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Human Beta-Defensin-3: A Promising Antimicrobial Peptide
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Abstract: The field of naturally occurring antimicrobial peptides is a research area rapidly expanding due to the high po-
tential of such molecules as new antimicrobial drugs. In this regard, the human beta-defensin-3 is particularly attractive
because of its strong antibacterial activity, relative salt-insensitiveness and low toxicity for host cells.
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INTRODUCTION

Naturally occurring cationic antimicrobial peptides (AP)
are essential components of the innate immune system and
are found at all levels of the evolutionary scale [1]. Some
important characteristics of such peptides have suggested
their use as a new class of antimicrobial drugs. Among these,
there are the broad activity spectrum, the relative stability,
the selectivity towards microbial targets, the rapid mecha-
nism of action, the low frequency in selecting resistant strains,
and the ability to have a synergistic activity with conven-
tional antibiotics [2]. The need of identifying new molecules
with antimicrobial activity is largely justified by the growing
appearance and rapid spread of pathogenic microorganisms
resistant to available drugs that represent, at present, a seri-
ous public health problem worldwide [3].

Among human AP, defensins are the family including the
highest number of peptides. They have a molecular weight of
3.5-6 kDa and contain six cysteine residues that form three
intramolecular disulfide bridges [4, 5]. Two main subfami-
lies of defensins exist, the a- and B-defensins, which differ
in the location and position of the cysteine residues, in the
amino acid sequence, and in their difulfide motifs [5]. The a-
defensins are most commonly found in neutrophils (human
neutrophil peptide, HNP1-4) and in Paneth cells of the small
intestine (human defensins 5 and 6) [4]. In contrast, human
B-defensins are expressed predominantly by the epithelial
cells of many organs, including glandular and squamous
epithelia [4]. Because of their preferential localization at
epithelial surfaces, 3-defensins are believed to play an essen-
tial role in the defense of the mucosal barrier from infec-
tions. The first human B-defensins (HBD1 and HBD2) were
discovered in 1995 and 1997, respectively [6, 7]. HBD1 was
isolated from human hemofiltrate of patients undergoing
hemodialysis for renal failure [6] and was found to be consti-
tutively expressed by epithelial cells of many organs [8, 9].
HBD2 was originally purified from psoriatic skin lesions, a
source particularly rich in human skin-derived antimicrobial

*Address correspondence to this author at the Dipartimento di Patologia
sperimentale, Biotecnologie mediche, Infettivologia ed Epidemiologia, Via
S. Zeno 35-39, University of Pisa, 56127 Pisa, Italy; Tel: +39 0502213694;
Fax: +39 0502213711; E-mail: batoni@biomed.unipi.it

1389-5575/06 $50.00+.00

proteins [10], based to its binding to a whole Escherichia
coli affinity column [7]. In contrast to HBDI1, HBD?2 gene
was found to be upregulated following microbial or inflam-
matory stimuli [7]. In 2001 three distinct research groups
independently identified HBD3 by using different appro-
aches [11, 12, 13]. In an attempt to screen human epithelia
for endogenous factors with Staphylococcus aureus-killing
activity, Harder and collaborators isolated the peptide from
psoriatic scales, by biochemical methods [11]. By passing
crude lesional scale extracts of patients with psoriasis
through a S. aureus affinity column and purification of the
staphylocidal activity bound to the column, they were able to
purify 88 ug of HBD3 from 7 g of psoriatic scales. Inde-
pendently, Garcia et al. [12] and Jia et al. [13] detected
HBD3 by screening human genomic sequences for a gene
with homology to the HBDI and HBD?2 genes. In 2001 the
fourth human f-defensin (HBD4) was also described using
bioinformatic and functional genomic analysis [14]. Analysis
of the distribution of HBD4 transcripts in the human body
revealed a restricted pattern of expression with the highest
levels of transcripts found in the testis and in the gastric an-
trum. One year later, screening of human genomic sequences
for the presence of structural motifs of defensins allowed for
the identification of two further human B-defensins (HBD5
and HBD6) specifically expressed in the epididymis [15]. By
using a computational search strategy, Schutte ef al. [16]
could identify 28 new human B-defensin genes allocated in
five conserved gene clusters. Thus, much work has yet to be
done to characterize the entire array of P-defensin gene
products and functions in humans.

Extensive overviews of human defensins have been pub-
lished over the last few years [4, 5, 17]. This review will
focus on the recently described HBD3. Since its discovery, a
bulk of information has accumulated about HBD3 structural
properties, biological activities, gene expression, role in in-
nate and adaptive immunity. Special emphasis will be placed
on the distinctive properties of the peptide that make it par-
ticularly attractive as a potential antimicrobial agent.

STRUCTURE OF HBD3

HBD3 is a peptide of 45 amino-acidic residues with a
molecular mass of 5.15 kDa containing, as the other -
defensins, a conserved six-Cys motif in which the six cys-
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teines are linked at the 1-6, 2-4 and 3-5 locations to form
three disulfide-bridges [18]. HBD3 has an exceptionally high
net positive charge (+11) due to the presence of 7 Arg and 6
Lys residues (Fig. 1). The peptide has an amphiphilic struc-
ture in which the positive charges are asymmetrically posi-
tioned on the two sides of its surface, while the hydrophobic
residues are clustered at the bottom of the peptide surfaces
[18]. The secondary structure of HBD3 is characterized by
the presence of six disordered N-terminus residues, followed
by a short helical segment, composed of residues positioned
at 10-14 and by three-stranded anti-parallel $-sheets formed
by residues 17-19, 27-31, 39-43, respectively (Fig. 1) [18].
Spectroscopic analyses have shown that the disulfide con-
nectivity has no significant effect on the secondary structure
of HBD3, as demonstrated by the absence of structural
changes even when Cys residues are substituted by other
amino-acidic residues [18]; thus, the secondary structure of
HBD3 seems to be preformed independently by the presence
of disulfide bridges [18]. The packing of the helical segment
against the B-sheet is primarily constrained by the disulfide
bond between Cys 11 and Cys 40. Nuclear magnetic reso-
nance data suggest that HBD3 in solution forms a symmetri-
cal dimer through strand 2 of the (3-sheet [18]. Such a prop-
erty is confirmed by electrophoretic separation in tricine gels
where, before reduction of the disulfide bonds, the mobility
of HBD3 corresponds to that of a dimer (10 kDa), whereas
after reduction of the disulfide bonds with dithiothreitol the
mobility of HBD3 corresponds at its real molecular weight
(5 kDa) [17, 18]. This observation indicates that cleavage of
the disulfide bonds results in a disruption of the tertiary
structure of HBD3 and the subsequent loss of stable dimers.

It is generally agreed that the antimicrobial activity of -
defensins relys on their ability to bind the bacterial surface
by electrostatic interactions and to insert themselves into the
membrane by hydrophobic interactions [17]. In an attempt to
study the correlation between antimicrobial activity and
structural properties of HBD3, Kliiver ef al. [19] tested the
antibacterial activity of a number of synthetic analogues of
HBD3 differing in length, charge, disulfide connectivity and
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overall hydrophobicity. Interestingly, they observed that pep-
tides with similar secondary structures exhibited significant
variety in their antimicrobial potency, suggesting that the
antimicrobial effects of HBD3 are due to the composition of
the peptide rather than to its spatial arrangement.

HBD3 TISSUE DISTRIBUTION

HBD3 seems to be less widely expressed than other hu-
man B-defensins such as HBD1 and HBD2. Harder and col-
laborators investigated the tissue distribution of HBD3
mRNA expression from various body sites by real-time RT-
PCR and found low or no HBD3 mRNA expression in most
of the analyzed organs including the respiratory, gastrointes-
tinal, and genitourinary tracts [11]. In contrast, the same
Authors detected strong expression of the peptide in skin and
tonsils. Despite the low HBD3 expression in biopsies from
gastrointestinal tract [11], purified epithelial cells of normal
small and large intestine were found to express high level of
HBD3 mRNA [20]. HBD3 mRNA is also expressed in cor-
neal epithelial cells [21] and in human endometrial epithe-
lium, predominantly during the secretory phase of the men-
strual cycle [22]. Analysis of HBD3 mRNA expression has
also been perfomed in oral tissues where the peptide has
been found to be widely expressed [23]. In particular, HBD3
transcripts were detected in the majority of non-inflamed
oral tissues analyzed, including gingiva, tongue, buccal and
labial mucosa, and dental follicles, but not in dental pulp and
only at low frequency in salivary glands [23]. Studies in
primary cell cultures demonstrated that oral keratinocytes,
but not fibroblasts, contain transcripts for HBD3 suggesting
that, similarly to what was observed for HBD1 and -2, ex-
pression of HBD3 is probably restricted to the epithelial
compartment of the oral cavity. Gene expression levels of
HBDI, -2 and 3 mRNAs vary considerably from one indi-
vidual to another, but correlate with each other in the gingi-
val tissues of young children [24]. The wide expression of
HBD3 in oral tissues, together with its coordinated expres-
sion with other defensins at this level, suggest that this pep-
tide might be part of the oral host defense which contributes
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Fig. (1). Ribbon diagram and aminoacidic sequence of HBD3; the three disulfide-bonds are shown in gold. Reproduced from Schibli et al.

[18] with permission.
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to the ecologic balance within the oral cavity, a site regularly
colonized by different microorganisms with pathogenic po-
tential.

In addition to epithelial tissues, Garcia et al. [12] demon-
strated expression of HBD3 in some non-epithelial tissues,
such as neutrophils, heart and skeletal muscle. Despite the
basal expression described by Garcia ef al. in neutrophils,
HBD3 gene was not found to be either expressed or induced
in whole human peripheral blood by Fang ez al. [25].

Although several studies have analyzed HBD3 gene ex-
pression at the mRNA level, only few reports investigated
the expression of the peptide at the protein level. Harder et
al. were able to purify about 10 ug of HBD3 from the super-
natants of 10° cultured primary keratinocytes as well as from
10° A549 lung epithelial cells previously pretreated with
Pseudomonas aeruginosa, indicating that skin keratinocytes
and cells of respiratory tract represent cellular source for
HBD3 in vivo [11]. Very recently, HBD3 was demonstrated
to be present in unstimulated saliva of children by im-
munoblot technique using a polyclonal serum [26]. Although
considerable variation was observed among different indi-
viduals (median 0.31 ug/ml, range from 0 to 6.21 ug/ml), the
detected levels of the peptide are in the range of effective
antimicrobial function, further suggesting a role for HBD3,
alone or in combination with other salivary AP, in the main-
tenance of the oral cavity health.

MODULATION OF HBD3 EXPRESSION

Usually, B-defensin gene expression is considered either
constitutive or inducible. As opposed to HBD1, which was
found to be expressed constitutively in many epithelial tis-
sues, and similarly to HBD2, the mRNA expression of
HBD?3 is regulated by a variety of microbial and host factors
[11]. The contact of keratinocytes or primary tracheal epithe-
lial cells with heat inactivated Gram-negative or Gram-
positive bacteria like P. aeruginosa and Staphylococccus
aureus, respectively, induced HBD3 mRNA [11]. Modula-
tion of B-defensin mRNA was also investigated following
stimulation of primary and/or immortalized oral epithelial
cells with periodontal pathogens such as Actinobacillus acti-
nomycetemcomitans [27] and Porphyromonas gingivalis [28].
Both bacterial species caused an increase in HBD3, but not
HBD?2 gene expression suggesting that HBD2 and HBD3
may have distinct pathways of activation. Ability to up-
regulate HBD3 gene and/or peptide expression was also de-
scribed for Campylobacter jejuni, the most prevalent cause
of bacterial diarrhoea worldwide [29], for rhinovirus-16, a
respiratory virus responsible for the common cold and asso-
ciated with asthma exacerbations [30], and for HIV-1 [31].

In addition to microbial stimuli, 3-defensin expression
may be modulated by inflammatory stimuli or other host
factors [4, 5]. In contrast to HBD2, which is mainly up-
regulated by interleukin 1 beta (IL1-f) and tumor necrosis
factor alfa (TNF-a), HBD3 expression increases particularly
after stimulation with interferon gamma (IFN-y)[12, 32].
Combination of IFN-y with either IL1-f or TNF-a results in
synergistic induction of HBD3 mRNA expression in primary
gingival keratinocytes cultures [32]. In in vitro cultures of
primary endometrial epithelial cells, HBD3 mRNA expres-
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sion is upregulated by treatment with inflammatory mole-
cules including IL1-f plus TNF-a, IFN-y, and phorbol ester
suggesting that, together with other AP found at this level,
HBD3 may participate to the mucosal defense system pre-
sent in the uterus [22]. Other host factors which were found
to induce HBD3 expression include IL-22, a cytokine pro-
duced mainly by activated T and natural killer (NK) cells
[33], and transforming growth factor alfa (TGF-a), alone or
combined with insulin-like growth factor I (IGF-I), two im-
portant growth factors involved in wound healing [34].

Joly et al. [32] recently demonstrated that in addition to
a variable basal expression of f-defensin mRNA among in-
dividuals, the mRNA induction potential of a given f-
defensin may also vary between one subject and an other,
but correlates with its basal expression. This observation
suggests that health at mucosal surfaces is best maintained in
individuals presenting high basal expression levels of the
defensins as these are the individuals who will also have the
potential to produce higher amount of such peptides in the
presence of inflammatory mediators. Some studies on the
analysis of HBD3 expression in pathologic conditions as
compared to healthy tissues seem to support this hypothesis.
For instance, Bissell et al. [35] compared mRNA levels in
gingival health and in periodontal disease and found signifi-
cantly higher levels of HBD3 expression in the healthy tis-
sues compared to the diseased ones. This finding is consis-
tent with a previous study in which HBD3, as well as other
human f-defensins, were found to be expressed at higher
frequency in non-inflamed oral tissues than in inflamed tis-
sues [23]. In Crohn's disease, a deficiency in HBD2 and
HBD3 induction has been hypothesized to contribute to an
impaired mucosal bacterial barrier [36, 37].

Several factors have been proposed to be responsible for
the variable expression/induction patterns of the defensins
observed among different individuals in health and disease.
These include differential responses to inducers, cytokine or
defensin down regulation during infections as part of micro-
bial evasion mechanisms of the host defense [38], host pro-
tease-mediated destruction of defensins [39], genetic poly-
morphism [40] or variable defensin gene copy numbers [41].
The considerable variation among induction levels as well as
the correlation of induction with basal expression [32] sug-
gest that B-defensins may represent innate response elements
which play a key role in susceptibility or resistance to dis-
eases at the epithelial surfaces. If this will be proved to be
true, immunoprophylactic strategies based on exogenous
administration of -defensins in subjects genetically deter-
mined to produce low levels of these peptides, might be con-
sidered in the future.

The signaling pathways involved in regulation of HBD3
expression are not yet well understood. The Janus kinase/
signal transducers and activators of transcription (JAK/STAT)
pathway, the main signaling mechanism for a wide array of
cytokines and growth factors [42], has been demonstrated to
be involved in IFN-y- mediated up-regulation of HBD3 ex-
pression [32]. This finding is compatible with the presence
of a STAT binding site at the 5' genomic sequence of the
HBD3 gene [12] and with the inhibition of HBD3 gene ex-
pression by corticosteroids [43] which are known to inhibit
the cytokine signaling via the JAK/STAT pathways [44].
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In conclusion, the in vivo B-defensin response to infec-
tion/inflammation is likely to be modulated by multiple and
complex regulatory pathways which are at the moment only
partially defined.

BIOLOGICAL FUNCTIONS
(i). Antimicrobial Activity

A number of in vitro studies has demonstrated a marked
antibacterial, antifungal and antiviral activity of HBD3 [45,
46, 47, 48]. Unlike HBD1 and HBD?2, the microbicidal activ-
ity of which is directed predominantly against Gram-
negative bacteria, HBD3 exhibits a broad range of antibacte-
rial activity against both Gram-positive and Gram-negative
bacteria at concentrations much lower than those observed
for other members of the $-defensin family. Table 1 depicts
the minimum bactericidal concentrations (MBCs) of HBD3
against several clinically relevant bacterial strains at date
tested. Although different methods can be used to assess the
ability of peptides to kill bacteria, most of the MBC values
reported in the table have been obtained using a conventional
microdilution method in sodium phosphate buffer (pH=7.4)
[47]. For Gram-negative bacteria, the MBCs range from 1.56
to 16 ug/ml, while for Gram-positive the MBCs range from
0.4 ug/ml to 6.25 ug/ml. HBD3 antibacterial spectrum of
action also includes oral Gram-positive and Gram-negative
bacteria involved in caries or periodontal diseases such as
Streptococcus sobrinus, Lactobacillus acidophilus, Strepto-
coccus mutans, A. actinomycetemcomitans [46, 47, 49]. Among
oral bacteria, S. mutans is the most susceptible to HBD3,
while P. gingivalis is reported to be quite resistant in differ-
ent studies [46, 47, 49]. By using a radial diffusion assay,
Joly et al. evaluated the minimum inhibitory concentrations
(MICs) of HBD3 against a wide collection of oral organisms
[46]. Interestingly, by testing at least three strains within
each species they demonstrated a strain-specific rather than
species-specific activity of HBD3 (and HBD2) against Gram-
negative bacteria associated to periodontal diseases (P. gin-
givalis, A. actinomycetemcomitans), a finding only partially
confirmed by others [49]. The modulation of surface mole-
cules (i.e. degree of lipid A acylation) even within one spe-
cies has been reported to correlate with susceptibility to AP
(50). Slight differences in the composition of surface struc-
tures among strains belonging to the same species may help
to explain the observed strain-specific susceptibility to
HBD3 of oral bacteria. It might be argued that, due to the
wide expression of p-defensins in the oral cavity [24, 35,
51], oral bacteria have evolved a certain extent of structural
variability which allow them to evade the local antimicrobial
host immune response.

Recently, we have tested the bactericidal activity of
HBD3 against several clinical isolates of nosocomial patho-
gens resistant to most classes of antibiotics (multi drug-
resistant, MDR) (Table 1) [48]. Interestingly, HBD3 demon-
strated bactericidal activity towards all clinical isolates tested
(6 strains for every species) at concentrations between 4 and
8 ug/ml, irrespective of the resistance profile exhibited. In
contrast to the strain-to-strain variability of HBD3 activity
observed by Joly et al. against oral bacteria [46], minimal
degree of variation in MBC values of HBD3 was observed
among different strains belonging to the same species [48].
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As reported in Table 1, among the bacterial strains tested
so far, Serratia marcescens exhibits an intermediate suscep-
tibility to HBD3 (MBC 50 pg/ml), while Burkolderia ce-
pacia is resistant to the peptide (MBC>100 ug/ml). Burk-
holderia spp. are known to resist cathelicidins [52], HBD1
and HBD2 and other cationic peptides [53]; the resistance of
Burkolderia spp. to cationic peptides has been suggested to
be in part due to structural peculiarities of the lipopolysac-
charide (LPS) of such bacteria. In particular, cationic substi-
tutions of LPS that produce a reduction in the net negative
charge of the external membrane of the bacterium could im-
pair the affinity of the bacterial surface for positively
charged cationic peptides [45].

Owing to their mechanism of action, antimicrobial cati-
onic peptides exhibit, in general, faster killing kinetics than
conventional antibiotics [2]. In order to assess whether this
was also the case for HBD3, we investigated the killing ki-
netics of the peptide in sodium phosphate buffer against a
number of Gram-positive and Gram-negative species [48].
Interestingly, HBD3 showed a very fast bactericidal activity
against both groups of bacteria, although with slightly differ-
ent kinetics. Infact, the peptide was bactericidal within 1 to 5
min. against Gram-negative species (Pseudomonas aerugi-
nosa, Stenotrophomonas maltophilia, Acinetobacter bau-
mannii) and within 10 to 20 min. against Gram-positive spe-
cies (S. aureus and Enterococcus faecium) indicating a
slower bactericidal mechanism of HBD3 against Gram-
positive than Gram-negative bacteria. This difference in kill-
ing kinetics may be due to structural differences between the
two groups of bacteria, and may indicate that the outer
membrane and the thin periplasmic peptidoglycan layer of
Gram-negative bacteria interfere less with HBD3 activity
than the thicker peptidoglycan layer of Gram-positive mi-
croorganisms.

A number of reports indicate that host proteins with an-
timicrobial activity are able to work in concert in vivo to
enhance their effectiveness in the protection of epitelia and
mucosal surfaces by infections (47, 54, 55). Thus, evaluating
the antimicrobial activity of a single peptide most likely un-
derestimate its potential as an antimicrobial agent in vivo
where synergistic interactions of diverse AP take place.
HBD3 has been reported to exhibit in vitro a synergistic ef-
fect in combination with LL-37, an AP produced by neutro-
phils, and an additive effect in combination with HBD1 and
HBD?2 against S. aureus [56]. Furthermore, the bactericidal
activity of HBD3 is enhanced by the presence of lysozyme
when tested against S. aureus and S. mutans [47, 55]. A syn-
ergistic effect of HBD3 has been described also with com-
monly used antibiotics. Combination of suboptimal doses of
B-lactam antibiotics, such as methicillin, with HBD3 resulted
in a synergistic effect against methicillin sensitive and resis-
tant S. aureus (MSSA, MRSA) [56]. Moreover, HBD3 has
been tested in combination with metronidazole and amoxicil-
lin, two antibiotics largely used in the therapy of periodontal
diseases, or in association with chlorexidine, an oral disin-
fectant [47]. The ability of the peptide to enhance the bacte-
ricidal effect of all three antimicrobial agents was demon-
strated against both periodontal pathogens (4. actinomy-
cetemcomitans and P. gingivalis) and cariogenic species
(S. mutans) [47]. Altogether these findings demonstrate an
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Table 1.  Susceptibility of Clinically Relevant Microorganisms to HBD3

Antimicrobial spectrum Peptide MBC (ng/ml) References
Gram-positive
Staphylococcus aureus 1.56-8 [45, 48]
Staphylococcus epidermidis 1.56 [45]
Streptococcus pneumoniae 6.25 [45]
Streptococcus pyogenes 6.25-12 [45]
Enterococcus faecium 8-10 [48,11]
Streptococcus mutans 2 [47]
Streptococcus sanguis 16 [47]
Streptococcus sobrinus 16 [47]
Lactobacillus acidophylus 8 [47]
Actinomyces naeslundii 4-7* [46]
Actinomyces israelii 10* [46]
Gram-negative
Escherichia coli 0.4 [45]
Pseudomonas aeruginosa 1.56-8 [45, 48]
Pseudomonas putida 6.25 [45]
Stenotrophomonas maltophilia 0.78-8 [45, 48]
Acinetobacter baumannii 0.78-4 [45, 48]
Hemophylus influenzae 7.4% [60]
Burkolderia cepacia >100 [45]
Klebsiella pneumoniae 0.1 [45]
Serratia marcescens 50 [45]
Citrobacter freundii 0.39 [45]
Actinobacillus actinomycetemcomitans 2.5 [47]
Porphyromonas gingivalis 5.7->250% [49,47, 46]
Porphyromonas micros 15.9->250* [49, 46]
Fusobacterium nucleatum 4.5->250* [49, 46]
Fungi
Candida albicans 2.8-7.1% [46]
Candida parapsilosis 1.4-12.4* [46]
Candida glabrata 33.8->250%* [46]
Candida tropicalis 3.3-14.4%* [46]
Candida krusei 2-13.7* [46]

* the values indicate MIC (minimum inhibitory concentration).
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enhanced bactericidal effect of HBD3 when combined with
several antibacterial compounds exerting different mecha-
nisms of action. It can be argued that drugs causing a break-
down of the bacterial cell wall (i.e. amoxicillin, methicillin,
lysozyme) might facilitate the access of HBD3 into the cyto-
plasmic membrane. Such a hypothesis is consistent with the
observation that after exposure to suboptimal concentrations
of methicillin (1/16 MIC), S. aureus cells are more sensitive
to HBD3 than non-treated bacteria [56]. On the other hand,
increased permeability of the outer and/or inner membranes
caused by the peptide could facilitate the entry of antibiotics
with an intracytoplasmic target (i.e. metronidazole, chlorexi-
dine).

Antifungal activity of HBD3 has been described against a
number of Candida spp. [46] (Table 1), although the action
mechanisms and fungal targets of HBD3 are unknown. The
antifungal activity of HBD3 was found to be variable among
strains of the same species and ranged from 1.4 pg/ml to >
250 pg/ml.

The exact mechanism(s) by which defensins exert their
microbicidal activity has yet to be completely clarified. It is
generally agreed that in the early phases of peptide-bacterium
interaction basic aminoacids of the peptides bind to nega-
tively charged molecules exposed on bacterial surfaces such
as teichoic acids of Gram-positive bacteria or lipopolysac-
charides of Gram-negative bacteria [57]. Following such
electrostatic binding, peptides reach the bacterial cell mem-
brane which is their principal target of action. The net nega-
tive charge exhibited by this structure, due to the presence of
phosphatidylethanolamine and phosphatidylglycerol, and the
high transmembrane potential (-140 mV) aid the interaction
between bacterial membrane and AP. The selectivity of AP
for bacterial membranes seems to rely on the high content of
zwitterionic lipids (phosphatidylcholine and sphingomyelin)
of eukaryotic membranes and consequently to a lower num-
ber of negative charges exhibited by the latter as compared
to bacterial membranes [58]. Unlike amphipatic a-helical AP
that cover the membrane in a carpet-like manner and dis-
solve it like a detergent, circumstantial evidence suggest that
defensins interact with bacterial membranes by forming
pores [58, 59]. This ability might derive from the formation
of multimers by monomeric molecules of defensin (HBD3
form naturally dimers), which are electrophoretically driven
into the membrane by the large electrical potential [58].
These channels increase the membrane permeability with
loss of cytoplasmic content and cell death. Despite similari-
ties in the general mechanism of antibacterial action of dif-
ferent p-defensins, experimental data suggest that possible
differences among the (-defensins may also exist. For in-
stance, mutant strains of Haemophilus influenzae for lipid A
acylation (htrB) exhibit a sensitivity to HBD2 greater than
45-fold that of the wild type, while they exhibit similar sen-
sitivity to that of the parental strain to HBD3 [60].

The crucial role of the negative charges on bacterial cy-
toplasmic membrane for the antimicrobial activity of human
defensins, including HBD3, has been demonstrated by the
analysis of S. aureus strains mutant for the mprF, and lysC
genes. These strains have a reduced content of lysyl-phos-
phatidylglycerol in cell membrane and consequently a more

Batoni et al.

negative net charge, and exhibit an increased susceptibility to
HBD3 and/or other defensins [61, 62]. Similarly, a greater
susceptibility to human defensins was observed in S. aureus
mutant strains lacking D-alanine in their teichoic acids, as a
result of which the cells carried an increased negative surface
charge [63]. Moreover, recent work has shown that strains of
Staphylococcus epidermidis mutant for the production of
positively charged extracellular polysaccharides are signifi-
cantly more susceptible to HBD3 than wild-type strains, fur-
ther supporting the crucial role of negative surface charges
for the antimicrobial activity of the peptide [64, 65].

Studies on membrane permeabilization by HBD3 have
been carried out by following the kinetics of hydrolysis of
extracellular chromogenic substrate by cytoplasmic p-gal-
actosidase constitutively produced by recombinant strains of
E. coli and S. aureus [66]. The results obtained have sug-
gested that HBD3 is able to cause poration in membrane, and
that the permeabilization of the cytoplasmic membrane is
slower in Gram-positive than in Gram-negative microorgan-
isms. These findings are in agreement with the killing kinet-
ics of HBD3 that, as reported above, are slower in Gram-
positive than in Gram-negative bacteria [48]. By electronic
microscopy analysis, Harder et al. has revealed structural
damages of cytoplasmic membranes of HBD3-treated S.
aureus [11] further suggesting that bacterial membrane is
one of the main targets for HBD3 antimicrobial activity. In
conclusion, the enhanced antimicrobial potency of HBD3 is
primarily due to the high net positive charge that facilitates
the interaction between the peptide and the negative charged
bacterial surfaces, and, secondly, to the increased capacity to
form dimers in solution, compared with HBD1 and HBD2,
which should enable HBD3 to cause an efficient disruption
of bacterial membranes.

In an attempt to minimize the region necessary for antim-
icrobial activity of HBD3 for therapeutic use, several syn-
thetic analogues of HBD3 of various sizes and with different
disulfide pairing and charges have been tested against Gram-
positive and Gram-negative species and fungi [19, 67, 68].
The antimicrobial activity of HBD3 resulted independent
from its pattern of disulfide pairing and by the presence of
cysteil residues [19, 68]. Moreover, the N-terminal extension
of five aminoacids was not found to influence the antimicro-
bial activity of HBD3 peptides, while peptides corresponding
to the C-terminus, the most basic, showed higher activities
[19, 67]. Kluver et al. have proposed a classification scheme
based upon the hydrophobicity-charge correlation of a num-
ber of HBD3 derivatives, into three groups: (i) peptides with
a low net charge and moderate hydrophobicity are antimi-
crobially inactive; (ii) positively charged peptides with high
hydrophobicity are potent antimicrobial agents although ex-
hibiting cytotoxic effects on eukaryotic cells; (iii) HBD3
derivatives with high net charge and low hydrophobicity are
strong AP causing no significant cytotoxic effects [19].

In addition to their microbicidal activity against bacteria
and fungi, defensins exhibit also antiviral properties against
certain enveloped viruses. HBD3 showed concentration-
dependent inhibition of HIV-1 replication without cellular
toxicity [31]. The inhibitory mechanism was investigated in
details by Quinones-Mateus et al. [31] who demonstrated
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that HBD3 binds directly to virions inducing irreversible
inhibition of HIV replication and also binds to host cells in-
ducing internalization of the CXCR4 chemokine HIV core-
ceptor. Inhibitory effect of HBD3 on HIV infectivity was
also described by Sun et al. [69]. In this case, however, a
decrease in cell proliferation was observed when high doses
of HBD3 were used, leading to the possibility that the antivi-
ral effect of HBD3 can be partially due to an influence on
target-cell proliferation. The -elucidation of the HIV-
inhibitory activity of [-defensins and of their pattern of ex-
pression in the oral mucosa of HIV-negative and HIV-
positive subjects will clarify whether such peptides may also
contribute to protect oral mucosa by infection with such a
virus.

(ii). Proinflammatory Activity

In addition to their antimicrobial effects, defensins have
been shown to modulate a variety of cellular activities in-
cluding chemotaxis of T cells, dendritic cells [70] and mono-
cytes [12, 71], stimulation of epithelial cells and fibroblast
proliferation [72, 73], stimulation of cytokine production
[74, 75, 76], and release of histamine from mast cells [77].
These effects, which typically occur at defensin concentra-
tions much lower than those required for antimicrobial activ-
ity, suggest that defensins may not only participate in the
innate immune response system by virtue of their ability to
kill microbes, but also as regulatory factors. HBD3 was
tested as a potential chemoattractant for monocytes and neu-
trophils [12] and was found to induce migration of mono-
cytes at nanomolar concentrations while it was not active on
neutrophils. Chemotactic activity of human defensins relies
on their ability to attract host cells expressing the appropriate
receptors along a gradient to their site of origin. It has been
demonstrated that, due to their chemokine-like structure, -
defensins may directly bind to and activate the chemokine
receptor CCR6 preferentially expressed by immature den-
tritic cells and memory T cells and that this interaction re-
sults in chemotaxis of these cells [70]. HBD3 attracts human
embryonic kidney cell lines (HEK 293) stably transfected to
express CCR6 [68], suggesting that this molecule is one of
the peptide receptors. As monocytes do not express CCRO,
HBD3 must use at least one additional unidentified receptor
besides CCR6 to attract such cells [78].

By virtue of their ability to recruit cells of both innate
and adaptive immunity, defensins may act as important me-
diators of the in vivo host defense against infection. Never-
theless, when considering the use of defensins as antimicro-
bial agents, concern exists with regard to the potential side
effects associated with their proinflammatory chemotactic
properties which may follow exogenous administration of
therapeutic doses of such peptides. In this regards it is note-
worthy that Wu and collaborators [68] could dissect antimi-
crobial and chemotactic activities of HBD3 by engineering
disulfide bridges of the molecule. They chemically synthe-
sized six topological analogs of HBD3 with predefined disul-
fide connectivities. Unexpectedly, all differently folded
HBD3 species exhibited similar antimicrobial activity against
E. coli, whereas a wide range of chemotactic activities was
observed with these analogs for monocytes and cells trans-
fected by the chemokine receptor CCR6 [68]. Furthermore,
whereas substituition of all cysteine residues by a-amino-
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butyric acid completely abolished the chemotactic activity of
HBD3, the bactericidal activity remained unaffected in the
absence of any disulfide bridge. Interestingly, the linear form
of HBD3 was even more salt-resistant than the folded form
[68], suggesting that abolishment of proinflammatory prop-
erties of HBD3 may probably be achieved without effecting
those distinctive characteristics of the peptide (i.e. strong
antibacterial activity and ability to retain it at physiologic
salt-concentrations) which make it particularly promising as
a new therapeutic agent.

MEDICAL AND CLINICAL APPLICATIONS

Due to the alarming spread of (multi)drug-resistant mi-
croorganisms worldwide, identification of new antibiotics is
urgently needed. In this context, the possible use of natural
AP as new class of antibiotics is taken into increasing con-
sideration [79, 80, 81]. The therapeutic use of several AP is
currently under investigation in animal models, while few
peptides are being tested in clinical trials as topical or sys-
temic antinfective agents [80]. For instance, P-113, a deriva-
tive of histatin, a human salivary peptide, is undergoing a
phase II trial to test its ability to prevent gingivitis by
mouthrinse formulation [82]. A protegrin-1 derivative is in
phase II/IIT clinical testing for prevention of ventilator asso-
ciated pneumonia [79]. Systemic administration of a cationic
protein, produced by human polymorphonuclear leukocytes
(bactericidal/permeability-increasing protein, BPI), has been
tested in a randomized trial as adjunctive treatment for chil-
dren with severe meningococcal sepsis due to its antimicro-
bial and endotoxin neutralizing activities [83]. Other possible
applications of AP currently under investigation include skin
treatment for prevention of catheter-related bloodstream in-
fections, therapy of acute acnes, killing of MRSA in the
nares or treatment of severe sepsis [79, 81, 84].

In this paragraph the distinctive characteristics of HBD3
which rationally justify the design of HBD3-based antimi-
crobial strategies will be summarized (Table 2) and dis-
cussed. First of all, due to peculiar structural properties such
as high positive surface charge and tendency to form dimers
in solution, HBD3 exhibits a stronger and broader spectrum
of antimicrobial activity than many other AP described so
far. Such activity is directed against Gram-positive and
Gram-negative bacteria, including multi-drug resistant iso-
lates involved in nosocomial infections, as well as fungi and
viruses. The ability to synergize with conventional drugs
could be an advantage especially in the treatment of infec-
tions caused by seriously resistant pathogens. Based on in
vitro experimental data [47, 55, 56] one could expect that a
combination of HBD3 with partially active antibiotics in vivo
could lower the bactericidal concentrations of the latter or
even render susceptible antibiotic-resistant strains.

The antibacterial activity of B-defensins is normally sen-
sitive to high (physiologic) salt concentrations. Unlike the
other members of the f-defensin family, HBD3 is relatively
salt-insensitive, i.e. maintains its antimicrobial activity at
physiologic concentrations of NaCl [11, 17]. In particular,
antimicrobial activity of HBD3 against S. aureus and P.
aeruginosa is not affected by NaCl concentrations up to 150
mM, while the peptide is partially inhibited when tested
against E. coli, at NaCl concentrations higher than 50 mM
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Table 2.
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Potential Advantages and Limits of the Use of HBD3 as a New Antimicrobial Agent

Advantages

Limits

- Strong antibacterial activity

- Broad antimicrobial activity spectrum

- Active against multidrug-resistant strains

- Low or no inter-strain variability

- Synergistic with conventional drugs and with other host antimicrobial
proteins

- Spatial arrangement dispensable for antimicrobial activity

- Relatively salt-insensitive

- Low toxicity for host cells

- Possibility to modulate chemotactic activity and/or cytotoxicity without
effecting antimicrobial activity

- Ability to retain antimicrobial activity in biological fluids at concentra-
tions potentially compatible with exogenous administration

- Capacity to induce adaptive immune responses

Partial inhibition by biological fluids

Natural resistance described for a few species
Potential development of acquired resistance
Difficulty in synthesis

[17]. It has been proposed that the relative insensitiveness of
HBD3 to salts might be due to its high net positive charge
which allows the peptide to interact with negatively charged
bacterial surface overcoming, in a competitive manner, the
inhibitory effect of mono/divalent cations [18]. The ability to
maintain antimicrobial activity in the presence of salts may
represent an additional characteristic crucially important in
the case of in vivo administration of the peptide.

An important characteristic of AP is that they may also
exhibit toxic potential on eukaryotic cells, a fact that raises
concern when the use of relatively high doses of such pep-
tides for therapeutic purposes is planned. In contrast to other
AP, HBD3 does not exhibit a significant lytic activity on
human erythrocytes [11]. No cytotoxicity against human
peripheral blood mononuclear cells was also observed at
concentrations up to 40 ug/ml [31], although inhibition of
proliferation of such cells was reported at higher concentra-
tion (100 ng/ml) [69]. Finally, when tested at concentrations
up to 50 ug/ml, no cytotoxic effect of HBD3 was observed
on normal oral epithelial cells and primary culture of gingi-
val fibroblasts [85]. It is generally assumed that the toxic
potential of an AP is connected with the extent of hydropho-
bicity which allows a more efficient interaction with eukary-
otic membranes [58], a fact that has been demonstrated to be
true also for HBD3 [19]. Interestingly, Kluver ez al. [19]
could design HBD3 derivatives with high net charge and low
hydrophobicity which exhibited potent antimicrobial activity
and no significant cytotoxic effects towards eukaryotic cells.
The same Authors also demonstrated that HBD3 toxic prop-
erties are independent on the secondary structure of the pep-
tide in contrast to what observed for the chemotactic activi-
ties that strongly depend on the number and position of di-
sulfide connectivities, as also reported by others [68]. Thus,
it seems likely that playing on structural properties (i.e. ami-
noacid composition, number and posistion of Cys residues
etc.) a wide variety of HBD3-derivatives/analogues may be
designed exhibiting the right balance among antimicrobial
and chemotactic activity, and no toxic potential.

One of the main limits of the use of AP as therapeutic
agents is their possible inhibition by biological fluids (Fig.

2). For this reason, it is of paramount importance to test the
activity of peptides in biological fluids to better assess their
potential ability to remain active also in vivo. Recent studies
were conducted in our laboratory to evaluate the bactericidal
activity of HBD3 against cariogenic Gram-positive (S. mu-
tans) or periodontal Gram-negative pathogens (4. actinomy-
cetemcomitans) in a liquid assay containing saliva and/or
serum [86]. The results obtained demonstrated that, although
partially inhibited, HBD3 retains a rapid bactericidal activity
against S. mutans both in saliva and serum. Interestingly, in
serum alone or in combination with saliva, the peptide was
bactericidal at concentrations four and two times lower, re-
spectively than those observed for chlorhexidine, a com-
monly used oral antiseptic agent. In contrast, HBD3 was
strongly inhibited against A. actinomycetemcomitans in the
presence of saliva, serum or both. The inhibitory effect of
serum on HBD3 activity was also confirmed against a num-
ber of Gram-positive and Gram-negative nosocomial patho-
gens [48]. Like in the case for oral pathogens, a stronger
inhibitory effect of HBD3 activity by serum was observed
against Gram-negative than against Gram-positive bacteria.
The bacterial species tested in both studies exhibited compa-
rable susceptibility to the peptide in sodium phosphate
buffer, but a marked difference in sensitivity in biological
fluids, suggesting that components of serum/saliva may dif-
ferentially interact with the bacterial surfaces of Gram-
positive and Gram-negative bacteria, masking the binding
sites for the peptide. It is noteworthy that, although partially
inhibited, HBD3 was able to exert a bactericidal activity in
biological fluids at concentrations that may potentially be
obtained by local delivery in vivo [87]. Further studies aimed
at the identification of HBD3 derivatives able to retain bacte-
ricidal activity but with low affinity for molecular compo-
nents of biological fluids will help to overcome the partial
inhibition of the peptide observed in such fluids.

Another possible limit to the potential use of AP as novel
agents to prevent or treat infections regards the existence of
microorganisms resistant to their activity [58, 88]. Constitu-
tive mechanisms of resistance rely on inherent properties of
an organism and are normally expressed even in the absence
of peptide exposure. To date, only few bacterial species have
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Fig. (2). Schematic illustration of the main inhibitory mechanisms exerted by biological fluids on antimicrobial activity of cationic AP. The
high salt concentration found in serum, saliva, or other biological fluids may interfere electrostatically with bacteria/AP interaction (a); pro-
teins or lipoproteins of biological fluids may bind to AP, reducing their bioavailability (b’), or to bacterial surface, masking the binding sites
of the peptides (b”); host proteases may digest AP rendering them inactive (c).

been demonstrated to be naturally resistant to HBD3. These
include species belonging to the genus Burkholderia [45]
which are also resistant to HBD1, HBD2, cathelicidins and
polymixin B [52, 53, 89], and to the species Treponema den-
ticola [90]. Our previous studies [47] indicate that among a
number of oral pathogens tested, P. gingivalis is the one ex-
hibiting the lowest susceptibility to HBD3, a finding re-
ported also by others [46, 49]. As this microorganism is
known to produce a wide range of proteases [91] we recently
tested the hypothesis that the relative resistance of P. gin-
givalis to HBD3 is due to its proteolytic activity. Interest-
ingly, we found that stationary-phase culture supernatants of
the microorganism are able to degrade synthetic HBD3
within few minutes of incubation and that such a proteolytic
activity is mainly due to cys-proteases (manuscript in prepa-
ration). Elucidation of the strategies employed by microor-
ganisms to evade antimicrobial host defenses is the prerequi-
site for the rational design of peptide analogues able to over-
come such evasion mechanisms.

Despite the existence of microorganisms naturally resis-
tant to AP, it is generally agreed that, unlike conventional
antibiotics, acquisition of resistance by a sensitive microbial
strain against AP is extremely improbable [2]. This is likely
due to the fact that the main target of AP is the bacterial
membrane and that changing the composition and/or the or-
ganization of its lipids would not be evolutionary advanta-
geous for a microbial species. Nevertheless, the possible rate
of acquisition of AP resistance following their massive in-
troduction in clinical practice is, at the moment, difficult to
establish.

The synthesis of defensins is difficult; the main problems
concern their purification and systemic delivery, which

would be required for in vivo studies. The advent of recom-
binant synthesis technology, which has been successfully
utilized for many peptides [92], including HBD3 [11, 93],
may help to solve the problem of large-scale production at a
relatively low cost. In addition, the observations that HBD3,
in contrast to HBD1 and HBD2, may exist in multiple struc-
turally different yet functionally similar forms [68] and that
the antimicrobial activity of the peptide seems to be inde-
pendent by its spatial arrangement [19], may represent ad-
vantages when choosing the strategy for large-scale prepara-
tion of the peptide.

In conclusion, several characteristics make HBD3 (or its
derivatives) an attractive molecule as a potential anti-infective
agent. In vivo studies to evaluate the therapeutic potential of
HBD3 by local and/or systemic applications are desirable.
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ABBREVIATIONS

AP = Antimicrobial peptides
HBD1 = Human beta defensin 1
HBD2 = Human beta defensin 2
HBD3 = Human beta defensin 3
HBD4 = Human beta defensin 4
HBDS5 = Human beta defensin 5
HBD6 = Human beta defensin 6

IFN-y = Interferon gamma
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IL1-B = Interleukin 1 beta

JAK/STAT = Janus kinase/signal transducers and activa-

tors of transcription

LPS = Lipopolysaccharide

MBC = Minimum bactericidal concentration

MIC = Minimum inhibitory concentration

MRSA = Methicillin resistant Staphylococcus aureus

MSSA = Methicillin sensitive Staphylococcus aureus

TNF-a. = Tumor necrosis factor alfa
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