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Abstract: As components of the innate immune system, antimicrobial peptides in the
form of human defensins play an important role in host defense by serving as the epithelial
layer’s biochemical barrier against local infections. Recent studies have shown these
molecules to have far more additional cellular functions besides their antimicrobial
activity. Defensins play a role in cell division, attraction and maturation of immune cells,
differentiation and reorganization of epithelial tissues, wound healing and tumor
suppression. This multitude of function makes human defensins appear to be excellent
tools for therapeutic approaches. These antimicrobial peptides may be used directly as a
remedy against bacterial and viral infections. Furthermore, the application of human
defensins can be used to promote wound healing and epithelial reorganization. In particular,
human B-defensins have a strong impact on osteoblast proliferation and differentiation.
Human B-defensins have already been applied as a vaccination against HIV-1. Another
potentially useful characteristic of defensins is their suitability as diagnostic markers in
cancer therapy. In particular, a-defensins have already been used for this purpose. Human
a-defensin-3, for example, has been described as a tumor marker for lymphocytes. High
gene expression levels of a-defensin-3 and -4 have been detected in benign oral neoplasia,
a-defensin-6 is considered to be a tumor marker for colon cancer.
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1. Introduction

Antimicrobial peptides (AMPs) are polypeptides of low molecular weight with less than 20 kDa.
They are involved in host defense, but besides their antimicrobial activity they are involved in various
cellular processes. One subfamiliy of mammalian AMPs are defensins. These polypeptides were
first described in the 1980s and identified as components of the innate immune system. Shortly
afterwards, they were found to have additional functions, other than just having antimicrobial
properties. Human defensins are distributed in phagocytes and epithelial tissues. They share a
framework of six disulphide-linked cysteine (cys) residues with a characteristic p-sheet structure and
contain a number of positively charged amino acids, causing their typical cationic features under
physiological conditions [1-4].

Human defensins are divided into two subgroups: a- and B-defensins. Both o- and B-defensins
consist of a triple-stranded B-sheet structure, and have a molecular weight between 3 and 6 kDa. They
mainly differ in the pairing of cystine-disulphide bridges. Cysteine residues in a-defensins are linked
between 1-6/2-4/3-5, whereas B-defensins share a 1-5/2-4/3-6 cys-cys pattern. So far, four
a-defensins have been isolated from granules of leukocytes. As these AMPs were found in granules of
polymorphonuclear neutrophils, they were named human neutrophil peptides 1-4 (HNP1-4). Two
a-defensins (DEFA), a-defensins-5 and -6 are distributed in intestinal Paneth cells. Human B-defensins
(hBDs) are expressed in cell populations of various epithelia (skin, urogenital and respiratory tract, eye,
oral tissues, salivary glands) (Figure 1la—c) and bone [1,2,4-9]. Three subtypes (hBD-1-3) have been
isolated by biochemical means [10-12]. Human defensins are encoded as preproprecursor proteins,
processed to mature peptides by specific cellular proteases. Defensin synthesis and release are regulated
by bacterial and viral signals, inflammatory cytokines as well as growth factors [1,2,4]. Recently, it has
been demonstrated that human p-defensins are involved in bisphosphonate-associated osteochemonecrosis
of the jawbone [13]. Furthermore, these antimicrobial peptides are able to affect their own genes—either
directly or indirectly by modulating gene activity and secretion of cytokines, which in consequence
leads to feedback mechanisms on defensin genes [4,14-16].

Besides their antimicrobial activity, a number of cellular functions are triggered by defensins,
when they bind as ligands to certain receptors. For instance, it has been demonstrated that hBD-2 is
able to bind to the chemokine receptor 6 (CCR 6) [17]. HBD-2 also activates dendritic cells by binding
to toll-like receptor 4 [18]. Furthermore, defensins play an active role in several growth-dependent
processes, like wound healing and proliferation. HNP1-3, for example, enables wound closure in airway
epithelial cell cultures [19]. Human B-defensins positively affect the rate of migration and proliferation
of epidermal keratinocytes [20]. These cellular functions are dependent on an activated epidermal growth
factor receptor [19,20]. HBDs also stimulate proliferation in various human cancer cells
in vitro [15,16]. Human B-defensin-2 is involved in bone cell differentiation and mineralization of
osteoblast-like cells [15]. Human defensins even seem to play a role in reproduction. Recently, male
fertility has been described as dependent on active DEFB126 [21].
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Figure 1. Immunostaining (brownish color) for (a) hBD-1, (b) hBD-2 and (c) hBD-3 in
healthy salivary gland tissue [7].
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Figure 1. Cont.
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Furthermore, antimicrobial peptides strongly contribute to the functions of the innate immune system,
when they act like local antibiotics.

Some defensins are constitutively expressed, like HNP1-3, DEFA5-6, or hBD-1. Gene expression of
other defensins (hBD-2-3) is inducible by various inflammatory and microbial stimuli. The mechanism
by which human defensins exert their biological, antimicrobial activity is based on their cationic and
amphipathic molecular features. Antimicrobial peptides bind to negatively charged constituents of the
bacterial cell surface and by forming pores in the lipid-bilayer, they permeabilize and disrupt the
cytoplasma membrane—which leads in most cases to certain bacterial inactivation. Additionally, some
defensins are also able to inhibit DNA, RNA and protein biosynthesis of intruding microbes [1-4].

Due to their wide variety of functions, human defensins are a promising tool for clinical application.
For instance, these molecules could be directly applied on a lesion, in order to work as local antibiotics.
Furthermore, their ability to influence and direct the adaptive immune system makes defensins promising
immune modulators in systemic anti-inflammatory or anti-cancer treatment. In the treatment of guided
tissue repair, defensins might be useful when applied locally after infection is under control, thus helping
to overcome the problems of failed wound healing. Finally, their role in carcinogenesis makes them a
fascinating target in the diagnosis and therapy of a growing number of cancers involving head and neck,
bone (Figure 2), as well as the gastrointestinal and urogenitary tracts. Arguably, this is the most
important role of human defensins, even though it is not yet completely understood and investigated.
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Figure 2. Intracellular nuclear localization of hBD-1 (arrows) in MG63 cells using
fluorescence microscopy.

2. Antimicrobial Activity

Human a-defensins (DEFA) were first isolated from neutrophils. Therefore, they are also
designated as human neutrophil peptides (HNP) [22]. Human polymorphonuclear leukocytes contain
four members (HNP1-4) of this antimicrobial peptide subfamily [2]. Two more a-defensins, HD-5 and
HD-6, also referred to as DEFA5 and DEFAG6, have been detected in Paneth cells of the intestine [23,24].

HNP1-4 and HD-5 exhibit antimicrobial activities against Gram-positive bacteria, i.e., Staphylococcus
aureus, and Gram-negative bacteria as Enterobacter aerogenes and Escherichia coli. No antibacterial
activity could be detected for HD-6 [25]. HNP1 was highly effective at inactivating Mycobacterium
tuberculosis [26,27]. HNP1-3 were able to bind to the lethal factor of the anthrax pathogen, Bacillus
anthracis, thus causing the inhibition of its enzymatic activity [28].

In addition to their anti-bacterial capability, human a-defensins also exhibit a strong anti-viral
potency. Human a-defensins, for example, inhibit infections of human immunodeficiency virus (HIV)
and herpes simplex virus (HSV) in vitro [29] by binding to gp120 of HIV and CD4 receptors [30].
Furthermore, a-defensins can repress the replication of HIV-1 [31,32]. Their anti-HSV activity is caused
by blocking viral adhesion to host cell surface molecules [33].

Human B-defensins (hBDs) are expressed by epithelial tissues [1,2]. To date, four hBDs were
isolated (hBD-1-4) [2,34]. These antimicrobial peptides display their bactericidal activity against
Gram-positive and -negative bacteria [11,12,35-37]. HBD-1 and hBD-3 share the ability to inactivate
Candida species [38,39]. HBD-3 was shown to inhibit infection of HSV, whereas hBD-1 and -2 show
no anti-viral effects [29]. HBD-2 and hBD-3 exhibit their antiviral activity against HIV by interacting
with the virion particle and through modulation of the CXCR4 co-receptor [40]. Additionally, hBD-2
inhibits the synthesis of reverse transcribed DNA [41].
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As several studies have shown that no bacterial or viral resistance against AMPs has developed so
far [42-44], antimicrobial peptides could be a powerful tool in the therapy of acute or chronic
infectious diseases in the future. As there is a growing number of treatment-resistant bacteria and
viruses causing immense problems and exploding costs in public healthcare (Figure 3), it is a
promising therapeutic concept to develop treatments involving the application of these molecules, sole
or in combination with conventional antibiotics. In contrast with conventional antibiotics the allergic
potential of AMP is very little.

Figure 3. Severe irradiation-induced osteomyelitis with destruction of the lower jaw and
the surrounding soft tissue.

3. Immunomodulatory and Chemotactic Effects

Human defensins respond to various inflammatory stimuli, like tumor necrosis factor-a (TNF-a.),
interleukin-1p (IL-1p), lipopolysaccharide (LPS) as well as a number of bacterial surface antigens and
toxins [12,37,45-53]. Besides their direct antimicrobial activity, defensins prevent the activation of
toll-like receptors (TLRs) by blocking binding of LPS to LPS binding protein [54]. Furthermore,
defensins cross-regulate pro-inflammatory cytokines and chemokines [4,14]. Alpha-defensins released
from necrotic neutrophils are able to repress the secretion of various cytokines from macrophages, thus
exhibiting anti-inflammatory effects [55]. Enhanced secretion of TNF-a or interferon-y (IFN-y) from
neutrophils has been demonstrated to be caused by HNP1-3, thereby inducing increased phagocytotic
activity of human macrophages [56]. Studies on human epidermal keratinocytes revealed that hBD-2 to
-4 positively affect cytokines and chemokines, like I1L-6, IL-10 or macrophage inflammatory protein-3a.



Polymers 2012, 4 697

Furthermore, these AMPs stimulate cell migration and proliferation [20]. Human B-defensins have
anti-apoptotic effects on polymorphonuclear leukocytes by activation of the chemokine receptor (CCR)
6, which means they can be simultaneously down-regulating a pro-apoptotic factor and
up-regulating an anti-apoptotic protein [57]. Human defensins also have a strong impact on the
adaptive immune system [58]. They exhibit non-specific chemo-attractant functions for various immune
cells [2] and they selectively chemo-attract different types of leukocytes [59-61]. Alpha-defensins
enhance the migration of T-cells [62,63], while human B-defensins have chemotactic effects on dendritic
cells [17,62]. HNP1-3 and hBD-1 exhibit chemotactic functions for monocytes [34]. HBD-2 is a
chemotactic peptide for human neutrophils stimulated with TNF-a [60] as well as macrophages [34]
and it also acts as a chemotaxin for human mast cells [34,59]. In addition, hBDs function as important
chemotactic agents for immature dendritic cells [64]. HBD-2 and hBD-3 have also been detected as
ligands of CCR 2 [64] and CCR 6 [17]. Furthermore, hBD-2 activates dendritic cells via the toll-like
receptor (TLR) 4 [18]. HBD-3 interacts with TLR 1 and TLR 2 of monocytes and dendritic cells, thus
activating MyD88 signaling [65].

Promising clinical approaches have been described by using methods of gene therapy as the genetic
transformation of the antimicrobial peptide cathelicidin in a cystic fibrosis xenograft model, which
leads to a conservation of the ability to disintegrate bacteria [66]. Additionally, a transient adenoviral
gene therapy with LL-37 has been demonstrated to be effective for the treatment of cutaneous burn
wound infections [67].

3. Tissue Reorganization and Wound Healing

Besides their effects on host defense and immune modulation, human defensins also play an
important role in wound healing. On the one hand, AMPs improve wound healing by inactivating
bacteria, viruses and certain yeasts [67]. On the other, defensins participate in various cellular processes,
like cell migration or proliferation, thus positively affecting wound healing [68]. HNP-1 and HNP-2
stimulate the proliferation and collagen synthesis of lung fibroblasts via f-catenin signaling. This
observation might help to develop a therapy which could modulate the activity of fibroproliferative
lesions as lung fibrosis [69]. HBD-1 to -4 enhance the migration of keratinocytes and show a positive
effect on wound closure. Furthermore, they up-regulate the proliferation rate of human keratinocytes.
It could be clearly demonstrated that these effects are based on the phosphorylation of the epidermal
growth factor receptor [20]. This observation has been verified by other groups describing similar
phenomena on different cells. HBD-2 has been shown to stimulate migration, proliferation and tube
formation of endothelial cells [70]. In this context this antimicrobial peptide seems to be involved in
the vascularization process which supports wound healing. HBD-2 and hBD-3 enhance the proliferation
of osteoblast-like cells. Additionally, hBD-2 has a strong impact on the maturation of premature
osteoblasts [15]. Furthermore, hBD-1, -2, and -3 have been demonstrated to stimulate the proliferation
of tumor cells in vitro [16] (Figure 4). Apart from that, the gene products of human B-defensins
cross-regulate their own gene expression [15,16].
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Figure 4. Significant changes in BHY cell proliferation after stimulation with 50 nM of
hBD-1, -2 and -3 after 48 h are shown. Mean values of n = 12 experiments + standard
deviation (SD) are depicted. Differences compared to the control are marked with
*(p <0.05).
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Tissue regeneration is closely associated with wound healing. Human B-defensins exhibit various
stimulatory effects on the proliferation and maturation of different cell types [15,16,20,69,70]. HBD-2
positively influences vascularization [70]. HBD-2 and hBD-3 might also be effective in bone tissue
regeneration [15]. HBD-1 has been detected in the nuclei of keratinocytes and tumor cells [7,8,71]. It is
suggested that hBD-1 acts as a transcription factor in differentiation processes, protecting keratinocytes
from apoptosis during epithelial reorganization [71,72].

These observations indicate that the surgical treatment of extensive lesions could also benefit from
a better understanding of AMPs. The application of human defensins could be useful to assist wound
healing and epithelial reorganization. By local application, these antimicrobial peptides may be used as
a first step in fighting bacterial and viral infections—and then, secondly, individually designed
defensins could be applied to accelerate wound healing in microbially-traumatized lesions. The
treatment of extensive lesions in modern surgery involves delicate local flap (Figure 5(a—)) and
microvascular procedures. Frequently, only time-consuming presurgical treatments allow these
procedures to be administered. Such presurgical treatments comprise, for instance, the application of
negative pressure via a vacuum pump (KCI) or occlusive hydrocolloid dressings, which help to
increase early epithelial migration and accelerate the proliferation of granulation tissue. A better
understanding of the AMP functions in tissue regeneration and wound healing could make them an
additional option in presurgical wound preparation. This could help patients with extended and
complicated soft tissue and bone lesions, and could also mean they have to spend less time in hospital.
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Figure 5. Plastic reconstruction after traumatic tissue loss in the lateral lower lip with
sufficient reconstruction of the corner of the mouth (Operation performed by Dr. Marcus
Teschke).
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Figure 5. Cont.

(d)

4. Cancer

There seems to be a link between chronic infection and cancerogenesis, as epidemiological
studies showed an association between inflammatory markers (CCL2, IL-6, IL-8, Cox-2) and
tumor-formation [73-75]. In this context, interactions of the innate and adaptive immune system seem to
play an important role, especially macrophages and natural killer cells [76]. Tumor-associated
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macrophages (TAM) represent the largest population of tumor-infiltrating inflammatory cells [76,77].
This type of macrophage leads to a tumor initiation by releasing IL-6 [77]. Tumor cells develop
an immunosuppressive environment by secretion of IL-10 differentiating and recruiting
M2-macrophages [77]. These macrophages enhance the immunosuppressive microenvironment by
secretion of S100 proteins leading to the recruitment of immunosuppressive macrophages [76,77].

The correlation of chronic periodontitis with cancer has already been reported in the oral cavity,
especially an association with tongue carcinoma and other epithelial head and neck tumors like
oral squamous cell carcinoma [78,79].

In this putative sequence that leads from inflammation towards tumor, human defensins have
moved into the focus of interest. A potential involvement of hBD-1 in carcinogenesis of epithelial
tumors was first described in tumors of the urogenital tract, when a cancer-specific loss of hBD-1 gene
expression was described in 90% of renal clear cell carcinomas and 82% of malignant prostate cancers,
whereas in benign epithelium the expression of hBD-1 was intact [80,81]. A decreased
hBD-1 expression has also been reported in oral squamous cell carcinoma [82]. As human defensins
are involved in chronic periodontal inflammation as well as the carcinogenesis of oral tumors, it is
an interesting new hypothesis that they might act as key-molecules in the inflammation-tumor-
sequence [7,8,16,83-86]. On the one hand DEFB1 encoding for hBD-1 has been identified as a major
periodontitis-associated gene [87] with important functions in local host defense. On the other, hBD-1
was found to be an important factor in proliferation control of oral cancers [7,8,16,83,85].
In regulating proliferation in oral squamous cell carcinoma cells, hBD-1 inhibits proliferation as a
tumorsuppressor [80-83] whereas hBD-3 promotes proliferation as a potential protooncogene [83,84]
(Figure 4). Exogenous administration of hBD-1, hBD-2 and hBD-3 has a strong impact on oral tumor
cells (Figure 6). These AMPs cross-regulate their own gene expression and stimulate proliferation of
oral squamous cell carcinoma cells in vitro [16]. HBD-2 and hBD-3 stimulate the proliferation of
osteosarcoma cells. Additionally, hBD-2 enhances the maturation process of osteoblastic
differentiation [15]. Apart from their anti-inflammatory capability of destroying various bacteria,
viruses and yeasts, alpha-defensins also destroy the cell membranes of a number of different tumors in
the mouse model and in human cancer cells in vitro: For instance stimulation with HNP1-3 leads to
the disintegration of multiple myeloma cells [88].

One promising strategy to use human defensins in cancer therapy might be the topical application
of hBD-1 as combined surface active protein and tumor suppressor: hBD-1’s destructive function on
cell membranes would destroy tumor cells, and a high topic hBD-1 concentration would lead to a
down-regulation of tumor cell proliferation. This could be supported by the application of specific
antibodies against the oncogene hBD-3, thus causing an additional decrease of tumor cell proliferation.
A number of adhesive dressings for the mucosa do exist. They can contain extracts from calf blood,
including anorganic salts, amino acids, polypeptides and purines, but no proteins or antigenic
substances or blood group characteristics and could therefore be loaded with recombined hBD-1.
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Figure 6. Relative hBD-3 gene expression of BHY cells after hBD-1 stimulation (50 nM).
Statistically significant differences compared to the unstimulated control are shown with
asterisks(* = p < 0.05). Mean values of n = 6 experiments + SD are depicted.
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Another possible method is the genetic transformation of cancer tissue by adenoviral vector systems.
Recently, an in situ tumor vaccine based on human defensins has been developed [89]: An injection of
adenovirus particles, encoding for hBD-2, directly into the tumor-tissue leads towards a cellular
release of tumor antigens and hBD-2, which recruits dendritic cells, inducing local host defense against
the presented antigens [89].

Besides the direct application of hBDs, another potential application could be as diagnostic markers
in early cancer development and risk estimation for the malignant transformation of formerly benign
lesions. Particularly, a-defensins have already been used for this purpose. Human a-defensin-3 has
been described as a tumor marker for lymphocytes [90]. High gene expression levels of a-defensin-3
and -4 have been detected in benign oral neoplasia [85,86]. Also in the digestive tract, human
a-defensin-6 is considered to be a tumor marker for benign epithelial colon cancers, such as
colon adenoma [91].

5. Concluding Remarks

Human defensins are more than just antimicrobial peptides. These molecules are involved in
various cellular processes. This multitude of functions makes AMPs a promising tool for specific
clinical application. Antimicrobial peptides have been successfully applied in cystic fibrosis. They
were applied via aerosolization [92]. Vector-based mediated delivery of gene encoding for
antimicrobial peptides were used in cancer therapy [93]. However, systemic treatment with intravenous
application of AMPs bears an immense risk to healthy cells due to the possibility of adverse reactions.
To overcome this problem, diastereomers of antimicrobial peptides with D-configured amino acids
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were synthesized and successfully applied by topical and subcutaneous treatment [94,95]. Hence,
many efforts have recently been made to focus on the pharmaceutical administration and modification
of antimicrobial peptides as new leads for clinical therapeutic applications [96-101].
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