
are very different.

It had been assumed that the tridisulfide 
structure of mature α- and β-defensin pep-
tides was essential for the microbicidal activ-
ity of the folded molecule, in part based on 
the finding that linearized human neutrophil 

α-defensins were inactive against viral or bacterial targets that were 
effectively neutralized by the native molecule29,30. However, data now 
indicate that the main function of the disulfides may be to protect 
the backbone from proteolysis during biosynthesis and in protease-
containing microenvironments where they function as effector mol-
ecules. Mutagenesis of disulfide bonds in cryptdin-4, a mouse Paneth 
cell α-defensin, produced analogs with in vitro bactericidal activities 
equal to or greater than that of the native peptide31. Similar results 
have been obtained by elimination of the three disulfides of human 
β-defensin 3 (hBD-3)32. Cryptdin-4 disulfide analogs but not native 
cryptdin-4 are degraded by MMP-7, indicating that the disulfide-sta-
bilized conformation confers protease resistance to the endogenous 
pro-cryptdin-4 convertase31.

Unlike mouse enteric α-defensins, which exist in their mature form 
in secretory Paneth cell granules, the human ortholog HD-5 is pack-
aged as a pro-α-defensin that is subsequently processed by one or more 
trypsin isoforms during or after exocytosis24. Within the propeptide, 
the mature α-defensin segment is in the oxidized state, and this pro-
tects it from internal digestion by trypsin. Human myeloid α-defen-
sins are similarly protected by their  ‘pro-segment’ during neutrophil 
granulogenesis in the bone marrow27.

The first β-defensin described was isolated from tracheal epithelium 
of cattle33, in which its expression is inducible by lipopolysaccharide 
(LPS)34. Like α-defensins, bovine β-defensins have evolved rapidly, 
as indicated by the 13 β-defensins isolated from bovine neutrophils35 
and by bioinformatics approaches that have identified about 30 human 
β-defensin genes and about 45 β-defensin genes in mice36. Although 
many of the human β-defensins are located adjacent to the α-defensin 

Figure 1  Defensin genes and peptides. Left, 
alignment of α-defensin, β-defensin and θ-
defensin genes. Crosshatching, signal peptides 
(Signal) and propieces (Pro-segment; Pro); blue, 
residues present in the mature defensin. Right, 
three different disulfide ‘schemes’. Numbers 
above diagrams indicate the disulfide connections 
in each. The three-dimensional structures are of 
rabbit α-defensin RK-1 (top), human β-defensin-1 
(middle) and θ-defensin RTD-1 (bottom).
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locus on chromosome 8p23, several newly identified β-defensins map 
to chromosomes 6 and 20, and those clustered on chromosome 20 have 
open reading frames encoding C-terminal tails extending more than 
120 residues beyond the last conserved cysteine36. In situ hybridization 
studies have shown that several of these genes are expressed at distinct 
sites along the epididymis37, and there is evidence for their involve-
ment in sperm maturation38,39.

The first human β-defensin peptide isolated, hBD-1, was purified 
from hemodialysis fluid40; it is present in plasma, and several N-
terminally truncated forms have been found in urine41. Two additional 
β-defensins, hBD-2 and hBD-3, were subsequently isolated from the 
scales of psoriatic skin42,43 and have been characterized structurally 
and functionally44 (discussed below). Expression of a fourth β-defen-
sin, hBD-4, has been characterized at the mRNA level, and a synthetic 
form has been produced and functionally characterized, but isolation 
of natural hBD-4 has not yet been reported45.

These human β-defensins (hBD-1–hBD-4) are widely expressed in 
epithelium and leukocytes, and their expression is constitutive and/or 
inducible depending on the site of expression (Figs. 2 and 3). The 
expression of hBD-1 seems to be constitutive in most tissues but may 
also be upregulated in some circumstances (discussed below). The 
antimicrobial activities of various hBD-1 isoforms have been char-
acterized, demonstrating that the N-terminally truncated variants 
are bactericidal or bacteriostatic against several bacterial species in 
vitro41. The mRNAs of hBD-2 and hBD-3 are differentially expressed 
in many tissues and the peptide concentrations of hBD-2 and hBD-3 
are substantially increased in bronchoalveolar inflammation46,47 and 
in certain skin diseases such as psoriasis44. Psoriatic lesions, rich in 
β-defensins, rarely become infected. Conversely, expression of hBD-2 
and hBD-3 and the cathelicidin LL-37 is diminished substantially in 
atopic dermatitis, a skin condition often accompanied by bacterial, 
fungal or viral infection48. In atopic dermatitis, expression of hBD-2 
and hBD-3 mRNA is suppressed by upregulation of T helper type 2 
cytokines, which may explain the increased susceptibility to skin infec-
tion of affected patients49.

Regulation of defensin expression and mobilization
Bone marrow and Paneth cell expression of α-defensin seems to be 
constitutive (Fig. 2). Therefore, upregulation of α-defensin activity 
occurs mainly by peptide mobilization within cells (phagocytes) or by 
induction of their secretion (Fig. 3). Neutrophil α-defensins (HNPs) 
accumulate in azurophil granules (Fig. 2), which fuse with phagosomes 
during phagocytosis of microbes. HNPs are not secreted appreciably 
unless neutrophils are stimulated by suprapharmacological concen-
trations of secretagogs such as phorbol myristate acetate50, indicating 
that they are targeted for intracellular functions as are other azurophil 
granule components. This seems to be the case for myeloid θ-defen-
sins as well. In contrast, enteric α-defensins are secreted constitutively 
by Paneth cells and secretion is stimulated by cholinergic agonists 
and prokaryotic (but not eukaryotic) microbial antigens. Paneth cell 
degranulation is modulated by mIKCa1, a calcium-gated potassium 
channel that controls the uptake of extracellular calcium51. Paneth 
cells may also be induced to degranulate by exposure to bacterial DNA 
(CpG oligonucleotides)52. Natural killer cells, which have been shown 
to express HNP1–HNP3, are activated to release these α-defensins 
when stimulated by bacterial antigens such as OmpA or flagellin22.

In contrast to expression of α and θ-defensins, β-defensin expression 
is inducible at the transcriptional level in many tissues, often involving 
responses to TLR-mediated production of proinflammatory cytokines 
(Fig. 3). The mRNA of hBD-1 is constitutively expressed in various 
epithelia, but expression of all four human β-defensins is inducible in 

one or more tissues. For example, hBD-1 expression is upregulated and 
hBD-2 expression is induced in monocytes exposed to bacteria, LPS or 
interferon-γ53,54. The defensins hBD1–hBD4 are expressed in keratino-
cytes, and hBD2–hBD4 are induced by stimulation with tumor necrosis 
factor, interleukin-1β, interferon-γ and phorbol myristate acetate, by 
exposure to bacteria, and during calcium-induced cellular differentia-
tion of keratinocytes43,55. Interleukin-1β markedly stimulates hBD-2 
mRNA expression by tracheal epithelial cells56,57, and infectious and 
noninfectious respiratory tract inflammation substantially increases 
peptides46,47. In skin, hBD-2 synthesis is strongly induced by interleu-
kin-1 produced by LPS-stimulated monocytes, and this upregulation 
is dependent on transcription factor NF-κB58. Expression of hBD-2 is 
also stimulated in several cell types by 1,25 dihydroxyvitamin D3 (ref. 
59). Regulation of hBD-3 mRNA expression is induced strongly by 
interferon-γ in keratinocytes55, and hBD-4 mRNA expression in respi-
ratory epithelial cells is upregulated by bacterial exposure or phorbol 
myristate acetate, presumably through protein kinase C activation45. 
Interleukin-22 upregulates hBD-2 and hBD-3 expression in keratino-
cytes through activation of the transcription factor STAT3 (ref. 60).

TLRs mediate the induction of β-defensin expression in many tis-
sues. Activation of TLR2 by bacterial lipopeptide or lipotechoic acid 
(TLR2 agonists) on airway epithelial cells induces hBD-2 mRNA and 
peptide accumulation61,62. TLR2 and TLR4 have been linked to induc-
ible hBD-2 expression in intestinal epithelial cells stimulated with pep-
tidoglycan and LPS, respectively63, and induction is NF-κB dependent 
in each case61–63. TLR3 agonists (poly(I:C) or double-stranded RNA) 
activate hBD-1 and hBD-2 expression in uterine epithelial cells64 and 
hBD-2 and hBD-3 in airway epithelial cells65. Bacterial DNA or syn-
thetic CpG oligonucleotides stimulate hBD-2 expression in airway 
epithelial cells by activation of TLR9 (ref. 66). These studies have de-
monstrated an important signaling function for TLRs in the inducible 

a b c

d e f

Figure 2  Constitutive expression of α- and β-defensins. (a) Mouse enteric 
α-defensin (cryptdin) expression visualized by immunoperoxidase staining 
of ileal crypts. (b) The peptide is packaged in apical dense granules that are 
discharged into the lumen. (c) Immunogold labeling showing the cryptdin 
contained in apical granules destined for secretion. (d) Neutrophil 
α-defensins (HNPs) immunolocalize to azurophil granules (blue staining). 
(e,f) Constitutive expression of hBD-1 visualized by immunoperoxidase 
staining of human renal tubules (e) and bronchus (f). There is lumenal 
staining of hBD-1-containing mucus.
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expression of pathogen-neutralizing defensins in epithelium of many 
tissues. Additional mechanisms are likely to be operative in eliciting 
expression of defensins. Notably, microbial proteases activate hBD-2 
mRNA expression in oral epithelial cells through the activation of pro-
tease-activated receptors67. This apparently occurs in a physiological 
setting (that is, oral mucosa) wherein hBD-2 expression via LPS-TLR4 
signaling is inoperative.

Antimicrobial effector functions
Defensins have been suggested as effector molecules in host defense 
against bacteria, fungi, protozoa and enveloped viruses. Much of the 
evidence for their antimicrobial function in vivo has been inferred from 
experiments demonstrating that purified defensin preparations kill a 
wide range of microbes in vitro. The α-, β- and θ-defensins are effective 
microbicides at concentrations in the range of 0.5–5 µM. Conditions 
used for demonstrating the peptides’ antimicrobial properties activ-
ity typically include buffers of low ionic strength and neutral pH that 
allow for optimal killing, as the activity of most α- andβ-defensins is 
antagonized by 150 mM NaCl, divalent cations and serum components. 
The θ-defensins differ in this, as they retain most of their bactericidal 
activity in the presence of physiological concentrations of NaCl15,16 
and of physiological calcium and magnesium as well as serum (D. Tran 
and M.E.S., unpublished data). The cyclic conformation of θ-defensins 
seems to be essential for conferring these activities, as the bactericidal 
activity of decyclized rhesus theta-defensin 1 (RTD-1) is substantially 
reduced in low ionic conditions and it is nearly inactive in the presence 
of physiological concentrations of NaCl15.

The observation that the antimicrobial activities of many defensins 
are inhibited by physiological components of serum has cast doubt 

on the idea that defensins have an antibiotic 
function in vivo. Although increasing the salt 
concentration of assay media antagonizes the 
microbicidal activity of many defensins in 
vitro, this inhibition is overcome by steeply 
increasing the peptide to physiological con-
centrations. For example, the ‘candidacidal’ 
concentration (dose killing 90% of the organ-
isms) of a rabbit myeloid α-defensin is a loga-
rithmic function of the NaCl concentration in 
the incubation mixture, showing that defensin 
concentrations in the range of 1–10 mg/ml are 
fungicidal in physiological saline. Defensin 
concentrations in this range are estimated to 
exist in the polymorphonuclear leukocyte pha-
golysosome68 and in the lumen of the crypts 

of Lieberkühn69. However, little information exists regarding the ionic 
and macromolecular microenvironments of either of these biological 
settings or those of most other sites of defensin expression.

Ex vivo studies using isolated intestinal crypts have provided further 
evidence for the involvement of Paneth cell cryptdins. The secretory 
responses of Paneth cells are readily assessed by stimulation of isolated 
small intestinal crypts (Fig. 2) with known secretagogs, microorgan-
isms or microbial antigens. Bacteria and bacterial antigens (such as 
LPS, lipoteichoic acid, lipid A and muramyldipeptide) but not eukary-
otic microbes stimulate cryptdin secretion by Paneth cells, and this 
occurs in an antigen dose–dependent and time-dependent way69. 
Treatment of the Paneth cell secretions with neutralizing antibody to 
cryptdin eliminates approximately 70% of the released bactericidal 
activity, indicating that enteric defensins account for a substantial 
portion of the antimicrobial activity in these preparations. The basis 
for the selective Paneth cell secretory response to prokaryotes is not 
understood. Possible involvement of TLR signaling is suggested by the 
finding that mouse Paneth cells express TLR9 and they are induced to 
degranulate when mice are challenged intraperitoneally with bacterial 
(CpG) DNA52.

Transgenic mouse studies have provided evidence for the physiologi-
cal function of defensins in antimicrobial host defense. In one study 
focused on the involvement of enteric α-defensins, the gene encoding 
MMP-7, the enzyme required for conversion of inactive pro-α-defen-
sins to active cryptdin peptides, was disrupted. MMP-7-null (Mmp7–/–) 
mice lack detectable mature cryptdins and accumulate inactive pre-
cursors23. Clearance of noninvasive E. coli in the small bowel of orally 
infected mice is considerably diminished in Mmp7–/– compared with 
parental wild-type mice. Moreover, susceptibility (that is, death) to 

Figure 3  Mobilization, induction and interactions 
of defensins. Immune functions of defensins 
may be induced by various physiological 
stimuli to mobilize pre-formed α-defensins or 
to upregulate β-defensin expression in various 
tissues. Released peptides interact with many 
target cells and tissues to promote secondary 
responses that may be critical for regulating 
acute inflammation, the recruitment of adaptive 
immune cells, angiogenesis and wound healing. 
NK, natural killer; LTA, lipoteichoic acid; MDP, 
muramyldipeptide; IL-1β, interleukin-1β; TNF, 
tumor necrosis factor; IFN-γ, interferon-γ; dsRNA, 
double-stranded RNA; PAR, protease-activated 
receptor; Mast, mast cell; DC, dendritic cell; 
Mono, mononuclear cell; T, T cell.
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oral challenge with S. typhimurium is greatly increased in Mmp7–/– 
mice, indicating the importance of cryptdin expression in intestinal 
immunity to enteric pathogens23. The host defense phenotype of mice 
transgenic for expression of human enteric α-defensin HD-5 has been 
described in a second, knock-in mouse model70. These transgenic HD-
5 mice express and process HD-5 properly and exclusively in mouse 
Paneth cells. In contrast to wild-type mice, these transgenic HD-5 mice 
are immune to oral challenge with virulent S. typhimurium, showing 
that altering the composition of Paneth cell secretions may have pro-
found effects on enteric host defense70. In each of these transgenic 
models, there was an excellent correlation between the antibacterial 
activity of the Paneth cell products in vitro and their ability to confer 
immunity in vivo.

Similar studies have begun to demonstrate the physiological function 
of β-defensins. Targeted deletion of the mouse β-defensin-1 gene results 
in mice deficient in the clearance of Haemophilus influenzae from the 
lung71 or containing greater numbers of staphylococci in their blad-
ders72. Complementary investigations have focused on mechanisms of 
bacterial resistance to defensins and other antimicrobial peptides. Many 
of these studies have demonstrated a correlation between antimicrobial 
peptide resistance in vitro with virulence in vivo73. These investigations 
have provided strong evidence for the critical physiological function of 
defensins in antimicrobial host defense.

Mechanism of antimicrobial action
The task of elucidating the molecular mode(s) of defensin action is for-
midable, particularly as the peptides mediate their antimicrobial effects 
in a complex milieu that undoubtedly contains synergistic and antago-
nistic factors. Relatively simple in vitro assay systems have been used 
to characterize defensin-target interactions and to identify factors that 
modulate their antimicrobial activities. These limitations notwithstand-
ing, the present understanding of defensin antimicrobial mechanisms is 
that the peptides disable susceptible organisms by disrupting structural 
elements of the target cell membrane(s). This is supported by the find-
ings that several members of each defensin structural class are effective 
microbicides against Gram-positive and Gram-negative bacteria, fungi 
and viruses in vitro7,8; that the peptides, which are in every case cationic, 
initially bind electrostatically to the negatively charged microbe surface 
groups on the target cells in a way that correlates with microbicidal 
potency16,74,75; and that permeabilization of the bacterial or fungal 
envelope is temporally linked to microbicidal activity76,77. Studies of the 
effects of human neutrophil α-defensins (HNP1–HNP3) on E. coli cells 
have provided insights into the defensin antimicrobial mechanism76. 
In one such study, over a period of 30–60 minutes, the outer and inner 
membranes of HNP-treated bacteria were permeabilized sequentially, 
ceased to synthesize DNA, RNA and protein, and became nonviable, as 
assessed by their ability to produce colony-forming units. Treatment of 
Candida albicans with HNP-1 induced the nonlytic, lethal release of cel-
lular ATP and other low-molecular-weight substances in a way similar 
to that induced by the salivary peptide histatin 5 (ref. 78). Most of the 
evidence now available points to membrane depolarization and per-
meabilization as being the most likely microbicidal mechanism against 
bacteria and yeast. However, other mechanisms cannot be excluded, 
such as the possible induction of autolytic enzymes in the target cell or 
of intracellular targeting after cell permeabilization79,80.

Other studies have focused on the interactions of defensins of known 
structure with model membranes. The three-dimensional structures of 
α- and β-defensins determined so far show an amphiphilic topology, 
which is postulated to be critical for the interaction with target mem-
branes. It has been proposed, based on crystal or nuclear magnetic reso-
nance structures, that human β-defensin dimers (or oligomers) are the 

functional structure in solution, but this has yet to be clarified. There is 
evidence, however, based on the immunoreactivity of human neutrophil 
α-defensin HNP-1 with monoclonal antibodies, that this peptide exists 
as a noncovalent dimer in solution, even at very low concentrations81. 
This is consistent with the dimeric structure of crystalline HNP-3, a 
defensin that differs from HNP-1 by a single N-terminal residue. HNP-1 
induces voltage-dependent channels in planar lipid bilayers82, showing 
specific interaction with phospholipids. Calorimetric experiments have 
demonstrated that the specificity in these interactions is determined in 
part by the inclusion of anionic phospholipids in a membrane mimetic 
system83. HNP-2 (the analog of HNP-1 lacking alanine at position 1) 
forms stable pores in large unilamellar vesicles, producing a channel 
estimated to be about 25 Å in diameter. The formation of a peptide-only 
pore of this size would require assembly of approximately six HNP-
2 dimers84. Rabbit neutrophil α-defensins and mouse cryptdin-4 are 
monomeric and interact with model membranes differently than HNPs, 
as they induce a graded disruption of large unilamellar vesicles without 
the formation of stable pores. As with HNP-2 (refs. 83,84), disruption 
of phospholipid vesicles is very much dependent on membrane lipid 
composition85.

Compared with α-defensins and β-defensins, the θ-defensin RTD-1 is 
smaller, lacks chain termini and has almost no amphiphilic character86. 
The cyclic conformation markedly affects the stability of peptide bind-
ing to anionic phospholipids87. RTD-1 binds to bilayers in a way that 
induces membrane thinning88 and can form large cylindrical complexes 
with 1-palmitoyl-2-oleoyl-phosphatidylcholine–1-palmitoyl-2-oleoyl-
phosphatidylglycerol (POPC-POPG) bilayers89. Each of those studies 
demonstrated a mechanism whereby RTD-1 distorts the phospholipid 
bilayer structure in a way that may explain the membrane-disrupting, 
antimicrobial properties of θ-defensins noted in vitro. These findings 
must also be considered in the context of experiments showing that 
θ-defensins have lectin-like activities that seem to mediate the ability 
of these peptides to protect lymphocytes from infection by T- and M-
tropic strains of human immunodeficiency virus 1 (refs. 18,90,91).

Defensins have been linked to the bridging of innate and acquired 
immune responses. Although it has been known for some time that 
HNPs are chemotactic for monocytes and T cells92,93, the finding that 
naive T cells and immature dendritic cells are mobilized by α-defensins94 
has led to further studies showing involvement of β-defensins as well. 
Recruitment of memory T cells and immature dendritic cells by hBD-2 
is reportedly mediated via human chemokine receptor 6 (CCR6), the 
receptor for the chemokine MIP3α95, and hBD-3 and hBD-4 are also 
monocyte chemotaxins45,96. These studies demonstrate a link between 
the rapid expression of antimicrobial defensins and the recruitment 
of adaptive immune cells capable of directing a long-lasting cellular 
and/or humoral response to a potential pathogen97. Additional studies 
have demonstrated that α-defensins and β-defensins are very effective 
in promoting antigen-specific immune responses5.

In sites of inflammation, there is probably a concentration gradient 
of  ‘free’ defensin peptides that have been delivered to affected tissues by 
infiltrating leukocytes (mostly α- or θ-defensins; β-defensins in birds 
and ungulates) or that are locally induced and produced by epithelia 
(β-defensins). Given the evidence for receptor-mediated recruitment of 
adaptive immune cells by defensins, it is not unexpected that defensins 
have been suggested as modulators of tissue processes associated with 
acute inflammation. Several neutrophil α-defensins (human, guinea 
pig and rabbit) induce secretion of histamine from mast cells that can 
be inhibited by pertussin toxin98. Release is rapid and dose dependent 
and does not correlate with antibacterial potency. The defensin hBD2 
is chemotactic for mast cells and, as with the induction of histamine 
release, this activity is also pertussis toxin sensitive99.
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Defensins are also associated with the resolution of inflammation, 
and they stimulate fibroblast and epithelial cell division100,101, induce 
neovasculogenesis102 and enhance wound closure103. Defensins may 
participate in the regulation of acute inflammation by recruiting and 
activating mast cells and in the resolution phase by stimulating the 
formation of granulation tissue antecedent to the restoration of paren-
chyma and connective tissue after an inflammatory insult.

There is abundant evidence that antimicrobial peptides are involved 
in host defense processes of organisms ranging from plants to mam-
mals1. Moreover, studies of mammalian defensin genes have shown 
the rapid evolution of these peptides. We speculate that in early life 
forms, defensins and other antimicrobial peptides provided simple 
but efficient mechanisms for host resistance to microbial colonization. 
As gene duplication and diversification occurred, organisms retained 
specific genes when their products conferred additional advantages to 
the host. For example, the regulatory functions of various defensins, 
reviewed here, may have emerged by selection of a more ‘sophisticated’ 
system of innate immunity. The evolutionary processes that led to the 
emergence and perpetuation of the cyclic θ-defensins in nonhuman 
primates and the possible consequences of their subsequent extinction 
in humans, chimpanzees and gorillas remain topics of interest.

Concluding remarks
Antimicrobial peptides are among the most ancient elements of the 
immune system, as indicated by the fact that the structural and func-
tional attributes of mammalian defensins are easily recognized in plants 
and insects. The rapid evolution and diversity of the α- and β-defensin 
gene families, considered in the context of their varied antimicrobial 
and immune regulatory activities, indicate myriad functions for defen-
sins in mammalian host defense. Although genetic manipulation of 
defensin expression in mice, as described here, has provided compelling 
evidence for the antibacterial effector function of defensins in vivo, 
research is just beginning to unravel other functional aspects of the 
mammalian ‘defensinome’.
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