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Temporins A and B Stimulate Migration of HaCaT Keratinocytes and
Kill Intracellular Staphylococcus aureus
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The growing number of microbial pathogens resistant to available antibiotics is a serious threat to human life. Among them is
the bacterium Staphylococcus aureus, which colonizes keratinocytes, the most abundant cell type in the epidermis. Its intracellu-
lar accumulation complicates treatments against resulting infections, mainly due to the limited diffusion of conventional drugs
into the cells. Temporins A (Ta) and B (Tb) are short frog skin antimicrobial peptides (AMPs). Despite extensive studies regard-
ing their antimicrobial activity, very little is known about their activity on infected cells or involvement in various immuno-
modulatory functions. Here we show that Tb kills both ATCC-derived and multidrug-resistant clinical isolates of S. aureus
within infected HaCaT keratinocytes (80% and 40% bacterial mortality, respectively) at a nontoxic concentration, i.e., 16 pM,
whereas a weaker effect is displayed by Ta. Furthermore, the peptides prevent killing of keratinocytes by the invading bacteria.
Further studies revealed that both temporins promote wound healing in a monolayer of HaCaT cells, with front speed migra-
tions of 19 pm/h and 12 pm/h for Ta and Tb, respectively. Migration is inhibited by mitomycin C and involves the epidermal
growth factor receptor (EGFR) signaling pathway. Finally, confocal fluorescence microscopy indicated that the peptides diffuse
into the cells. By combining antibacterial and wound-healing activities, Ta and Tb may act as multifunctional mediators of in-
nate immunity in humans. Particularly, their nonendogenous origin may reduce microbial resistance to them as well as the risk
of autoimmune diseases in mammals.

he emergence of a variety of microorganisms resistant to con-  phibian AMPs are synthesized by dermal glands and stored within

ventional drugs, particularly in hospital settings, has becomea  granules that are released by a holocrine-type mechanism upon
global health problem in recent years. This hasled to the search for  stress or physical injury (27-29). Ta and Tb are short (13 residues
novel anti-infection compounds with new modes of action (1-3).  long), linear, and mildly cationic (net charge, +3 at neutral pH)
Ribosomally made antimicrobial peptides (AMPs), which are ~ AMPs particularly active against Gram-positive bacteria and
produced by almost all living species from unicellular to pluricel-  Lejshmania parasites (30). They both adopt an a-helical confor-
lular organisms (both plants and animals), are currently consid-  ationina membrane-mimicking environment (31-33); they are
ered a potential source for the development of new antibiotics  ,pJe to perturb the membrane of microbial cells (34), and in con-
(4-11). Most of them are small cationic molecules (<10 kDa) with ..t with the highly cytotoxic isoform temporin L (35), Taand Tb
diverse sequences and structures and a strong activity againsta ., practically nonhemolytic up to concentrations (i.e., 12 pM

vast number of microbial pathogens (8, 12). They represent key 435 1M, respectively) 5-fold higher than their MICs against
factors of the innate immune system (13), and many of them Gram-positive bacteria (34, 36)

display, among other p roperties, a direct antlmlcrobla‘l actvity, However, whereas considerable literature is available on the
mostly by membrane perturbation of the target cell or via cellular . . . . .
. o o antimicrobial properties of temporins, very little is known about
internalization, followed by killing of the pathogen (12, 14-16). In . . . .\
.. Lo . . their activity on infected cells or about additional features that
addition, they control host physiological functions such as inflam- . . . .
may contribute to their defense mechanism against pathogens.

mation, angiogenesis, wound healing, and neutralization of toxic . . .
. , ANBL08 . & . . .+ . We studied and compared the activities of Ta and Tb against S.
microbial components, e.g., lipopolysaccharide and lipoteichoic A : S
aureus within infected HaCaT keratinocytes, as well as their ability

acids (17-19). In particular, endogenous AMPs (e.g., the mam- . .
malian cathelicidin LL-37, which is expressed in different human to promote closure of a wound field prod}lced in a keratinocyte
monolayer. Importantly, these two functions make Ta and Tb

tissues, including the skin) have been extensively studied for ther- ‘ /
apeutic purposes (20). For example, topical vitamin D5 applica- potential template candidates for the development of a new ther-
tion has a long history as a treatment for skin disorders (21), ~apeutic formulation against skin infections.

inducing the expression of LL-37 in human keratinocytes and

thereby increasing the activities of these cells against intracellular

bacteria, i.e., Staphylococcus aureus (22, 23). However, elevated
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TABLE 1 Effects of temporins at different concentrations on the
number of metabolically active HaCaT cells

Metabolically active cells (%)”

Peptide

conen (M) Ta Tb

2 104 = 1.2 104 =2

4 103 = 2.2 101 = 3.2
8 99 + 3.3 102 = 3.5
16 54 * 1.76 99.97 * 2.6
32 42 £2.2 57.56 + 3.8
64 6.1 = 0.7 8.0 = 0.83

“ The number of metabolically active cells was determined by the MTT assay and is
expressed as percentage with respect to the non-peptide-treated control cells (see
Materials and Methods).

MATERIALS AND METHODS

Reagents. TrypLE Express was purchased from Invitrogen (Life Technol-
ogies Europe, Monza, Italy); 3(4,5-dimethylthiazol-2yl)2,5-diphe-
nyltetrazolium bromide (MTT), Triton X-100, trypan blue, AG1478, mi-
tomycin C, and Hoechst 33258 were all from Sigma-Aldrich (St. Louis,
MO).

Peptides. Ta (FLPLIGRVLSGIL-NH,) and Tb (LLPIVGNLLKSLL-
NH,) were synthesized by the 9-fluorenylmethoxy carbonyl (Fmoc) sol-
id-phase method on Rink amide resin, using an ABI 433A automatic
peptide synthesizer. Cleavage of the peptides from the MBHA [amino-(4-
methylphenyl)methyl polystyrene, 4-methylbenzhydrylamine] resin re-
sulted in the amidation of the C terminus. To label the peptides with rho-
damine, the Fmoc protecting group was removed from the N termini of the
resin-bound peptides by incubation with piperidine for 12 min, whereas all
the other reactive amine groups of the attached peptides were kept protected.
The resin-bound peptides were washed twice with N,N-dimethylformamide
(DMF) and then treated with rhodamine-N-hydroxysuccinimide (2 eq), in
anhydrous DMF containing 2% N,N-diisopropylethylamine, leading to the
formation of a resin-bound N-rhodamine peptide. After 24 h, the resin was
washed thoroughly with DMF and then with methylene chloride. The two
rhodamine-labeled Ta (rho-Ta) and Tb (rho-Tb) peptides were then cleaved
from the resin. All the peptides were purified by reversed-phase high-perfor-
mance liquid chromatography on a C,g reversed-phase Bio-Rad semi-
preparative column (250 by 10 mm; 300-A pore size; 5-pum particle size). The
column was eluted with a 40-min linear gradient of 20 to 60% acetonitrile in
water, containing 0.05% (vol/vol) trifluoroacetic acid, at a flow rate of 1.8
ml/min. The purified peptides were further subjected to amino acid analysis
and electrospray mass spectrometry to confirm their compositions and mo-
lecular weights.

Microorganisms. The following two strains were used in our experi-
ments: the reference S. aureus ATCC 25923 and the clinical S. aureus
isolate (no. 2069) from human soft tissue. The latter is resistant to meth-
icillin (MRSA), gentamicin, levofloxacin, moxifloxacin, and rifampin and
was kindly provided by Vincenzo Savini (Ospedale Santo Spirito, Pescara,
Italy).

Cell culture. A well-established line of human immortalized keratino-
cytes (HaCaT cell line; ATCC, USA) was used throughout the study. Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS), L-glutamine (4
mM), and 0.05 mg/ml of gentamicin, at 37°C and 5% CO,, in 25-cm? flasks.

Cell toxicity assay. The toxic effect of the peptides on HaCaT cells was
evaluated using the MTT colorimetric method (37). MTT is a tetrazolium
salt which is reduced to a colored formazan product by mitochondrial
reductases, giving a purple color. The intensity of the color is directly
proportional to the number of metabolically active cells. Keratinocytes
were plated in triplicate wells of a microtiter plate, at 4 X 10* cells/well in
DMEM supplemented with 4 mM glutamine (DMEMg) and 2% FBS
without antibiotic. After overnight incubation at 37°Cin a 5% CO, atmo-
sphere, the medium was replaced with 100 pl of fresh serum-free DMEMg
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containing the peptides at different concentrations. The plate was incu-
bated for 2 h at 37°C in a 5% CO, atmosphere. Then, DMEMg was re-
moved and replaced with Hank’s buffer (136 mM NaCl; 4.2 mM
Na,HPO,; 4.4 mM KH,PO,; 5.4 mM KCl; 4.1 mM NaHCO,, pH 7.2;
supplemented with 20 mM D-glucose) containing 0.5 mg/ml of MTT.
After 4 h of incubation, the formazan crystals were dissolved by adding
100 pl of acidified isopropanol according to reference 38, and absorbance
of each well was measured at 570 nm using a microplate reader (Infinite
M200; Tecan, Salzburg, Austria).

Cell infection and peptide effect on intracellular bacteria. About
40,000 HaCaT keratinocytes resuspended in DMEMg supplemented with
2% FBS were seeded in 96-well plates and grown overnight to confluence.
At this point, each well contained approximately 100,000 cells. The bac-
terial strain S. aureus ATCC 25923 or the clinical isolate 2069 was grown in
Luria-Bertani broth at 37°C with mild shaking and then harvested by
centrifugation. The pellet was resuspended at a final cell density of 1 X 107
CFU/ml and gently sonicated. One hundred microliters of bacterial sus-
pension was coincubated with keratinocytes for 2 h at 37°C and 5% CO,.
The medium was aspirated and the cells were washed three times with
phosphate-buffered saline (PBS) to remove nonadherent bacteria. In or-
der to kill extracellular bacteria, cells were incubated for 1 h or 15 min,
respectively, in serum-free DMEMg supplemented with 100 pg/ml of
gentamicin (for the ATCC strain) or 10 pg/ml of lysostaphin (39) (for the
gentamicin-resistant clinical isolate). Afterwards, the medium was aspi-
rated and the infected cells were washed three times, as described above.
One hundred microliters of peptide solution in serum-free DMEMg, or
water (in control samples), was added to each well and the plate was
incubated for 2 h (or 24 h) at 37°C and 5% CO,. Then, the peptide solu-
tion was removed and the cells were washed again with PBS three times
and lysed with 100 pl of 0.1% Triton X-100 in PBS for 5 min at room
temperature. The resulting bacterial suspension was sonicated in a water
bath for 10 min, to break up possible clumps (40), and appropriate dilu-
tions were plated on agar plates for colony counts; the CFU were counted
after 24 h at 37°C. In parallel, the number of keratinocytes was evaluated
before and after bacterial infection and peptide treatment. Briefly, cells
were detached from each well by adding 20 .l of TrypLE Express. After 20
min of incubation at 37°C and 5% CO,, 180 pl of DMEMg supplemented
with 10% FBS was added. Afterwards, an appropriate aliquot was counted
under a microscope.

Cell migration assay. Cell migration was studied as follows. HaCaT cells
(40,000) suspended in DMEMg supplemented with 10% FBS were seeded on
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FIG 1 Bacterial survival within infected HaCaT keratinocytes upon peptide
treatment. HaCaT cells were infected with 1 X 107 CFU/ml of S. aureus ATCC
25923 (filled symbols) or the MRSA clinical isolate (empty symbols) for 2 h
and treated with Ta (squares) or Tb (triangles) at different concentrations.
Afterwards, keratinocytes were lysed with 0.1% Triton X-100 and aliquots
were plated on agar plates for counting of bacteria. The number of viable
bacterial cells is expressed as a percentage with respect to the number of intra-
cellular bacteria in the corresponding control samples (non-peptide-treated
infected cells).
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FIG 2 Light microscopy images of HaCaT keratinocytes. About 100,000 cells were infected with S. aureus ATCC 25923 (1 X 10”7 CFU/ml) for 2 h, washed
with PBS, treated with gentamicin to remove extracellular bacteria, and incubated with (C) or without (B) Tb (16 pM) in serum-free DMEMg for 24 h at 37°C
and 5% CO,. (See Materials and Methods for additional details.) Similar results were obtained with Ta (8 M) and therefore are not shown. Control samples were

uninfected cells not treated with peptide (A).

each side of an ibidi culture insert for live cell analysis (ibidi, Munich, Ger-
many). Inserts were placed into 3-mm dishes and incubated at 37°C and 5%
CO, to allow cells grow to confluence. Afterwards, inserts were removed with
sterile tweezers to create a cell-free area (“wound”) of approximately 500 pm;
1 ml of serum-free DMEMg supplemented or not with the peptide at different
concentrations was added. Cells were allowed to migrate in an appropriate
incubator. At 0, 3, 6, 9, and 12 h, fields of the injury area were visualized
microscopically under an inverted microscope (Olympus CKX41) at a mag-
nification of X4 and photographed with a Color View II digital camera. The
percentage of cell-covered area at each time was determined by the Wimasis
Image Analysis program. The migration speed was evaluated according to
Wimasis’ instructions. Wound closure assays were also conducted in the pres-
ence of the cell proliferation inhibitor mitomycin C (20 pM) (41, 42),
whereas the involvement of epidermal growth factor receptor (EGFR) in tem-
porin-induced keratinocyte migration was analyzed by pretreating cells with
0.2 uM AG1478 inhibitor (43, 44).

Fluorescence studies. HaCaT keratinocytes (40,000) were seeded on
coverslips for 24 h in DMEMg supplemented with 10% FBS at 37°C and
5% CO,. After 24 h, cells were washed with PBS and treated with rho-Ta
or tho-Tb (4 uM in serum-free DMEMg) at 37°C and 5% CO,. After
different time periods (30 min and 3, 6, 9, and 12 h), cells were washed
with PBS and fixed with 3.7% formaldehyde for 10 min at +4°C. After-
wards, they were washed with PBS, treated with 0.1% Triton X-100 for 10
min, and stained with 2 pg/ml of Hoechst 33258 for 10 min at room
temperature (45). The coverslips were placed on a glass slide with buffered
glycerol and visualized under a fluorescence confocal microscope (Olym-
pus FV1000). Hoechst- and rhodamine-labeled peptides were visualized
using laser wavelengths of 405 and 559 nm, respectively. All images were
taken using an objective lens of 60X and zoom 3.

Statistical analyses. Data were collected from at least three independent
experiments. Quantitative data are expressed as means * standard errors
(SE). Statistical analysis was performed using two-way analysis of variance
(ANOVA) with PRISM software (GraphPad, San Diego, CA). Differences
were considered to be statistically significant at a P value of <0.05. The levels
of statistical significance are indicated in the figure legends.

RESULTS

Peptide effect on cell viability. The effect of Ta and Tb on the
survival of metabolically active HaCaT cells was studied by the
MTT-based assay. As shown in Table 1, Tb was devoid of toxic
effects at a concentration range of 2 uM to 16 wM. However, when
tested at higher concentrations, i.e., 32 wM or 64 uM, it was found
to decrease the percentage of metabolically active cells by approx-
imately 43% or 92%, respectively. On the other hand, the isoform
Ta caused a 46% to 94% decrease at concentrations ranging from
16 pM to 64 pM. Note that when HaCaT cells were incubated
with Ta for a longer time (48 h), as recently reported by Baranska-
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Rybak and colleagues (46), the peptide did not show any toxic
effect up to a concentration of 25 pg/ml (~18 wM). This is pre-
sumably due to its proteolytic degradation during such a long
time.

Activity on S. aureus-infected HaCaT keratinocytes. To get
insight into the ability of both temporins to exhibit activity against
ingested S. aureus cells, HaCaT keratinocytes were infected with S.
aureus ATCC 25923 or a soft tissue isolate (see Materials and
Methods) and subsequently treated with the peptides at different
concentrations nontoxic for keratinocytes. Note that Ta and Tb
had the same MIG, i.e., 4 pM (data not shown), against both S.
aureus strains. The two temporins reduced the number of inter-
nalized bacteria in a dose-dependent manner, with Tb causing
~80% or 40% killing of the ATCC strain or the MRSA clinical
isolate, respectively, at the highest concentration used (16 wM)
and after 2 h (Fig. 1). In comparison, a lower bactericidal effect on
the intracellular S. aureus was displayed by Ta (~60% or 20%
killing of the ATCC 25923 or 2069 strain, respectively) at its high-
est noncytotoxic concentration (8 wM) (Table 1). It is worthwhile
noting that bacterial invasion induced approximately 25% killing
of keratinocytes, 3 h after their infection by S. aureus, whereas
peptide treatment did not compromise the viability of infected
cells (data not shown). As highlighted in Fig. 2, the killing of in-
fected keratinocytes became more pronounced 1 day after their
exposure to the bacterium, presumably due to S. aureus-induced
apoptotic cell death (47), which was strongly prevented by treat-
ment with both temporins.

Cell migration assay. Next, we performed an in vitro wound
healing assay based on special cell culture inserts (see Materials
and Methods) to determine the temporins’ capability to provoke
migration of the human keratinocyte-derived HaCaT cells. As in-
dicated in Fig. 3A, Ta significantly stimulated cell migration
within 12 h, at a concentration range from 0.025 pM to 1 pM,
with a bell-shaped dose-response curve. The maximal cell-cov-
ered area was observed 9 to 12 h after peptide addition. The opti-
mal concentration allowing the complete coverage of the wound
field was 0.1 pM (see micrographs in Fig. 3), with a front speed
migration of 19 wm/h. Conversely, we obtained a weaker effect in
the case of Tb (see micrographs in Fig. 3), where a statistical sig-
nificance was reached only at 0.1 wM (Fig. 3B) with a migration
speed estimated to be equal to 12 pm/h. Afterwards, in order to
know whether the “gap” closure was influenced by an increased
proliferation of keratinocytes upon their exposure to the tempo-
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FIG 3 Effects of Ta (A) and Tb (B) on the closure of a wound field produced in a monolayer of HaCaT cells. (See Materials and Methods for additional details.)
HaCaT cells were seeded in each side of an ibidi culture insert and grown to confluence. Afterwards, they were treated or not with the peptide at different
concentrations, as indicated. Cells were photographed at the time of insert removal (0 h) and examined for cell migration after 3, 6, 9, and 12 h from peptide
addition. The percentage of cell-covered area at each time point is reported on the y axis. The control (Ctrl) consisted of cells not treated with the peptide. All data
are the means of at least three independent experiments = SE. The levels of statistical significance between Ctrl and treated samples are indicated as follows: *,
P <0.05;**, P <0.01; and ***, P < 0.001. Micrographs show representative results of wound closure induced upon treatment of keratinocytes with 0.1 uM Ta

or Tb with respect to the Ctrl sample.

rins, the wound healing assay was carried out in the presence of 20
M mitomycin C to block cell proliferation. As shown in Fig. 4A,
mitomycin C strongly inhibited the migratory activity of kerati-
nocytes induced by 0.1 wuM Ta or Tb, as indicated by the lower
percentages of cell-covered area. This suggests that proliferation
of HaCaT cells highly contributes to the wound-healing effect
produced by both peptides. Furthermore, we tested whether the
temporin-induced migration of these cells involved the EGFR sig-
naling pathway, as previously described for other AMPs, such as
hBD2, -3, and -4 (48) or LL-37 not only on keratinocytes (43) but
also on corneal (49) and airway epithelial (50) cells. For that pur-
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pose, we analyzed the effect of AG1478 on the closure of the
wound field. AG1478 is an inhibitor of the EGFR tyrosine kinase
(43, 44) and blocks the activation of EGFR, which is an essential
regulator of keratinocyte biology, including proliferation, differ-
entiation, and migration (51-53). Interestingly, pretreatment of
HaCaT cells with 0.2 WM AG1478 clearly prevented cell migration
induced by Ta or Tb (Fig. 4B).

Fluorescence studies. To discern whether temporins were lo-
cated on the surface of HaCaT keratinocytes or internalized into
the cytoplasm or nucleus, rhodamine-labeled peptides were em-
ployed and the results were visualized by confocal fluorescence
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FIG 4 Effect of cell proliferation (A) or intracellular signaling (B) inhibitors on temporin-mediated closure of a wound field produced in a HaCaT keratinocyte
monolayer. After removal of the ibidi culture insert, HaCaT cell monolayers were preincubated with 20 wM mitomycin C (Mito C) for 90 min (A) or 0.2 M
AG1478 for 10 min (B) and subsequently treated or not with 0.1 pM peptide, as indicated. In parallel, cells treated with the peptide alone were included for
comparison. Cells incubated with medium served as a control (Ctrl). As indicated in the legend to Fig. 3, samples were photographed at different time intervals
and the percentage of cell-covered area was calculated and reported on the y axis. All data are the means of at least three independent experiments * SE. The levels
of statistical significance between groups are indicated as follows: **, P < 0.01, and ***, P < 0.001.

microscopy. Cells were also stained with Hoechst dye for nuclear
detection. As shown in Fig. 5, rho-Tb appeared to be evenly dis-
tributed in the cytosol of the cells within 30 min of its addition,
without entering into the nucleus. Similar results were obtained
after alonger incubation time with the peptide (6 h and 12 h) (Fig.
5), and similar behavior was also observed for rho-Ta at all the
time intervals (Fig. 6).

DISCUSSION

Among microorganisms displaying increasing resistance to
currently available antibiotics is the Gram-positive bacterium
S. aureus, which was originally considered an extracellular patho-
gen. However, there is clear evidence that it can enter host cells to
facilitate escape from immune attack, cellular barriers, and AMPs
(54). Transient or persistent infections can occur in healthy indi-
viduals (e.g., impetigo and folliculitis), as well as in those with skin
lesions due to wounds, inserted medical devices, or chronic auto-
immune diseases (55). S. aureus can also become more invasive
and cause more severe illnesses, including pneumonia, endocar-
ditis, and sepsis (56). The fundamental role played by S. aureus in
the colonization and infection processes of the skin is attributed to
its interaction with keratinocytes. As indicated by Mempel and
colleagues (57), it is able to adhere to pilus-like projections of the
keratinocyte cell wall, followed by attachment and generation of
endosomal vesicles in the cytoplasm, usually containing a few bac-
teria. Probably because of their nonphagocytotic nature, keratino-
cytes cannot effectively kill the internalized bacteria; and the in-
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tracellular persistence of Gram-positive cocci constitutes a potent
virulence mechanism for various epithelial cell types (58). Intra-
cellular accumulation of S. aureus can compromise the efficacy of
antimicrobial agents, many of which (i.e., beta-lactams) hardly
enter the cells or do not reach the same intracellular compartment
as the bacteria (59). Furthermore, the antimicrobial activity of
drugs may be impaired by the intracellular milieu or by changes of
the bacterial metabolism (60-62). In addition, the increasing in-
cidence of antibiotic-resistant S. aureus strains has complicated
the therapy against their infections (63, 64). Here we reported on
the ability of Ta and Tb to kill bacteria, once internalized by hu-
man keratinocyte-derived HaCaT cells, as well as on their capacity
to promote cell migration. Keratinocytes are the major cell line in
the epidermis, forming a barrier between the internal tissues of the
host and the external environment; when the epidermis is dis-
rupted by wounding, microbial pathogens can easily invade the
body. The data reveal that both Ta and Tb, although to different
extents, can reduce in a dose-dependent manner the number of S.
aureus cells inside HaCaT keratinocytes. Tb, the more active pep-
tide, kills ~80% of the ATCC-derived bacterial cells at its highest
noncytotoxic dosage (16 wM) within 2 h (Fig. 1) and without
injuring the host cells. Yet a lower bactericidal activity is displayed
toward the MRSA clinical isolate (Fig. 1). Furthermore, Taand Tb
promote the closure of a wound field produced in a keratinocyte
monolayer, with a reversed order of efficacy (Fig. 3). This process
is highly dependent on the peptide-induced cell proliferation
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FIG 5 Confocal laser scanning microscopy images of HaCaT cells treated with
rho-Tb at different times (30 min, 6 h, and 12 h). After peptide treatment, cells
were stained with Hoechst for nuclear detection. The first column shows dif-
ferential interference contrast (DIC) images, the second one shows the
Hoechst fluorescence signal, the third column shows the rhodamine-labeled
peptide signal, and the last column shows the overlay of the two fluorescence
probes. All images are z section images taken from the mid-cell height. All bars
represent 10 pm.

(Fig. 4A). Note that in in vitro assays, it is difficult to simulate real
wounds, in which debris from dead cells might play a role in their
migration and in which the interaction among different cell types
takes place. However, it is worth considering that the usage of cell
culture inserts to produce a gap within a monolayer of cells pro-
vides an objective and highly reproducible experimental milieu to
allow a quantitative evaluation of cell migration compared to what
can be obtained by the classical method involving scratching the
cell monolayer with a plastic pipette tip. According to what has
been reported for LL-37 (43) and hBD peptides (48), temporins
induce migration of HaCaT keratinocytes, which appears to be
mediated by EGFR (Fig. 4B). After interaction with the plasma
membrane, both temporins could directly or indirectly stimulate
cell surface EGFR and activate downstream signaling cascades. In
addition to this property, Ta has the ability to stimulate migration
of human leukocytes, as reported previously (65): Ta was found to
induce monocyte migration with a bell-shaped dose-response
curve, with an optimal dose of 0.25 M. This is similar to what we
found for the immortalized human keratinocytes. However, the
phagocyte-attracting activity of Ta is mediated by a G, protein-
coupled receptor (65).
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FIG 6 Confocal laser scanning microscopy images of HaCaT cells treated with
rho-Ta at different times (30 min, 6 h, and 12 h). After peptide treatment, cells
were stained with Hoechst as described in the legend to Fig. 5. All images are z
section images taken from the mid-cell height. All bars represent 10 pm.

When used at a sublethal dosage, the two temporins can enter
HaCaT keratinocytes, as soon as within 30 min, and diffuse into
the cytoplasm (Fig. 5 and 6). Importantly, this is the first evidence
showing the intracellular localization of members of the temporin
family in normal mammalian cells without an effect on their via-
bility. Although it is not yet clear what the mechanism of action
subtending the killing activity of intracellular microbial pathogens
is, it is assumed to occur through a direct effect of the internalized
peptide on the bacteria. Nevertheless, we cannot rule out the pos-
sibility that additional events encompassing the activation of the
infected cell can assist in the killing of bacteria. Interestingly, de-
spite the sequence similarity between the two temporins and their
common a-helical structure (31), Ta is more potent in triggering
migration of HaCaT cells, whereas Tb reduces the number of in-
tracellular staphylococci (either from the ATCC-derived strain or
the MRSA clinical isolate) more efficiently than Ta, when tested at
a concentration equal to or 2-fold lower than the highest noncy-
totoxic dose used against keratinocytes (i.e., 16 uM and 8 puM for
Tb and Ta, respectively). The difference in promoting migration
might be due to differences between the two peptides in the acti-
vation of or binding affinity to receptors involved in the intracel-
lular signaling pathway controlling the keratinocytes’ migration
or proliferation. Otherwise, the difference in the antibacterial ac-
tivities might be due to differences in the ability of the two tem-
porins to penetrate HaCaT cells and/or to differences in the anti-
microbial effectiveness within the intracellular environment,
despite their equal MICs for cell-free living S. aureus bacteria (see
above). By combining antibacterial and wound-healing activities,
Ta and Tb may act as multifunctional mediators of innate immu-
nity in humans. In summary, temporins have several advantages
that make them attractive candidates for the generation of new
therapeutics to treat S. aureus-related epithelial (skin) infections
as well as for the future development of cell-penetrating peptides
to be employed for drug delivery. These include (i) a long-lasting
existence in nature as active molecules which are able to exert a
direct antimicrobial activity, which should guarantee the success
of the antimicrobial efficacy of temporin-based anti-infective
agents; (ii) a membrane-perturbing activity on bacteria, which
should limit the induction of microbial resistance (27); (iii) the
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ability to kill both reference S. aureus and MRSA strains, once
internalized by human epidermal cells (i.e., immortalized kerati-
nocytes) and to treat them; (iv) the ability to stimulate migration
of these cells; (v) a chemoattractic property for human monocytes
(65); (vi) an exogenous (nonmammalian) nature, which should
allow beneficial effects in clinical medicine, reducing the possible
risk of inducing an autoimmune response; and, last but not least,
(vii) a small size, which should allow a low production cost.
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