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ABSTRACT
Defensins are widespread in nature and have activity
against a broad range of pathogens. Defensins have
direct antimicrobial effects and also modulate innate
and adaptive immune responses. We consider the role
of human defensins and the cathelicidin LL-37 in de-
fense of respiratory, gastrointestinal, and genitourinary
tracts and the oral cavity, skin, and eye. Human �-de-
fensins (hBDs) and human defensins 5 and 6 (HD5 and
-6) are involved most obviously in mucosal responses,
as they are produced principally by epithelial cells. Hu-
man �-defensins 1–4 (or HNPs 1–4) are produced prin-
cipally by neutrophils recruited to the mucosa. Under-
standing the biology of defensins and LL-37 is the be-
ginning to clarify the pathophysiology of mucosal
inflammatory and infectious diseases (e.g., Crohn’s dis-
ease, atopic dermatitis, lung or urinary infections).
Challenges for these studies are the redundancy of in-
nate defense mechanisms and the presence and inter-
actions of many innate defense proteins in mucosal
secretions. J. Leukoc. Biol. 87: 79–92; 2010.

Introduction
This review will focus specifically on the role of defensins
and the antimicrobial peptide LL-37 in human mucosal im-
munity. There have been excellent recent reviews that cover
the structure, genomics, evolution, and mechanisms of ac-
tion of these antimicrobial peptides [1– 4]. We refer the
reader to these for more extensive discussion of these aspects.
We will consider these topics as they relate to action of the
antimicrobial peptides at specific mucosal sites. In general,
defensins and LL-37 have two major functions in host defense:

direct inhibition of pathogens and modulation of other innate
and adaptive immune responses. The human defensins in-
clude hBDs, which are expressed widely in skin and mucosal
epithelia, and six �-defensins, which include HNPs 1–4 and
epithelial HD5 and HD6. hBDs and HD5 and -6 are expressed
predominantly by mucosal epithelial cells, where they contrib-
ute to initial host defense against infection and also to mainte-
nance of epithelial integrity. HNPs are expressed predomi-
nantly by neutrophils and to a lesser extent, in other bone
marrow-derived cells that are resident in, or recruited to, in-
flamed or infected sites in the body. The �-defensins are ex-
pressed constitutively and generally packaged in granules
(azurophil granules of neutrophils for HNPs and small intesti-
nal Paneth cell granules for HDs) and are released by degran-
ulation. HDs are also released by epithelial cells in other mu-
cosal sites (e.g., in the genitourinary tract). HNPs are generally
processed to the mature peptide prior to release, whereas HDs
must be cleaved by extracellular proteases to achieve the ma-
ture, active form. In general, hBDs are expressed by secretion
from epithelial cells rather than by degranulation and are se-
creted in mature form on to the surface of, or lining fluid sur-
rounding, these cells. We will consider hBDs 1–4 in this re-
view, although at least two others have been described. hBD1
is widely expressed in a constitutive manner by epithelial cells,
but expression is induced, to a small degree, by inflammatory
stimuli in some epithelia. hBDs 2–4 are also widely expressed
by epithelial cells, but their expression is inducible in most of
these tissues in response to infectious or inflammatory stimuli.

We include the hCAP18/LL-37, as it has similar biology and
plays a central role in mucosal defense as well. Like the de-
fensins, hCAP18/LL-37 is a member of a large family of cat-
ionic antimicrobial peptides expressed in many species and
has broad-spectrum antimicrobial activity and many immuno-
modulatory effects. The cathelicidins contain a signal peptide,
a cathelin-like domain, and antimicrobial domain (LL-37).
hCAP18/LL-37 is produced by neutrophils, macrophages, and
various epithelial cells as well. The antimicrobial domain is
released by cleavage by proteases, and this domain is termed
LL-37. We will generally use the term LL-37 subsequently in
this review.
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We also consider another class of defensins, called �-de-
fensins or retrocyclins. These have a cyclic structure [5] and
are expressed in nonhuman primates, such as the rhesus ma-
caque and olive baboon (Papio anubis) [6, 7]. Humans express
�-defensin mRNA but lack the corresponding peptides, as the
human �-defensin gene contains a stop codon in the signal
sequence that aborts translation. Retrocyclins are synthetic,
humanized �-defensin peptides, whose sequences are based on
those found in human �-defensin genes. The DEFTs also have
broad-spectrum antibacterial and antiviral activity and are rele-
vant to this review because of their therapeutic potential and
also, as it was shown recently that their expression can be res-
cued in human cervico-vaginal epithelial cells by treatment
with an aminoglycoside [8].

We will focus on the major mucosal systems, including the
respiratory tract, the gastrointestinal tract, the oral cavity, the
genitourinary tract, the skin, and the eye. The discussion of
the respiratory tract will be most extensive, as some general
themes and concepts will be laid out there. The mucosa within
each system and even within different locales within a mucosal
system (e.g., the nasal cavity, upper and lower respiratory
tract) have different functions for the body and different
needs in terms of host defense. Some sites are normally sterile,
and others contain commensal bacteria. By necessity, we will
not do full justice to the different domains within each muco-
sal system and the diversity of roles that defensins and LL-37
play within specific sites; however, we hope to convey the ex-
traordinary detail and intricacy of the systems that have
evolved to allow our mucosal surfaces to carry out their job of
allowing exchange with the external environment, while pro-
tecting us from myriad pathogens and other potential injuries.
Table 1 summarizes the major known associations of human
diseases with alterations in defensins or LL-37.

RESPIRATORY TRACT

There are distinctive features of the respiratory tract that make
innate defense particularly important. The respiratory epithe-
lium has a huge surface (estimated to be the size of a tennis
court), and the alveolar epithelium in particular must be very
thin and delicate to allow exchange of oxygen from air to the
blood. This delicate mucosa must be protected from toxins
and infectious agents with a minimum of inflammation. The
upper respiratory tract functions to conduct air but also to fil-
ter out and prevent penetration of particulates and infectious
agents to the alveoli. It is clear that defensins and cathelicidins
play key roles in innate defense in the respiratory tract; how-
ever, it has been challenging to isolate their specific contribu-
tions as a result of the complexity and redundancy of the in-
nate defense mechanisms that have evolved. Defensins and
cathelicidins are produced by respiratory epithelial cells and
immune cells that are resident in, or recruited to, the respira-
tory tract. We will first consider the role of the respiratory epi-
thelium per se in defense and then how bone marrow-derived
inflammatory cells contribute to defense and interact with the
epithelium. As this is a complex topic, we will focus on key
points and seminal findings that have led us to our current
state of understanding.

The respiratory epithelium itself is felt to be an important
component of the innate response system to lung infection.
Shornick et al. [9] recently confirmed the importance of the
epithelium per se (as opposed to bone marrow-derived cells)
in initiation of the immune response. In this study, mice that
lacked Stat1 in the epithelium but had bone marrow contain-
ing Stat1 had a strongly impaired response to respiratory viral
infection, and the inverse was not true. In 1991, Diamond et
al. [10] first reported production of a defensin (TAP) by respi-
ratory epithelial cells (bovine tracheal epithelium), and there
has been tremendous progress in the field since then. TAP was
subsequently shown to be a member of the BD family (homo-
logue of hBD2) and to be induced through a NF-�B-depen-
dent mechanism triggered by bacteria or LPS [11–13]. It has
now been demonstrated that human respiratory epithelial cells
produce hBDs 1–4 and LL-37 [14–17]. hBD1 is constitutively
expressed and not generally up-regulated, whereas the others
are up-regulated during infections or inflammation [18]. All
of the peptides are expressed in a variety of other epithelia
and have broad-spectrum antimicrobial activity. hBD2 is most
highly expressed in lung, whereas hBD4 is expressed most
highly in testes and stomach, LL-37 in bone marrow, and
hBD3 in skin and tonsil [15, 17, 19, 20]. An important ques-
tion that has not been evaluated in depth is relative levels of
secretion of the defensins at different levels of the respiratory
tract during infection.

Regulation of hBD2 expression by respiratory epithelial cells
has been evaluated fairly extensively. It can be induced by LPS
in a manner that involves CD14, TLR4, and NF-�B [12, 21]. In
A549 lung epithelial cells, hBD2 expression requires not only
LPS but also IL-1� and TNF-� produced by mononuclear
phagocytes [22], possibly because A549 cells lack TLR4. RSV
also stimulates production of hBD2 in A549 cells through a
NF-�B-dependent process that involves RSV-stimulated genera-
tion of TNF-� by these cells [23]. hBD3 is induced by bacteria
and TNF-� in primary tracheal epithelial cells [20]. Recent
studies have demonstrated that vitamin D is important in regu-
lation of LL-37 expression. Respiratory epithelial cells convert
vitamin D to its active metabolites, contain vitamin D recep-
tors, and elaborate cathelicidins and CD14 in response to ac-
tive metabolites of vitamin D [24]. This response is potenti-
ated by dsRNA. Figure 1 provides an overview of production of
hBDs and LL-37 by respiratory epithelia.

In addition to their direct antimicrobial and antiviral activi-
ties, hBDs and LL-37 function as “alarmins” to stimulate re-
cruitment of inflammatory cells to the mucosa. This is again a
large topic that has been the subject of excellent recent re-
views [1, 2]. In brief, hBDs are chemotactic for DCs and T
cells via interaction with CCR6 [25]. hBD2 can activate DCs
via binding to TLR4 [26], and hBD3 can similarly activate
APCs by interacting with TLR1 and -2 [27]. hBDs can also
stimulate Mast cell migration and activation [28]. LL-37 stimu-
lates chemotaxis of neutrophils, monocytes, and T cells via
FPRL-1 [29] and down-regulates monocyte inflammatory cyto-
kine production in response to LPS and other TLR ligands
[30]. Recently, it was also shown that LL-37 binds to GAPDH
at an intracellular location in monocytes, leading to genera-
tion of chemokines and IL-10 [31]. Hence, it is clear that
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these peptides not only contribute to solidifying the initial mu-
cosal barrier against infection but also modulate further innate
and adaptive immune responses.

The recruitment of neutrophils and mononuclear phago-
cytes brings into play HNPs and further increases in LL-37.
These peptides are again important, not only for their direct

antimicrobial effects but also for their signaling properties. In
addition, there are complex interactions between phagocytes
and epithelial cells that trigger further response from the epi-
thelial cells. HNPs are produced most abundantly by neutro-
phils, although more limited production by eosinophils has
been reported [32]. Although macrophages store only minor

TABLE 1. Association of Defensins and LL-37 with Various Diseases

Respiratory Tract
Cystic fibrosis

- reduced hBDs; elevated HNPs and LL-37 associated with inflammation; inhibition of defensin activity by high ionic
concentrations in respiratory lining fluid; degradation of defensins by proteases

Bronchiolitis obliterans and diffuse panbronchiolitis
- elevated hBDs

ARDS and �1-antitrypsin deficiency
- elevated HNPs

Reactive airways disease
- reduced hBD2 and LL-37 in mouse model

Tobacco smoking
- reduced hBD2

Lung infections
- Low LL-37 associated with vitamin D deficiency increases risk for tuberculosis.
- Defensins and LL-37 contribute to host defense against other bacteria and respiratory viruses based on in vitro and mouse

models.
- Hyper-IgE syndrome is associated with risk for lung and skin infections, in part, as a result of lack of production of

antimicrobial peptides by bronchial epithelial cells or keratinocytes.
Gastrointestinal Tract
CD of ileum

- reduced HD5 and HD6 as a result of impaired NOD2 and/or Wnt/Tcf-4 signaling
CD of colon

- reduced hBD2 and LL-37 response; reduced hBD copy number
Ulcerative colitis

- elevated hBD2 and LL-37
Helicobacter pylori infection of stomach

- hBD2, hBD3, and LL-37 participate in host response in vitro.
Bacterial dysentery

- HD5 overexpression protects mice from Salmonella infection in the gut.
- Mouse cryptdin expression correlates with inhibition of Shigella infection.
- Shigella and enteropathogenic Escherichia coli interfere with hBD or LL-37 expression; Salmonella alters LPS structure to avoid

binding to antimicrobial peptides.
Oral Cavity

- Morbus Kostmann syndrome is characterized by severe periodontitis associated with low levels of LL-37 in neutrophils and
saliva.

Genitourinary Tract
Bacterial vaginosis

- reduced HNP and hBD levels in vaginal fluid
Neisseria gonorrhoeae urethritis and cervicitis

- elevated HD and HNP levels in urethral and vaginal secretions; HD enhances HIV infectivity
HIV

- reduced vaginal hBD levels
Urinary tract infection

- mBD and CRAMP gene deletion in mice increase risk.
Skin
Atopic dermatitis

- reduced hBD2 and LL-37 levels in lesions
Hyper-IgE syndrome

- reduced levels of antimicrobial peptide production by keratinocytes associated with atopy and recurrent staphyloccal infections
Chronic skin ulcers

- reduced antimicrobial peptide expression in ulcers
Psoriasis

- increased hBD2 and LL-37 in lesions; elevated hBD gene copy number
Acne rosacea

- increased LL-37 in lesions
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amounts of HNPs, a fascinating recent paper demonstrated
that they can acquire HNPs via ingestion of neutrophils and
that these HNPs colocalize with Mycobacterium tuberculosis in
early endosomes and contribute to inhibition of bacterial
growth [33]. It is possible that this finding is representative of
a more widespread phenomenon in which defensins or LL-37
can be taken up by various cell types and exert inhibition on
growth of intracellular pathogens. For example, HD5 has been
shown to be taken up by cervical epithelial cells [34].

HNPs also have chemotactic effects for immature DCs, T
cells, and Mast cells [35–37]. In addition, HNPs stimulate IL-8
and IL-1� mRNA and IL-8 protein production by human bron-
chial epithelial cells [38]. High concentrations (�20 �g/ml)
of HNPs also can be cytotoxic for respiratory epithelial cells
[38]. HNP1 induces mucin production in NCI-H292 cells
(with additive increases in the presence of LPS) [39]. HNPs
also induced oxidant production in lung explants, and the
combination of lung explant tissue and defensins had mark-
edly greater antibacterial activity than the HNPs alone [40].
HNPs also can induce aggregation of bacteria and viruses and
promote uptake of these pathogens by neutrophils or macro-
phages [41, 42]. Hence, there are various ways that HNPs
could promote immune responses and inflammation in the
lung. LL-37 is also produced by neutrophils and mononuclear
phagocytes [43] and can activate epithelial cells by interacting
with EGFRs [44]. LL-37 can promote inflammatory responses
of macrophages in concert with IL-1� [45]; however, LL-37
also binds LPS and can inhibit responses to it through this
mechanism and through direct interactions with monocytic
cells that reduce TLR-mediated activation [30]. Figures 2 and
3 summarize sources and actions of defensins and LL-37 de-
rived from myeloid cells.

Mouse models have been helpful for analysis of the role of
hBDs and LL-37. Mouse homologues for hBDs and LL-37 have
been identified as follows: hBD1 � mBD1, hBD2 � mBD3,
hBD3 � mBD14, and hCAP/LL-37 � CRAMP [19, 46–48].
Knockout of the mBD1 and CRAMP genes have been accom-
plished. The results from the mBD1�/� mouse models (de-

veloped in two laboratories) have shown no obvious pheno-
typic changes in the absence of infection. Absence of mBD1
did result in delayed clearance of Hemophilus influenzae from
the lung, although inflammatory responses and survival were
unchanged [46]. No difference in response to Streptococcus
pneumoniae or Staphylococcus aureus lung infection was noted in
mBD�/� mice [46, 49]. The subtlety of the defects in these
mice raised the question of whether deletion of several mBDs
would be needed to show greater effects. The host defense
defects documented in CRAMP�/� mice thus far have been
for bacterial infections of skin and urinary tract [50, 51]. One
limitation of mouse models is that mouse neutrophils do not
express peptides homologous to HNPs.

Animal models have been useful to study up-regulation of
mBDs and CRAMP during respiratory bacterial infections [11,
52]. Viral infections also increase expression of epithelial de-
fensins. For instance, IAV infection up-regulates expression of
mBD3 and -4 in conducting airway epithelial cells in mice
[53], and parainfluenza virus increases expression of sheep

Figure 1 . Schematic overview of BD and LL-37 production by respira-
tory epithelia.

Figure 2. Overview of production and actions of HNPs. Note that
macrophages (and possibly other cells) can take up HNPs from the
extracellular milieu and use them to inhibit intracellular pathogens.

Figure 3 . Overview of production of LL-37 by neutrophils and actions
of LL-37.
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BD1 in neonatal lambs [54]. In each case, up-regulation of
BDs coincided with increased expression of SP-D (another in-
nate immune protein with broad-spectrum antibacterial and
antiviral activity).

Association of defensins with human respiratory
diseases

CF. Studies of CF reveal the complexity of trying to deter-
mine the role of defensins in lung disease. Children with CF
are born with normal lung function but undergo steady deteri-
oration marked by recurrent respiratory and bacterial viral in-
fections and chronic lung infections with organisms such as
Pseudomonas aeruginosa and Burkholderia cenocepacia. BALF from
CF patients has been shown to have reduced antibacterial ac-
tivity, and this appears in part to be a result of high salt con-
centrations in the fluid and inhibition of defensin activity
(which is salt-sensitive) [14, 55]. Up-regulation of hBD2 during
infection may be impaired in CF [56]. Levels of hBDs and
HNPs can be affected by gene copy numbers, which can be
highly variable for genes encoding these proteins [57, 58];
however, no association was found between hBD copy num-
bers and progression of CF [59]. hBDs have been shown to be
proteolytically degraded by cathepsins present in BALF of CF
patients [60]. In addition, the LPS of B. cenocepacia renders it
resistant to antimicrobial peptides [61]. Hence, there appear
to be impaired activity, impaired production, and accelerated
breakdown of hBDs in CF, which could in part account for
reduced antibacterial activity.

Salt-insensitive defects in the antibacterial activity of the
fluid have also been demonstrated [62]. Furthermore, there
are increased levels of HNPs and LL-37 in CF BALF [56, 63],
associated with persistent inflammation and infection. These
peptides could actually promote deleterious inflammation in
several ways, including stimulating mucin [39] and LTB4 pro-
duction [64] and interfering with activity of SP-D [65]. Neutro-
phil proteases levels are elevated in concert with HNPs in CF
and other inflammatory lung conditions (e.g., �1-antitrypsin
deficiency) and act in a concerted manner to reduce SP-D lev-
els [65, 66] or stimulate LTB4 production [64]. Note that in-
stillation of HNPs into mouse lung caused inflammation and
deterioration of lung function [67]. These findings suggest
that in some conditions, high levels of HNPs may be deleteri-
ous. In contrast, a recent study showed that HNPs released
from dying and necrotic neutrophils dampen inflammation in
vitro and in vivo, probably by inhibiting proinflammatory cyto-
kine production by macrophages while promoting macro-
phage phagocytosis [68].

Other inflammatory lung diseases. Elevated levels of hBD2
have been found in diffuse panbronchiolitis, a progressive in-
flammatory disease also associated with recurrent episodes of
lung infection [69]. Similarly elevated hBD2 levels were noted
in bronchiolitis obliterans complicating lung transplantation
[70]. Elevated levels HNPs have been found in idiopathic pul-
monary fibrosis [71] and ARDS [72], in these cases, correlat-
ing with the degree of lung inflammation or injury. Further
studies obviously are needed to determine if the defensins are
causative of inflammation or a response to other insults. The
contributions of defensins or LL-37 to asthma have not been

studied extensively, although subjects with asthma do have in-
creased susceptibility to respiratory viral infections. Of interest,
hBD2 and LL-37 expression can be suppressed by Th2 cyto-
kines, leading to reduced antimicrobial activity [73]. Cortico-
steroid treatment also reduces antimicrobial peptide produc-
tion in calves [74].

Lung infections. Bacterial pneumonia is associated with ele-
vations in hBD2 and -3 levels in the lung fluids and blood
[75–77]. Consequent to neutrophil recruitment, massive
amounts of HNPs and LL-37 are also present during the acute
phase of pneumonia. The extent to which these peptides act
within phagocyte vacuoles or are released into the respiratory
fluid has not been determined; however, high levels (e.g., up
to 100 ug/ml) have been measured in blood during sepsis and
in BALF of patients with bacterial pneumonia or tuberculosis
[78]. It is unclear how these defensins are processed or re-
moved, although one mechanism of inhibition of HNPs in the
lung involved ADP-ribosylation on arginine residues [79, 80].
HNP activities are also inhibited by serum proteins. Patho-
genic bacteria have evolved ways to evade killing by respiratory
antimicrobial peptides, including modification of their LPS
structure (e.g., B. cenocepacia [61, 81] and H .influenzae [82])
or secretion of other bacterial surface proteins (e.g., penicillin-
binding protein by Group B streptococcus [83]).

LL-37 appears to play an important role in host defense
against tuberculosis [84]. African Americans have been shown
to have increased susceptibility to tuberculosis, which may re-
late to low levels of vitamin D and consequent, reduced ability
of macrophages to kill M. tuberculosis [43]. Treatment of mac-
rophages with TLR agonists increases vitamin D receptors and
results in increased production of LL-37 and other vitamin
D-responsive genes. HNPs also have activity against mycobacte-
ria and may contribute to host defense mediated by macro-
phages [33] or eosinophils [32].

Antimicrobial peptides likely play important roles in respira-
tory viral infections as well. HNPs, HDs, hBD2, and retrocyc-
lins all have antiviral activity against IAV [42, 85]. Of interest,
LTB4 treatment increases cathelicidin and mBD3 production
in mouse lung, and this treatment results in improved out-
come of IAV infection [86]. SP-D also plays important roles in
defense against IAV [87, 88]. A potential adverse effect of se-
vere respiratory IAV or SARS infection associated with exten-
sive neutrophil influx is degradation of SP-D through action of
proteases and HNPs, and HNPs 1–3 bind strongly to SP-D,
generally reduce its antiviral activity, and can cause it to pre-
cipitate out of BALF [85]. We have shown recently that retro-
cyclins and hBDs do not interfere with antiviral activities of
SP-D but rather, have additive effects [42]. Defensins also have
activity against a variety of other respiratory viruses, including
RSV [23], adenovirus, and parainfluenza virus, and contribute
to the respiratory epithelial cell response to rhinovirus [89].

Tobacco smoking. Tobacco smoking predisposes to infec-
tion, emphysema, and lung cancer. A recent study demon-
strated that current or former smoking is associated with re-
duced levels of hBD2 in pharyngeal washes and sputum of pa-
tients with acute pneumonia [90]. Of note, smoking and
chronic obstructive lung disease are also associated with re-
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duced levels of SP-A and SP-D [91, 92], which may impair in-
nate defense further.

GASTROINTESTINAL TRACT

Some of the most compelling in vivo and clinical evidence for
the importance of defensins in maintaining mucosal defense
derive from studies of the role of Paneth cell �-defensins, in-
cluding HD5 and -6 in humans and the related cryptdins in
mice. Paneth cells are secretory cells present at the base of
luminal crypts in the small intestine. These cells degranulate
in response to microbial stimuli such as muramyl peptide,
LPS, or CpG DNA. In humans, HD5 and HD6 constitute the
most abundant released granule components, although other
antimicrobial products released include sPLA2, lysozyme, tryp-
sin, and �1 antitrypsin. Murine studies point to an important
role of the Paneth cell �-defensins in intestinal host defense.
Deletion of MMP7 results in impaired production of Paneth
cell defensins in mice and decreased resistance to oral bacte-
rial challenge [93]. Overexpression of HD5 in intestine of
mice results in graded changes in microbial flora [94] and in-
creased protection against challenge with Salmonella typhi-
murium [95]. In mice, appearance of Paneth cells early in life
correlates with ability to inhibit growth of Shigella species in
the gut [96].

Inflammatory bowel diseases
Studies of human subjects with ileal Crohn’s disease (CD)
have revealed consistent evidence for a deficiency of HD5 and
HD6 in disease pathogenesis [94, 97]. CD is a chronic inflam-
matory condition that can affect the small bowel (especially
the ileum) or colon leading to strictures, fistula formation,
intestinal obstruction, and cancer. The main approaches to
treatment are immune suppression or surgery; however, there
is a longstanding observation that antibiotics can cause im-
provement. Changes in gut bacterial flora and adherence of
bacteria to the small intestinal lining have been found in CD,
leading to the hypothesis that some primary defect in antibac-
terial defense is present, leading to chronic inflammation. A
major breakthrough in the field was the discovery of a link
between frameshift mutations of NOD2/caspase recruitment
domain 15 and a subset of patients with CD [98, 99]. NOD2 is
highly expressed in Paneth cells and is a cytoplasmic receptor
for a bacterial muramyl peptide (a cell-wall component of
many bacteria) that leads to NF-�B activation and production
of �-defensins. The NOD2 mutation is associated with marked
deficiency of HD5 and -6 and is linked specifically to ileal CD
and not colonic CD or ulcerative colitis [94, 100–102].
NOD2�/� mice show decreases in a subset of cryptdins and
increased susceptibility to Listeria infection [103].

The NOD2 mutation provides a genetic mechanism for a
subset of patients with ileal CD; however, only approximately
one-third of CD patients has this mutation in Western coun-
tries, and it is rare in Japanese CD patients [104]. Despite this,
deficiency in antibacterial activity in intestinal mucosal extracts
and specifically in Paneth cell �-defensins has been demon-
strated in the majority of patients with ileal CD [94]. The defi-

ciency of HD5 and -6 is specific, as other Paneth cell products,
including lysozyme and sPLA2, are not affected. These find-
ings led to a search for other explanations for Paneth cell
�-defensins in CD patients with wild-type NOD2. Recent stud-
ies have demonstrated a deficiency of Wnt/Tcf-4 in ileal CD
[101]. Wnt signaling is involved in differentiation and matura-
tion of Paneth cells and regulates specifically expression of
MMP7 and Paneth cell �-defensins in mice, as demonstrated
with Tcf-4�/� mice [105]. Decreased Tcf-4 mRNA was found
in ileal mucosa of ileal CD patients, and this decrease corre-
lated with decreased HD5 expression [101]. There was no as-
sociation of Tcf-4 expression with an inflammation score, IL-8
levels, or NOD2 mutations in these subjects. The Tcf-4 defi-
ciency was again specific for ileal and not colonic CD. Het-
erozygous Tcf-4�/� mice showed decreased cryptdin-1 and
–4, as well as decreased small intestinal killing of S. aureus and
E. coli. More recently, the same group demonstrated a genetic
association of one polymorphism in the Tcf-4 promoter region
with ileal CD [106]. This genetic association was independent
of NOD2 status. Hence, Tcf-4 alterations appear to provide
another genetic basis for Paneth cell �-defensin deficiency in
ileal CD.

Of interest, associations between decreased hBD2 expression
or copy number have been made with colonic CD, suggesting
that this form of the disease also relates to a defect in defen-
sin-mediated host defense [107]. Expression of hBD2 is induc-
ible in colonic mucosa through activation of NOD2 and NF-
�B. In contrast to ulcerative colitis, where hBD2 expression is
elevated in areas of inflammation, expression is not elevated in
colonic CD [108], and luminal secretions in colonic CD have
reduced antimicrobial activity [102]. A similar pattern was
found with colonic cathelicidin expression: increased in in-
flamed areas in ulcerative colitis but not increased in colonic
CD [109]. Hence, colonic CD may also result from localized
deficiencies in antimicrobial peptide expression and impaired
epithelial antibacterial defense. CRAMP�/� mice show in-
creased adherence of pathogenic intestinal bacteria in the gut
[51], supporting the concept that cathelicidins contribute to
intestinal host defense.

Overall, these results highlight the importance of defensins
as part of the initial barrier against infection of mucosal sur-
faces. It appears likely that the chronic intestinal inflammation
that characterizes the different forms of CD does not, there-
fore, reflect a simple hyperinflammatory phenotype but rather,
a failure of the first line of host defense, leading to a second
level of innate or adaptive immune response that is in fact less
effective. This raises the question of whether other chronic
inflammatory conditions (e.g., asthma) result from failure of
initial defense barriers.

Gastric infection
The stomach is a gastrointestinal site that is normally sterile
apart from certain highly adapted bacteria such as H. pylori
infection, which is responsible for a variety of human diseases,
including peptic ulcer disease and gastric cancers (including
gastric lymphomas and adenocarcinomas). Over 50% of the
human population is infected with H. pylori, and the majority
is asymptomatic. It is therefore an important goal of research
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to determine which factors are responsible for colonization or
disease induction by H. pylori. One important factor is varia-
tion between pathogenicity of different H. pylori strains; how-
ever, variations in innate defense against H. pylori may also
contribute. H. pylori induces hBD mRNA and protein expres-
sion in vitro and in vivo in gastric epithelia, and hBD2 and
hBD3 have strong bactericidal activity against H. pylori [110];
H. pylori LPS does not appear to be a strong stimulus for
NF-�B activation in gastric epithelial cells, implying that TLR4
may not be a key pathway involved in response of these cells
to the bacteria. Boughan et al. [111] have found that H. pylori
stimulates hBD2 and hBD3 by distinct mechanisms in these
cells. hBD2 was stimulated through NOD1, whereas hBD3 was
up-regulated through a NOD1-independent, EGFR-mediated
pathway.

Cathelicidin expression is also induced in gastric epithelia
by H. pylori. LL-37 has independent antimicrobial activity
against this bacteria and synergizes with hBDs [112]. It is not
yet known how these events relate to colonization or disease
induction by H. pylori, but the results provide the basis for fu-
ture clinical research. It is tempting to speculate that impair-
ments in early defensin-mediated responses may allow for colo-
nization and for ongoing inflammation similar to the findings
in CD. The results of Boughan et al. [111] are also revealing
about the complexity of regulation of different defensins. The
authors speculate that hBD2 may be more involved in the
early phase of host response to infection, whereas hBD3 induc-
tion may relate more to the later wound-healing phase of the
response, as EGFR (which is up-regulated by H. pylori infec-
tion) is involved in wound healing.

Bacterial diarrhea
As noted above, expression of defensins in the mouse intesti-
nal epithelium is correlated with the ability to inhibit growth
of Salmonella and Shigella species in the gut [96]. Bacterial
pathogens also elicit defensin expression to variable extents in
intestinal epithelium, perhaps accounting for differences in
pathogenicity [113]. The importance of antimicrobial peptides
to host defense in the intestine is highlighted by the ability of
some important intestinal bacterial pathogens to counteract
production or action of the peptides. As examples, cholera
toxin and labile toxin of enteropathogenic E. coli reduce ex-
pression of hBD1 and LL-37 in intestinal epithelial cells [114],
virulent Shigella flexneri release plasmid DNA to turn off ex-
pression of antimicrobial peptides by epithelial cells and
monocytes [115], and Salmonella species can modify the struc-
ture of their LPS to reduce the ability of antimicrobial pep-
tides to bind and kill them (see ref. [2] for an excellent review
of this topic).

ORAL CAVITY

The role of antimicrobial peptides in the oral cavity was the
subject of a recent excellent review [116]. We showed that in-
trinsic antiviral activity of saliva against IAV is in part mediated
by HNPs and by another antimicrobial peptide, histatin [117],
although other inhibitors contribute as well. There are fairly

high levels of HNPs in saliva of normal volunteers, presumably
derived from neutrophils. Edentulous subjects have markedly
reduced levels of HNPs in saliva as a result of absence of crev-
iculae (sites of neutrophil ingress), and this may account for
increased risk for oral infections in these subjects [118]. HIV
is also inhibited by saliva, and HIV does not appear to be
transmitted through oral contact. hBD2 and -3 can inhibit HIV
at the concentrations found in normal saliva. Of interest, levels
of hBD2 were found to be reduced in saliva of HIV-positive
subjects, possibly predisposing them to other types of infection
[119]. Morbus Kostmann is a form of congenital neutropenia
characterized by frequent infections, including severe peri-
odontitis [120]. Although neutrophil counts can be increased
with G-CSF treatment, some infections persist associated with a
defect in the ability of neutrophils to produce LL-37 and
HNPs and lack of LL-37 in saliva [121].

GENITOURINARY TRACT

The female reproductive tract is a portal of entry for bacterial,
fungal, and viral infections. Cervico-vaginal secretions contain
many innate inhibitors that could contribute to host defense
against bacteria, viruses, and fungi, including HNPs, hBDs 1–3
[122], HD5 and -6, and other proteins such as LL-37, serum
leukocyte protease inhibitor, and lysozyme. Levels of HNPs in
vaginal lavage from normal controls are �2 �g/ml, and levels
of hBD1, hBD2, and HD5 are in the range of 10–40 ng/ml
based on a study by Valore et al. [123]. The major source of
the HNPs is probably neutrophils, perhaps accounting for the
comparatively high concentrations of HNPs. The constituents
of cervico-vaginal secretions vary with menstrual cycling or es-
trogen treatment [124] and in the presence of infections (see
below).

Sexually transmitted diseases
There has been intense study about host defense factors that
may contribute to protection or vulnerability to sexually trans-
mitted viral infections [124]. Cationic antimicrobial peptides
are a key factor contributing to the ability of cervico-vaginal
secretions to inhibit HIV [125]. Of interest, hBD3 not only has
direct HIV inhibitory activity but also binds to and down-regu-
lates the HIV-1 coreceptor CXCR4 [126]. Cervico-vaginal fluid
of healthy subjects inhibits HSV (including protecting mice
from lethal infection with HSV), whereas fluids from HIV-posi-
tive subjects were less inhibitory [127]. The inhibition of HSV
was correlated with levels of HNPs in the fluid.

There is an increased risk of HIV and HSV infection in the
presence of concurrent sexually transmitted bacterial or viral
infections or bacterial vaginosis (BV), which is characterized
by changes in bacterial flora in the vagina with loss of the nor-
mal commensal, Lactobacillus, and acquisition of other bacteria
such as Gardnerella vaginalis. Valore et al. [123] demonstrated
that antimicrobial activity of vaginal fluids from patients with
BV is reduced. BV fluids had lower concentrations of hBDs 1
and 2 and HNPs compared with normal controls or patients
with vulvovaginal candidiasis. The low levels of HNPs corre-
lated with reduced neutrophil influx and IL-8. Hence, there
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appears to be a deficiency in defensins associated with BV;
however, this was not an intrinsic defect, as in the case of CD,
as the defensin levels rose after treatment of BV. The low lev-
els of defensins may contribute to acquisition of HIV or HSV
by the subjects. The reasons for low levels of defensins in BV
may relate to failure of G. vaginalis to induce immune re-
sponses. For instance, G. vaginalis did not induce hBD2, IL-1,
or IL-8 in vaginal epithelial cells, whereas these were all in-
duced by Lactobacillus jensenii. This may relate to lack of LPS
and low concentrations of peptidoglycan in the coat of G. vagi-
nalis. BV, therefore, represents an example in which the com-
mensal flora provoke a balanced innate immune response that
limits introduction of other organisms, whereas a superinfect-
ing organism does not induce this response. There are other
examples of bacteria failing to induce defensin responses, al-
lowing the bacteria to persist in mucosa. For instance, S. aureus
strains from chronic nasal carriers were found not to induce
hBD2 and -3 in nasal mucosa, and S. flexneri inhibits antimicro-
bial peptide expression in gut epithelia [115, 128]. Hence, ac-
quired deficits in defensin-mediated barriers can result from
bacterial infection.

HD5 and -6 are induced in vaginal secretions and the male
urethra in response to infection. As noted, cleavage of the pre-
cursor of HDs is necessary for them to acquire antimicrobial
activity. A distinctive method of cleavage of HD5 was found in
studies of urethral secretions of subjects with N. gonorrhoeae or
Chlamydia trachomatis infection [129], in which neutrophil pro-
teases were shown to affect cleavage. HD5 and -6 are also pro-
duced by vaginal epithelial cells in response to N. gonorrhoeae
infection [130]. Although HNPs, hBDs, and retrocyclins in-
hibit HIV, a surprising finding was that HD5 and -6 actually
increased HIV infection of CD4 cells [130]. This effect was
mediated by a direct interaction with the virus and occurred
with purified peptides or supernatants of N. gonorrhoeae-in-
fected vaginal epithelial cells. The HIV-enhancing effect oc-
curred at HD concentrations of �10 �g/ml. Although levels
of HDs in vaginal lavage are less than this, the lavage is proba-
bly diluted considerably, and local concentrations may be
much higher. It will be interesting in the future to determine
if subjects with NOD or Tcf2 mutations also have reduced HD
levels at mucosal sites other than the intestine and whether
this is associated with any change in disease susceptibility. Note
that HNP levels are considerably higher in urethral or cervico-
vaginal secretions, and hence, their effect may predominate
over effects of HDs. For instance, urethral levels of HNPs and
HD5 were particularly elevated in N. gonorrhoeae infection
(�20 and 0.5 �g/ml, respectively).

The finding that HD5 and -6 can promote HIV infection
was unexpected [130]. We have found, in contrast, that HDs
are inhibitory for IAV [42]. It will be important to determine
the reasons for divergent effects of HDs on infection by these
two enveloped viruses. Another paradoxical finding is that cer-
vico-vaginal secretions that do contain high levels of HNPs and
LL-37 (which contribute to anti-HIV activity of the fluid) have
been associated in one study with increased risk of HIV trans-
mission [131]. This was related to the fact that these samples
came from subjects with sexually transmitted bacterial infec-
tions. In such cases, other factors promoting HIV transmission

presumably outweigh the impact of the increased antimicro-
bial peptides. Of interest, increased hBD gene copy numbers
have been associated with reduced risk of HIV infection in
preliminary studies [132]. Further studies of this kind will be
of interest.

Other genitourinary infections and cancers
hBD1�/� mice have been developed, and these mice show
increased carriage of bacteria in their bladder [49]. Similarly,
CRAMP�/� mice have greater susceptibility to bacterial uri-
nary tract infection [50]. BK virus is a nonenveloped polyoma-
virus that establishes lifelong infection in �90% of the human
population. In general, infection is asymptomatic but becomes
a problem in some immunocompromised hosts, causing hem-
orrhagic cystitis or kidney infection, leading to kidney trans-
plant rejection. A recent study demonstrated that HNP1 and
HD5 act directly on the virions, in part, through viral aggrega-
tion [133]. As noted above, we have similarly reported aggre-
gation of IAV by defensins. Future studies may determine if
differences in �-defensin expression account for susceptibility
of some subjects to complications of BK infection during im-
mune suppression.

Papillomavirus infections are linked to genital warts and to
cervical, penile, anal, and head and neck cancers. HNPs and
HD5 have been shown to have strong antiviral activity against
human papillomaviruses in vitro, whereas hBDs lacked activity
[134]. HNP2 and hBD2 were shown in another study to medi-
ate recruitment of DCs into preneoplastic epithelial lesions
induced by papillomavirus [135]. Hence, defensins may modu-
late the immune response to papillomavirus-related cancers or
preneoplastic lesions. It is possible that antimicrobial peptides
are protective against prostatic carcinomas. For instance, pros-
tatic cancer is associated with loss of hBD1 expression, and
re-expression of hBD1 induced cell death in prostate cancer
cell lines [136]. In contrast, there is evidence that LL-37 facili-
tates the development of ovarian cancer [137].

SKIN

The skin provides an essential barrier against electrolyte loss
and infection. It is not surprising, therefore, that skin is
heavily invested with host defense peptides. Studies of the skin
have been extremely valuable in characterizing the regulation
and role of antimicrobial peptides in host defense, wound
healing, and barrier function. hBDs and LL-37 are expressed
by epithelial cells in the skin. Regulation of expression is sur-
prisingly complex. hBD2 and -3 are strongly inducible in kera-
tinocytes but by distinct mechanisms. hBD2 expression in skin
is induced by LPS or other bacterial products in combination
with IL-1� derived from resident monocyte-derived cells,
whereas induction of hBD3 results from transactivation of
EGFR [138, 139]. Transactivation refers to local release of sur-
face-bound EGFR ligands via activation of metalloproteases.
Hence, this is a distinct role for metalloproteases in defensin
biology from the cleavage of defensin precursors discussed
previously. Increased expression of hBDs in response to TGF-�
or other EGFR ligands suggests that the defensins play a role
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in wound healing [140, 141]. hBD1 can also be induced in
skin to a lesser extent by similar stimuli [138]. hBDs also were
found to have distinct anatomic loci of expression within the
skin. These findings suggest that the different hBDs may have
distinct roles in response to skin infection and injury.

LL-37 or the murine homologue CRAMP is also induced in
keratinocytes by skin wounding [142]. mBD3 is increased by
skin wounding in mice in a manner that is coordinated with
increases in CRAMP and lipid metabolic responses. These
findings are consistent with the fact that these antimicrobial
peptides are copackaged with lipids in lamellar bodies in the
epidermis. Furthermore, the up-regulation of antimicrobial
peptides in response to interruption of the skin barrier dem-
onstrates the inter-relationship of skin-barrier function, wound
healing, and defense from infection. CRAMP�/� mice have
been developed and have impaired restoration of skin barrier
function after wounding but also increased susceptibility to
streptococcal skin infection [143]. hBD2 and LL-37 are in-
creased in human skin wounds and both stimulate angiogene-
sis to promote wound healing by different signaling mecha-
nisms. LL-37 stimulates keratinocyte migration via transactiva-
tion of EGFR and activates endothelial cells via binding to
FPRL-1 [144].

Vitamin D is critical for regulation of cathelicidin and LL-37
in skin. Levels of LL-37 are markedly elevated in skin lesions
of psoriasis. One driving factor for this induction is IL-17 pro-
duced by lesional T cells [145]. Glucocorticoids down-regulate
expression of CRAMP and mBD-3 in mouse skin [146]. IL-4
and IL-13 inhibit LL-37 and hBD2 activation in human kera-
tinocytes, and TNF increases them [147].

Associations of antimicrobial peptides with skin
diseases
The complex regulation of antimicrobial peptide expression in
skin is relevant to a variety of important skin diseases. Atopic
dermatitis is characterized by increased frequency of skin in-
fections with viral, bacterial, and fungal organisms. Expression
of hBD2 and LL-37 was reduced greatly in atopic dermatitis
lesions as compared with normal controls or psoriasis (where
these peptides are increased) [147]. This decrease in antimi-
crobial peptide expression was independent of recent steroid
use. Hyper-IgE syndrome is a primary immunodeficiency in
which subjects have atopy and recurrent staphyloccal skin and
lung infections [148]. The condition has been found to relate
to defects in Th17 cell differentiation, raising the question of
why infections are confined principally to the lung and skin. A
recent study demonstrated that this may relate to the fact that
keratinocytes and bronchial epithelial cells (in contrast to
other epithelia) require IL-17 and classic cytokines to generate
chemokines and antimicrobial peptides [149]. Chronic skin
ulcers have been found to have low levels of LL-37 expression
as well [150], perhaps reflecting the importance of LL-37 in
wound healing.

As noted, psoriasis is characterized by markedly increased
expression of hBD2 and LL-37, and in this case, LL-37 may
contribute to disease pathogenesis by binding to self-DNA, re-
sulting in autoimmune responses directed by DCs [151]. Of
interest, hBD gene copy numbers are increased in psoriasis,

and serum levels of hBDs have been proposed as a marker for
the disease [152, 153]. Increased LL-37 concentrations have
also been found to promote inflammation in roseacea [154].
Glucocorticoid elevation resulting from psychological stress in
mice causes down-regulation of mBD3 and CRAMP in mouse
skin, resulting in greater susceptibility to streptococcal skin
infections [146]. Psychological stress can predispose to respira-
tory infection as well [155], and it would be of interest to de-
termine if this, in part, is mediated by stress-induced decreases
in antimicrobial peptide expression in the lung.

EGFR inhibitors are being used increasingly in treatment of
cancer, and their principle toxicity is dermatologic, including
acne-like rashes and fissuring of skin [156]. It will be of inter-
est to determine if these toxicities relate to inhibition of de-
fensin or LL-37 production in the skin.

EYE

The eye is another site where having an effective first-line host
defense and minimizing inflammation are important. P. aerugi-
nosa is an important organism capable of causing destructive
infection of the cornea. Using a mouse model of corneal in-
fection with pseudomonas infection, mBD2 was found to be
important for reducing bacterial counts and neutrophil infil-
tration [157]. mBD2 also modulated expression of a variety of
inflammatory cytokines and reduced NF-�B activation. Al-
though mBD1 was also expressed in the cornea, silencing of
mBD1 did not alter infection or inflammation. Tear fluid also
contains SP-D, which inhibits P. aeruginosa infection in mice
[158, 159]. Hence, this is another site (like the respiratory
tract) where SP-D and defensins may interact. The eye is also a
potential portal of entry for IAV and a site for other viral in-
fections. Application of a �-defensin has been shown to be pro-
tective against HSV-induced keratitis [160].

THERAPEUTIC CONSIDERATIONS

Although we will not discuss in depth the potential therapeu-
tic uses of defensins or LL-37, some possibilities are relevant to
this review. Defensins have potential for therapy, given their
broad-spectrum antimicrobial and antiviral activity and the fact
that they can be synthesized with minor modifications to en-
hance activity further. Direct application to sites such as the
skin or cervico-vaginal mucosa for treatment of wounds or in-
fection is of interest, particularly in conditions where antimi-
crobial peptide generation is reduced. One concern for direct
applications of defensins would be the possibility of inducing
excessive inflammation, as occurred with instillation of HNPs
into the lung [67]. Retrocyclins are of interest for HIV ther-
apy, as they strongly inhibit viral replication [161]. We have
found that retrocyclins have strong antiviral activity against
IAV and unlike HNPs, do not interfere with the antiviral activ-
ity of SP-D, despite binding to it [42]. Hence, retrocyclins may
be a better candidate than HNPs for instillation in the respira-
tory tract. A recent study demonstrated reduced weight loss
and mortality in mice treated with a retrocyclin by intranasal
instillation 15 min before infection with a mouse-adapted ver-
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sion of the SARS coronavirus [162]. Surprisingly, the protec-
tion was not the result of inhibition of viral replication. In this
model, the retrocyclin did induce some level of inflammation
in the lung on its own, although it reduced generation of
some proinflammatory cytokines triggered by the virus. Hence,
retrocyclins may exert beneficial effects through modulation of
inflammatory responses in the lung. Another fascinating, re-
cent finding is that retrocyclins can be produced in human
cervico-vaginal secretions in response to aminoglycoside treat-
ment [8].

Treatment of some diseases through direct application of
defensins may be impractical (e.g., how to deliver defensins
for treatment of inflammatory bowel diseases). Adenoviral vec-
tors for delivery of antimicrobial peptides have been tested in
animal models with mixed results [163–165]. Another ap-
proach would be to increase endogenous defensin generation
through use of known regulatory stimuli. In a mouse model,
administration of LTB4 increased defensin and cathelicidin
generation and improved outcome of IAV infection [86]. Vas-
cular endothelial growth factor promotes BD and SP-D pro-
duction in the lung, resulting in improved outcome of RSV
infection [166]. The importance of vitamin D in LL-37 genera-
tion and other aspects of innate defense indicate that mea-
surement of vitamin D levels and supplementation could be
important for improving the outcome of some infections.

CONCLUSIONS

One general theme that emerges from the study of defensins
and other first-line host defense proteins is that success of the
initial barrier to invasive pathogens can prevent deleterious
inflammation and that breakdown in functions of the initial
barriers can not only lead to infection but also to chronic in-
flammatory conditions. This is most obvious for inflammatory
bowel diseases but could account for a variety of other condi-
tions such as gastric diseases induced by H. pylori and inflam-
matory diseases of the lung. It is of interest in this regard that
BDs and LL-37 are imbedded in other physiological processes
such as wound healing and angiogenesis, in addition to their
roles in defense against infection. This is reminiscent of the
roles of surfactant proteins A and D in the lung phospholipid
metabolism as well as host defense. Another recurring theme
is that pathogenic bacteria have evolved a variety of mecha-
nisms to circumvent defensin-mediated immunity to create in-
vasive infections. Important subjects for future study will in-
clude how defensins interact with other components of innate
defense, since clearly they do not act in isolation. Some pre-
liminary studies have explored this question [65, 85, 117, 167–
170], but further studies are needed. Furthermore, it is cur-
rently hard to determine the relative importance of direct anti-
microbial or antiviral effects of defensins or LL-37 as com-
pared with their immunomodulatory effects in many instances;
hence, this should be an important focus of future investiga-
tions.
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