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Human beta-defensins (hBDs) are crucial peptides for the innate immune response and are thus prime candidates as therapeutic
agents directed against infective diseases. Based on the properties of wild-type hBD1 and hBD3 and of previously synthesized
analogs (1C, 3I, and 3N), we have designed a new analog, 3NI, and investigated its potential as an antimicrobial drug. Specifi-
cally, we evaluated the antimicrobial activities of 3NI versus those of hBD1, hBD3, 1C, 3I, and 3N. Our results show that 3NI ex-
erted greater antibacterial activity against Pseudomonas aeruginosa, Escherichia coli, and Enterococcus faecalis than did hBD1
and hBD3, even with elevated salt concentrations. Moreover, its antiviral activity against herpes simplex virus 1 was greater than
that of hBD1 and similar to that of hBD3. Subsequently, we investigated the cytotoxic effects of all peptides in three human epi-
thelial carcinoma cell lines: A549 from lung, CaCo-2 from colon, and Capan-1 from pancreas. None of the analogs significantly
reduced cell viability versus wild-type hBD1 and hBD3. They did not induce genotoxicity or cause an increase in the number of
apoptotic cells. Using confocal microscopy, we also investigated the localization of the peptides during their incubation with
epithelial cells and found that they were distributed on the cell surface, from which they were internalized. Finally, we show that
hBD1 and hBD3 are characterized by high resistance to serum degradation. In conclusion, the new analog 3NI seems to be a
promising anti-infective agent, particularly given its high salt resistance—a feature that is relevant in diseases such as cystic
fibrosis.

Innate immunity, which is the first line of defense against patho-
gens, is attracting interest consequent to increasing antibiotic

resistance. Short antimicrobial peptides, including defensins, are
key components of the innate immune system (1). Human beta-
defensins (hBDs) are cationic cysteine-rich molecules with a
three-dimensional structure stabilized by three disulfide bridges
(2–4). They exert a broad spectrum of antimicrobial activity
against Gram-positive and Gram-negative bacteria, fungi, and en-
veloped viruses (5–7). Although the role played by hBDs in anti-
microbial reactions has been well established (6, 7), the intracel-
lular molecular mechanisms have not been fully elucidated. hBD
analogs that differ in structural characteristics from the wild-type
peptides appear to preserve their antimicrobial activities (8–10).
This finding prompted a race to design hBD analogs potentially
endowed with therapeutic properties (9, 11–21).

In this scenario, we focused on hBD1 and hBD3. hBD1 is consti-
tutively expressed and not upregulated during infection or inflamma-
tion, and its antibacterial activity is impaired at high NaCl concentra-
tions (22–24); hBD3 is upregulated during infection and
inflammation and is less sensitive to high salt concentrations (25–28).
In a previous study, we synthesized hBD1 and hBD3 analogs (1C, 3I,
and 3N) that maintained antimicrobial activities at salt concentra-
tions approaching those found in the lung fluid of patients with cystic
fibrosis (9). We also found that the charged C-terminal domain of
hBD3 (RRKK) and the internal domain of hBD1 (PIFTKIQGT) are
crucial for the activities of defensins and that deletion of six residues at
the hBD3 N terminus did not reduce the activity (9).

Based on these findings, we designed a new chimeric molecule,
3NI, that might have enhanced antimicrobial effects and salt re-
sistance. To evaluate the therapeutic potential of such molecules,
we investigated the effects of wild-type hBD1 and hBD3, of ana-
logs 1C, 3I, and 3N, and of the new analog (3NI) on cell viability,
apoptosis, and DNA status in three human epithelial cell lines, i.e.,
lung carcinoma (A549), colon carcinoma (CaCo-2), and pancreas
adenocarcinoma (Capan-1), exposed to Pseudomonas aeruginosa,
Escherichia coli, Enterococcus faecalis, and herpes simplex virus 1
(HSV-1), which are the most frequent causes of infections. Lastly,
using confocal microscopy, we evaluated the interactions of these
peptides with cells to determine their cellular fates.

MATERIALS AND METHODS
Synthesis and NBD labeling of peptides. Peptides were synthesized using
the standard solid-phase 9-fluorenylmethoxy carbonyl (Fmoc) method
(9). Resin-bound peptides were labeled as reported elsewhere (29).

Received 8 August 2012 Returned for modification 14 September 2012
Accepted 13 January 2013

Published ahead of print 28 January 2013

Address correspondence to Francesco Salvatore, salvator@unina.it.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.00934-12

The authors have paid a fee to allow immediate free access to this article.

April 2013 Volume 57 Number 4 Antimicrobial Agents and Chemotherapy p. 1701–1708 aac.asm.org 1701

http://dx.doi.org/10.1128/AAC.00934-12
http://aac.asm.org


Briefly, 30 to 70 mg of resin-bound peptide (10 to 25 �mol) was treated
with piperidine in dimethylformamide (DMF) to remove the Fmoc-pro-
tecting group of the peptide’s N-terminal amino acid. The resin-bound
peptide was reacted with 4-chloro-7-nitrobenz-2-oxa-1,3-diazole (NBD-
Cl) in DMF (3 to 4 eq). After 24 h, peptides were washed with methylene
chloride, cleaved from the resin, and purified as reported for the unlabeled
peptides (9). This procedure generated a major product with an NBD
moiety attached to the peptide’s N-terminal amino group. Its identity was
confirmed by liquid chromatography-mass spectrometry.

Antibacterial activity assay. CFU assays of the antibacterial activities
of hBDs against P. aeruginosa (ATCC 27853; American Type Culture Col-
lection, Manassas, VA), E. coli (ATCC 25922), and E. faecalis (ATCC
29212) were performed. The strains were grown under aerobic conditions
in tryptic soy broth (Difco Laboratories, Detroit, MI) at 37°C and were
incubated with hBDs for 2 h at 37°C. We used two concentrations of
peptides (2.5 �M and 12.5 �M). For the salt dependence assay, 0, 50, 100,
and 200 mM concentrations of NaCl were included in the incubation
buffer, as described previously (9). Each assay was performed in triplicate.
The MIC of the new molecule 3NI was determined with a modified
version of the broth microdilution assay of the Clinical and Laboratory
Standards Institute using a final inoculum concentration of 105 CFU/
ml. The peptide concentrations were 100.0, 50.0, 25.0, 12.5, 6.25, 3.12,
and 1.56 �M.

Antiviral activity assay. Vero cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Sigma-Aldrich, MO) supplemented
with 10% fetal bovine serum (FBS). HSV-1 carrying a lacZ gene driven
by the cytomegalovirus IE-1 promoter to express beta-galactosidase
was propagated as described elsewhere (9). Experiments were con-
ducted in parallel with no-peptide controls. The inhibitory effects of
wild-type hBD1 and hBD3 and their analogs on HSV-1 infectivity were
assessed by incubating cell monolayers with increasing peptide con-
centrations (1.5, 10.0, 20.0, 50.0, 100.0, and 250.0 �M) and with the
viral inoculum for 45 min at 37°C. Experiments were performed in
triplicate, and the percentages of inhibition were calculated with re-
spect to the no-peptide control experiments.

Cell culture. A549, CaCo-2, and Capan-1 cells were from the Bank of
Human and Animal Continuous Cell Lines (CEINGE-Biotecnologie
Avanzate, Naples, Italy). A549 and CaCo-2 cells were grown in 90%
DMEM (Sigma-Aldrich) supplemented with 10% FBS (Lonza, Basel,
Switzerland) and 1% L-glutamine (Sigma-Aldrich). Capan-1 cells were
grown in 80% RPMI 1640 medium (Sigma-Aldrich) supplemented with
20% FBS (Lonza, Basel, Switzerland) and 1% L-glutamine (Sigma-Al-
drich). The cells were grown as a monolayer in a flask at 37°C in 5% CO2.

MTT test: viability assay. A549, CaCo-2, and Capan-1 cells were
plated in triplicate at 4 � 104 cells/ml in a 96-well plate for 24 h. Cell
viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) (Sigma-Aldrich) assay. The next day, cells
were incubated with and without 2.5, 12.5, or 25.0 �M wild-type hBD1, or
hBD3, analog 1C, 3N, or 3NI for 0, 4, 8, 12, 16, 20, 24, 48, and 72 h, or
analog 3I for 0, 4, 8, 24, 48, and 72 h. Then, all wells were treated with 20
�l 1:10-diluted MTT stock solution (5 mg/ml), mixed, and incubated at
37°C in a humidified incubator (5% CO2) for 4 h; 200 �l dimethyl sulfox-
ide was added to each well to dissolve the purple formazan, and absor-
bance was measured at 550 nm. The viability index of untreated cells was
compared to that of the negative control (cells plus medium). Experi-
ments were performed in triplicate. Cells incubated with medium alone
represented 100% viability.

Annexin V assay: apoptosis assay. A549, CaCo-2, and Capan-1 cells
were plated at 1 � 105 cells/ml in a 24-well plate and left to attach for 24 h.
The next day, cells were exposed to 2.5, 12.5, or 25.0 �M wild-type hBD1
or hBD3 or analog 1C, 3I, 3N, or 3NI for 24, 48, and 72 h. Harvested
washed cells were resuspended at 1 � 105 cells/ml. Cells were centrifuged
(5 min at 1,300 rpm), resuspended in 100 �l annexin V binding buffer
(1�; Becton, Dickinson), 5 �l annexin V-fluorescein isothiocyanate
(FITC) (Becton, Dickinson), and 5 �l propidium iodide (PI), and stained

for 15 min at room temperature. Four hundred microliters of annexin V
binding buffer was added before acquisition. Cells not stained with PI and
annexin V-FITC were deemed to be live cells; PI-negative annexin V-
FITC-positive cells were deemed to be in early apoptosis. Experiments
were performed in triplicate.

Comet assay: single-cell gel electrophoresis. DNA breakage was eval-
uated using a comet assay kit (Trevigen, MD). Three independently re-
produced experiments were performed for each cell line. To determine
DNA strand breakage, A549, CaCo-2, and Capan-1 cells were plated at
1 � 105 cells/ml in a 24-well plate and left to attach for 24 h. The next day,
cells were exposed to two concentrations (2.5 and 12.5 �M) of wild-type
hBD1 or hBD3 or analog 1C, 3I, 3N, or 3NI for 4 and 24 h. Comet slides
were stained with diluted SYBR green and examined under an automated
robotic epifluorescence microscope with an excitation filter (510 to 550
nm). One hundred cells were analyzed per slide. Experiments were per-
formed in triplicate. As positive controls, we treated A549, CaCo-2, and
Capan-1 cells with 250 �M H2O2 for 30 min and 60 �M etoposide for 1 h.
Untreated cells served as negative controls.

Confocal microscopy. A549 and CaCo-2 cells were seeded at 25%
confluence in 6-well chambers (Ibidi GmbH, Martinsried, Germany).
They were incubated with 15 �M concentrations of each NBD-labeled
peptide and 1 �M FM4-64FX for 10 min at 37°C in 5% CO2 (“pulse”);
defensin-containing medium was then replaced with fresh growth me-
dium (“chase”), and cells were incubated at 37°C in 5% CO2 for 0 min and
2 h. After this chase, cells were fixed with 3.7% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS), permeabilized with PBS– 0.1% Tri-
ton X-100 for 10 min at room temperature, and blocked with 1% bovine
serum albumin (BSA) in PBS for 30 min. Cells were mildly prefixed with
1.8% PFA in PBS (2 min at room temperature); cells stained with FM4-
64FX and incubated with NBD-hBDs were observed after 10 min and 2 h
with an LSM 510 Meta confocal microscope (Carl Zeiss, Jena, Germany),
equipped with a Plan Apo 63� objective (1.4 numerical aperture), at the
following settings: green channel to detect NBD, excitation with a 488-nm
argon laser, 505- to 550-nm emission band-pass filter, and red channel to
detect FM4-64FX, excitation with a 543-nm helium/neon laser, 560- to
700-nm emission band-pass filter (using the meta monochromator).

Serum stability. The serum stability of defensins was assessed at 0, 0.5,
1, 2, 4, 6, 8, 24, and 48 h as reported (30). Supernatants were injected into
a reverse-phase high-performance liquid chromatography (HPLC) col-
umn (Applied Biosystems, CA). Components were separated using a Ju-
piter C18 microanalytical column (5-�m particle size, 300-Å pore size, 2
mm by 250 mm) (Phenomenex, Aschaffenburg, Germany) with a linear
gradient of 20 to 60% acetonitrile in acidified water (0.1% trifluoroacetic
acid [TFA]) over 30 min. To examine peptide cleavage in serum, HPLC
fractions were analyzed by matrix-assisted laser desorption ionization
(MALDI) mass spectrometry (Voyager DE-STR; Applied Biosystems).
Briefly, a sinapinic acid (Sigma-Aldrich) matrix solution of 10 mg/ml in
acetonitrile (ACN)-H2O with 0.1% TFA (70:30) was placed on a MALDI
target (1 �l), mixed with equal amounts of sample, placed on top of the
seed layer, and allowed to dry. The MALDI-time of flight mass spectrom-

FIG 1 Sequence alignments of wild-type hBD1 and hBD3, the analogs 1C, 3I,
and 3N, and the novel analog 3NI. The segments of sequences derived from
hBD1 are shown in red, and those derived from hBD3 are shown in blue. The
sequence of 3NI is KYYCRVRGGRCAVLSCPIFTKIQGTCSTRGRKCCR
RKK, with a net charge of �12.
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FIG 2 The novel 3NI analog has enhanced antibacterial activity, particularly against P. aeruginosa, in comparison to the wild-type peptides. The antibacterial
activities of wild-type hBD1 and hBD3, the analogs 1C, 3I, and 3N, and the novel analog 3NI were tested at two concentrations (2.5 and 12.5 �M) against P.
aeruginosa (A), E. coli (B), and E. faecalis (C) with 0, 50, 100, and 200 mM NaCl. Error bars show the standard deviations (SDs) from three independent
experiments.
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eter was operated in the linear mode and calibrated externally using a
protein mixture of insulin, myoglobin, and cytochrome c.

RESULTS
Design and synthesis of the novel peptide 3NI. Based on our
previous results (9) and to maximize antimicrobial activity, we
designed and synthesized a novel chimeric molecule, 3NI, which is
an hBD3 analog without the N-terminal hBD3 domain and with
the internal domain of hBD1 (Fig. 1). The 3NI sequence is KYYC
RVRGGRCAVLSCPIFTKIQGTCSTRGRKCCRRKK, with a net
charge of �12. Figure 1 shows schematically the hBD1 and hBD3
sequences and their domains in the chimeric peptide.

Antibacterial and antiviral activities of the novel 3NI analog
and the wild-type hBDs. To evaluate the antibacterial activity of
the new analog 3NI versus those of peptides hBD1, hBD3, 1C, 3I,
and 3N (9), we tested two concentrations of each peptide (2.5 and
12.5 �M) and four concentrations of NaCl (0, 50, 100, and 200
mM) against P. aeruginosa, E. coli, and E. faecalis. At 2.5 �M, 3NI
exerted good antibacterial activity against P. aeruginosa up to a
concentration of 100 mM NaCl; at 12.5 �M, it was active up to 200
mM NaCl (Fig. 2A). Interestingly, the antibacterial activity of 3NI

against E. coli started at concentrations as low as 2.5 �M in the
presence of up to 200 mM NaCl (Fig. 2B). It was similarly active
against E. faecalis and P. aeruginosa, although it was more effective
than hBD3 at 2.5 �M in the presence of the two highest salt con-
centrations (Fig. 2C). Its MICs ranged between 12.5 and 25.0 �M
for the three microorganisms. All peptides exerted strong antibac-
terial effects at 12.5 �M against P. aeruginosa, E. coli, and E. faeca-
lis. To evaluate anti-HSV-1 activity, we tested all peptides at 1.5,
20.0, 50.0, 100.0, and 250.0 �M and found that analog 3NI and
hBD3 (both at 50 �M) inhibited HSV-1 infectivity (Fig. 3). Wild-
type hBD1 and the previously synthesized analogs were much less
effective.

Cytotoxicities of wild-type hBD1 and hBD3, analogs 1C, 3N,
and 3I, and the novel 3NI analog in A549, CaCo-2, and Capan-1
cells. The MTT test was performed on A549, CaCo-2, and Ca-
pan-1 cells to evaluate the cytotoxic effects of wild-type hBD1 and
hBD3 and the analogs 1C, 3N, 3I, and 3NI at concentrations of 2.5,
12.5, and 25.0 �M. Exposure times were 4, 8, 12, 16, 20, 24, 48, and
72 h, except for 3I, for which the exposure times were 4, 8, 24, 48,
and 72 h. Because similar results were obtained in the three cell
lines and no significant differences were observed at the first five
time points, here we report the findings obtained with CaCo-2
cells at 24, 48, and 72 h. Figure 4 shows the percent viability of
CaCo-2 cells exposed to the peptides at concentrations of 2.5, 12.5,
and 25.0 �M (Fig. 4A to C, respectively). With all peptides at all
concentrations used, cell viability was only slightly reduced after
24 h (2 to 10%), whereas it was reduced by about 15% after 48 h
and 72 h. However, with all peptides under all conditions tested,
the reductions in cell viability never exceeded 15%. These experi-
ments show that wild-type hBDs and their analogs do not induce
relevant cytotoxic effects in vitro.

We next evaluated whether the wild-type peptides and the an-
alogs 1C, 3I, 3N, and 3NI damaged DNA in the A549, CaCo-2, and
Capan-1 cell lines. Comet assays with the three cell lines after 4 h
and 24 h of exposure to the peptides at concentrations of 2.5 and
12.5 �M showed lack of DNA damage in all three cell lines (data
not shown). We then carried out flow-cytometric analyses of A549
(Table 1), CaCo-2 (Table 2), and Capan-1 (Table 3) cells to eval-
uate the apoptotic effects of wild-type hBD1 and hBD3 and their

FIG 3 The novel 3NI analog greatly reduces HSV-1 infectivity. The antiviral
activities of wild-type hBD1 and hBD3 and the analogs 1C, 3I, 3N, and 3NI
were tested against HSV-1 at a concentration of 20.0 �M. Error bars show the
SDs from three independent experiments.

FIG 4 Wild-type hBD1 and hBD3, the 1C, 3I, and 3N analogs, and the novel 3NI analog do not affect cell viability. The peptides were used for the MTT test at
three concentrations, 2.5 �M (A), 12.5 �M (B), and 25.0 �M (C), with CaCo-2 cells. The data are expressed as the means � standard errors of three independent
experiments. Similar results were obtained with A549 and Capan-1 cells.
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analogs at concentrations of 2.5, 12.5, and 25.0 �M; the exposure
times were 24, 48, and 72 h. The numbers of apoptotic cells did not
differ between the peptide-treated and untreated cell lines, al-
though the difference increased in Capan-1 cells treated with 25.0
�M 3NI for 72 h.

Wild-type hBD1 and hBD3, analogs 1C, 3N, and 3I, and the
novel 3NI analog actively enter cells after localization on the
plasma membrane. To determine whether hBDs and their ana-
logs interact with eukaryotic cells, we investigated the localization
of NBD-labeled wild-type hBD1 and hBD3 and analogs 1C, 3I,
3N, and 3NI in A549 and CaCo-2 cells. As all of the NBD-labeled
peptides displayed comparable behavior in time course experi-
ments in the two cell lines, we report the results obtained with
NBD-hBD3 and NBD-3NI in A549 cells. In these experiments, we
incubated live cells with the lipophilic probe FM4-64FX and the
NBD-labeled peptides for 10 min (pulse), and then we added fresh
medium at 37°C for 0 min (Fig. 5A) and for 2 h (chase) (Fig. 5B) to
monitor the distribution of NBD-hBD3 and NBD-3NI on the
plasma membrane and within cells, respectively. We found that
the NBD-labeled peptides colocalized with FM4-64FX at both
times. These data indicate that peptides bind to the plasma mem-
brane and suggest that the peptides enter the cells via an endocy-
tosis-mediated mechanism. To distinguish between active and
passive mechanisms of internalization, we carried out experi-
ments with mild prefixation of cells (see Materials and Methods).
Within 10 min, NBD-hBD3, NBD-3NI, and FM4-64X localized
on the plasma membrane (data not shown), where they remained
for at least 2 h (Fig. 5C).

Serum stability. The experiments conducted to evaluate the

serum stability of hBD1 and hBD3 showed that hBD1 was quite
stable (80% intact even after 48 h of incubation), whereas hBD3
was susceptible to serum degradation. In fact, only 50% of the
peptide was intact after 4 h and up to 24 h of incubation, and 20%
was intact at 48 h. hBD3 peptide degradation started at the C
terminus (-RKK), as detected by mass spectrometric analysis,
which suggests that degradation is mediated by a carboxypepti-
dase.

DISCUSSION

Because of their antimicrobial and chemotactic activities, hBD1
and hBD3 may be exploited in the quest for new therapeutic mol-
ecules to fight infections (4, 31). The main differences between
hBD1 and hBD3 lie in the N and C termini and in the internal
domain between the third and fourth Cys residues (3, 8). The
positively charged C-terminal region in hBD3 is packed against
the internal domain, which contains two positive residues,
whereas the internal domain of hBD1 contains one positive resi-
due (8, 9). The internal domain of hBD1 and the C-terminal do-
main of hBD3 are fundamental for antimicrobial and chemotactic
activities, and the disordered N-terminal domain of hBD3 is not
necessary for this activity (9, 20). Therefore, we designed and syn-
thesized a new molecule (3NI) that lacks the N-terminal domain
of hBD3 and contains the internal domain of hBD1 between the
third and fourth cysteine residues. Given the evidence that the
antimicrobial properties of hBDs depend largely on the overall
charge, we created the 3NI peptide considering that (i) the C-ter-
minal domain (8 amino acids) of hBD3 has more positive charges
(net charge, �6) than the C-terminal domain (5 amino acids) of

TABLE 2 Effects of wild-type peptides (hBD1 and hBD3) and analog peptides (1C, 3I, 3N, and 3NI) on CaCo-2 cell apoptosisa

Peptide

% of apoptotic cells

24-h incubation 48-h incubation 72-h incubation

2.5 �M 12.5 �M 25.0 �M 2.5 �M 12.5 �M 25.0 �M 2.5 �M 12.5 �M 25.0 �M

Negative control 4.2 4.2 4.2 6.6 6.6 6.6 6.3 6.3 6.3
hBD1 7.1 10.3 9.6 6.1 6.2 7 8.2 7.5 4.1
hBD3 12.6 12.8 20.8 8.7 6 34.1 9.2 7.6 9.8
1C 9 12.3 11.7 7.8 13.6 20.6 5.2 10.9 8
3I 6.1 6.8 7.0 5.8 6.2 7.1 5.3 6.1 7.2
3N 8.2 12.3 12.9 10.8 10.3 10.1 6 5.9 9.1
3NI 6.6 9.2 14.3 7.5 6.2 14.2 7.3 6.3 6.2
a Cells were incubated for 24, 48, or 72 h with all peptides at concentrations of: 2.5, 12.5, and 25.0 �M. Data are expressed as a percentage of apoptotic cells after the subtraction of
negative control values (untreated cells). No synthetic peptide significantly increased apoptosis versus the negative control. Experiments were performed in triplicate.

TABLE 1 Effects of wild-type peptides (hBD1 and hBD3) and analog peptides (1C, 3I, 3N, and 3NI) on A549 cell apoptosisa

Peptide

% of apoptotic cells

24-h incubation 48-h incubation 72-h incubation

2.5 �M 12.5 �M 25.0 �M 2.5 �M 12.5 �M 25.0 �M 2.5 �M 12.5 �M 25.0 �M

Negative control 1.2 1.2 1.2 1.4 1.4 1.4 2.3 2.3 2.3
hBD1 2 2.2 2.7 1.4 2.2 2.1 0.8 1 0.9
hBD3 3.6 2.9 4.5 1.5 2.2 3.6 0.8 2 3.7
1C 2.2 1.7 2.3 3.2 2.5 2.9 1.6 1.6 1.2
3I 1.8 1.8 2.0 2.8 2.9 3.0 1.8 2 2.5
3N 2.2 1.6 3.4 4.2 3.3 4.8 1.3 2.1 1.5
3NI 1.9 1.8 1.1 4.7 5.7 14.3 2 2.2 2.7
a Cells were incubated for 24, 48, or 72 h with all peptides at concentrations of 2.5, 12.5, and 25.0 �M. Data are expressed as a percentage of apoptotic cells after the subtraction of
negative control values (untreated cells). No synthetic peptide significantly increased apoptosis versus the negative control. Experiments were performed in triplicate.

Antimicrobial Activity without Toxicity of hBD Analogs
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hBD1 (net charge, �2), (ii) hBD1 has one lysine residue, whereas
hBD3 has two glutamine and two lysine residues at the C termi-
nus, and (iii) the charged residues in the internal domain between
the third and fourth cysteine residues differ between hBD1 (net
charge, �1) and hBD3 (net charge, �2). The resulting peptide,
like the previously designed analogs (1C, 3I, and 3N), has a higher
net positive charge than hBD1 (3NI, �12; 1C, �8; 3I, �12; 3N,
�11). Given these structural and charge features, 3NI would the-
oretically possess greater antimicrobial power under both “phys-
iological” and high-salt concentrations.

Our finding that 3NI exerts relevant antibacterial activity, also
in the presence of high salt concentrations, against P. aeruginosa,
E. coli, and E. faecalis confirms that the C terminus of hBD3 and
the internal domain of hBD1 are crucial for antibacterial activity
(8, 9). The antimicrobial activity of the new peptide was higher
than those of wild-type hBD1 and hBD3 and comparable to those
of analogs 1C, 3N, and 3I. Interestingly, 3NI maintained enhanced
killing activity under high-salt conditions (up to 200 mM NaCl).
Bacterial infections, particularly chronic P. aeruginosa lung infec-

tions, are the major cause of morbidity and mortality associated
with cystic and noncystic fibrosis. In addition, P. aeruginosa is
responsible for bacterial biofilm formation, which causes up to
80% of infections that are very difficult to treat and eradicate (13).
Thus, 3NI is particularly promising for the treatment of recurrent
infections in cystic fibrosis patients. The anti-HSV-1 activity of
3NI resembled that of hBD3. In fact, at 50 �M, it reduced infec-
tivity by 99%, in accordance with HIV studies (12, 25, 31).

Given the antimicrobial efficacy of wild-type defensins and
their analogs, we investigated whether these peptides exerted cy-
totoxic effects on the human epithelial cell lines A549, CaCo-2,
and Capan-1, which normally express beta-defensins. Exposure of
the cells to the wild-type and chimeric peptides for up to 48 h did
not affect cell viability or apoptosis, and it was not genotoxic. A
small decrease in cell viability (about 20%) and a small increase in
apoptosis (2 to 31%) occurred after 72 h. However, these effects
were greatest at 25 �M, which is twice as high as the concentration
at which these peptides exert antibacterial effects. Interestingly, in
terms of apoptosis, CaCo-2 cells were less sensitive to the peptides

TABLE 3 Effects of wild-type peptides (hBD1 and hBD3) and analog peptides (1C, 3I, 3N, and3NI) on Capan-1 cell apoptosisa

Peptide

% of apoptotic cells

24-h incubation 48-h incubation 72-h incubation

2.5 �M 12.5 �M 25.0 �M 2.5 �M 12.5 �M 25.0 �M 2.5 �M 12.5 �M 25.0 �M

Negative control 15.2 15.2 15.2 10.2 10.2 10.2 19.6 19.6 19.6
hBD1 14.4 12.6 12.9 17.8 11.3 10.7 15.1 8.1 17.2
hBD3 14 8.3 9.2 10.9 14.8 18.7 10.8 15.9 26.2
1C 9.2 12.3 14 16.1 16.2 16.2 21 18 22
3I 7.0 7.3 8.1 9.2 10.3 11.4 15.2 16.8 17.6
3N 8.4 7.4 16.7 14.7 12.5 11.2 12.8 25.2 22.3
3NI 10.7 15.5 13.1 15.4 16.9 23.4 25.6 24.5 31.8
a Cells were incubated for 24, 48, and 72 h with all peptides at concentrations of 2.5, 12.5, and 25.0 �M. Data are expressed as a percentage of apoptotic cells after the subtraction of
negative control values (untreated cells). No synthetic peptide significantly increased apoptosis versus the negative control. Experiments were performed in triplicate.

FIG 5 Wild-type hBD3 and the new analog 3NI, as examples of all of the peptides studied, interact with and enter cells after localization on the plasma
membrane. (A and B) A549 cells were treated with NBD-hBD3 or NBD-3NI and a plasma membrane/endocytic marker (FM4-64FX) for 10 min (A) and then
were incubated with fresh medium for 2 h (B). (C) A549 cells were subjected to mild prefixation to block active mechanisms of internalization and were incubated
with NBD-hBD3 or NBD-3NI and FM4-64FX for 2 h. Similar results were obtained with the other peptides. Scale bars, 10 �m. Images represent single
1-�m-thick optical slices. hBD3 and 3NI are green, and FM4-64FX is red; colocalizing regions appear orange-yellow in the overlay image. Three independent
experiments were performed, and images were acquired from at least 100 cells per experiment.
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than were the other two cell lines, whereas Capan-1 cells were
more sensitive to the peptides. It is noteworthy that the Capan-1
cell line lends itself to investigations of human pancreatic pro-
cesses because its three-dimensional structure resembles that
of human pancreatic ducts (32). In particular, the sensitivity of
Capan-1 cells to the peptides may be due to their morpholog-
ical and structural features. In fact, Capan-1 cells are organized
in empty spheroids whose three-dimensional structure resem-
bles that of human pancreatic duct cells; hence, they represent
a good model for studies of Cl� and HCO3

� ion exchange
processes typical of the human pancreas (32). Taken together,
our findings suggest that different epithelial districts respond
differently to hBDs.

Confocal microscopy confirmed that these peptides are not
toxic to the cell lines tested, at least not with up to 2 h of treatment.
In fact, they localize on the cell surface and are internalized by the
cells by an active mechanism(s). The toxicity-free internalization
of defensins indicates that internalization may mediate the antivi-
ral effect of these molecules. Further endocytosis-based assays are
required to identify the pathways governing peptide internaliza-
tion.

It is noteworthy that hBD1 and hBD3 are characterized by
high resistance to serum degradation (80% and 50% intact
peptide after 48 h, respectively). Moreover, we found that deg-
radation starts at the C terminus and ends at the first cysteine
residue, suggesting that proteolysis is probably prevented by
the presence of a disulfide bond. In conclusion, our results
show that the tested analogs, including the new 3NI analog, are
not toxic and might have therapeutic potential due to their
intrinsic structural features. Further studies are required to
better understand the roles of defensins and their analogs in
primary cells and animal models.
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