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Abstract: Persistent infections, such as those provoked by the Gram-negative bacterium Pseudomonas
aeruginosa in the lungs of cystic fibrosis (CF) patients, can induce inflammation with lung tissue
damage and progressive alteration of respiratory function. Therefore, compounds having both an-
timicrobial and immunomodulatory activities are certainly of great advantage in fighting infectious
diseases and chronic inflammation. We recently demonstrated the potent antipseudomonal efficacy
of the antimicrobial peptide (AMP) Esc(1-21) and its diastereomer Esc(1-21)-1c, namely Esc peptides.
Here, we confirmed this antimicrobial activity by reporting on the peptides’ ability to kill P. aeruginosa
once internalized into alveolar epithelial cells. Furthermore, by means of enzyme-linked immunosor-
bent assay and Western blot analyses, we investigated the peptides’ ability to detoxify the bacterial
lipopolysaccharide (LPS) by studying their effects on the secretion of the pro-inflammatory cytokine
IL-6 as well as on the expression of cyclooxygenase-2 from macrophages activated by P. aeruginosa
LPS. In addition, by a modified scratch assay we showed that both AMPs are able to stimulate the
closure of a gap produced in alveolar epithelial cells when cell migration is inhibited by concentra-
tions of Pseudomonas LPS that mimic lung infection conditions, suggesting a peptide-induced airway
wound repair. Overall, these results have highlighted the two Esc peptides as valuable candidates for
the development of new multifunctional therapeutics for treatment of chronic infectious disease and
inflammation, as found in CF patients.

Keywords: antimicrobial peptides; inflammation; interleukin-6; cyclooxygenase-2; wound healing;
lipopolysaccharide; Pseudomonas aeruginosa

1. Introduction

It is largely documented that the Gram-negative bacterium Pseudomonas aeruginosa
is the principal etiological agent of chronic pulmonary infections in cystic fibrosis (CF)
patients, where it colonizes the lung environment and infects cells, which leads to deterio-
ration of lung tissue and failure of respiratory function [1–3]. Furthermore, it is known that
the lipopolysaccharide (LPS or endotoxin), the major constituent of the outer membrane
of Gram-negative bacteria, is released from the bacterial cell wall following bacterial cells
division or death and upon antibiotic treatment. The LPS is recognized as a pathogen-
associated molecular pattern by specific receptors expressed on immune cells, i.e., Toll-like
receptors (TLRs), which are then activated. In particular, the LPS interacts with monocytes
and macrophages through TLR4 and plays a crucial role in the inflammation process by
inducing the production of pro-inflammatory cytokines, such as tumor necrosis factor-α
(TNF-α), interleukin (IL)-6, and the expression of the enzyme cyclooxygenase-2 (COX-2)
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which controls the formation of several inflammatory mediators catalyzing conversion of
arachidonic acid to different prostaglandins including prostaglandin E2 [4–8]. Notably,
inflammation is the primary physiological response of the immune system to external and
internal stimuli (e.g., infections or tissue injuries), a response that restores the integrity of
damaged tissues; the regulation of inflammation is essential for the tissue homeostasis in
damaged biological compartments [9–12].

However, an excessive and dysregulated production of inflammatory molecules
(which occurs, for example, during persistent infections maintained by TLRs signaling) can
become harmful and can lead to septic shock syndrome in most serious cases, increasing
the risk of mortality for affected people [11,13,14]. Therefore, compounds having both
antimicrobial and immunomodulatory activities are certainly of great advantage to fight
infectious diseases and chronic inflammation.

In this regard, antimicrobial peptides (AMPs) hold promise. They are a diverse group
of evolutionarily conserved small bioactive molecules in most living species, and they
display a critical function in the host innate immunity, acting as part of the first defense
line against invading microorganisms [2,15].

In comparison with conventional antibiotics, they have a quick and broad spectrum
of activities against various Gram-negative and Gram-positive bacteria, viruses, fungi, and
parasites, with low tendency to induce resistance. In addition, they are endowed with im-
munoregulatory properties encompassing immune cell differentiation, LPS neutralization,
promotion of angiogenesis, and stimulation of tissue repair [9,16,17], through multiple
mechanisms including the modulation of TLRs-mediated pathways [2,18–22].

Recently, we identified two N-terminal derivatives of the frog skin AMP esculentin-1a,
esculentin-1a(1-21)NH2 [Esc(1-21) GIFSKLAGKKIKNLLISGLKG-NH2] and its diastere-
omer Esc(1-21)-1c carrying D-Leu14 and D-Ser17 (Esc peptides), with potent in vitro and
in vivo activity against both the free living and biofilm form of P. aeruginosa [23–25]. In-
deed, Esc peptides gave rise to the following: (i) ≥3 log10 reduction of the number of
viable planktonic bacterial cells compared to untreated samples, at a concentration of
1 µM and 4 µM for the all-L peptide and the diastereomer, respectively; (ii) 95% reduction
in the number of viable biofilm cells at a concentration range between 12 and 25 µM;
(iii) ∼3 × 104 or ∼4.7 × 103 reduction of lung bacterial burden in a mouse model of acute
P. aeruginosa lung infection when 0.1 mg/kg of Esc(1-21) or Esc(1-21)-1c were intratracheally
administered [23–25].

In addition, both peptides were found to inhibit the release of TNF-α from macrophages
activated by the P. aeruginosa LPS, presumably through their physical interaction with the
endotoxin. This event would result in the breakage of LPS aggregates, the biologically
active form of the LPS, into smaller particles [26–28], preventing LPS-TLR4-mediated activa-
tion of immune cells which is expected to avoid an exaggerated inflammatory response [23].
Furthermore, it was discovered that Esc(1-21) and its diastereomer can promote migration
of lung epithelial cells [23] also in the presence of the P. aeruginosa LPS to mimic a bacterial
infection condition [29]. This should favor the recovery of entirety and functionality of
lung tissue that is highly compromised following persistent infections.

Here, besides exploring the ability of Esc peptides to kill P. aeruginosa once internalized
into alveolar basal epithelial cells (i.e., A549 cells), we expanded our knowledge on their
immunomodulatory features by investigating their effects (i) on the secretion of the pro-
inflammatory cytokine IL-6 and the expression of COX-2 from macrophages activated
by the P. aeruginosa LPS as well as (ii) on the stimulation of airway wound repair under
conditions simulating infections by monitoring the closure of a gap produced in A549
cells upon exposure to the P. aeruginosa LPS. Overall, our results have contributed to the
making of these peptides as new valuable alternative compounds for the development of
anti-infective and immunomodulatory therapeutics, especially for treatment of chronic
infectious diseases, as in CF sufferers.
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2. Results
2.1. Effect of Esc Peptides on A549 Cells Infected with Pseudomonas aeruginosa ATCC 27853

It is well known that binding of P. aeruginosa to airway epithelial cells, mediated by
bacterial products such as LPS, flagella, pili, alginate, and by some host cell receptors
including asialoGM1, TLRs, fibronectin, and α5β1 integrin, can result in bacteria inter-
nalization [30–32]. In this regard, we evaluated the antibacterial activity of Esc(1-21) and
its diastereomer on A549 cells infected with the reference strain of P. aeruginosa ATCC
27853 by counting the number of surviving bacteria, upon peptide treatment. The number
of intracellular bacteria, expressed as percentage of colony forming units (CFU) for each
infected cell, was calculated with respect to peptide untreated samples. Both peptides
significantly reduced the percentage of internalized bacteria per cell (Figure 1A). Esc(1-21)
caused about a 65% reduction of CFU at 1 and 5 µM; 75% at 10 µM, while the diastereomer
provoked about 25% reduction of viable bacterial cells at 5 and 10 µM; 50% at 20 µM
(Figure 1A). As pointed out by optimal microscopy analysis (Figure 1B), disruption of A549
monolayer induced by P. aeruginosa infection appeared to be partially prevented when
epithelial cells were treated with each Esc peptide.
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Figure 1. Effect of Esc(1-21) and its diastereomer Esc(1-21)-1c on Pseudomonas aeruginosa ATCC 27853
infected A549 cells. About 1 × 105 cells were seeded in 24-well plates. Upon reaching confluence,
they were infected with P. aeruginosa for 2 h and then antibiotic treatment was performed to remove
nonadherent extracellular bacteria. Afterwards, infected cells were left untreated or were treated
for 1 h with each peptide at different concentrations. (A) The percentage of bacteria/cell was
calculated with respect to untreated infected samples. All data are the mean from four independent
experiments ± standard errors of the means (SEM). (B) Light microscopy images of A549 cells at
×10 magnification. Peptide-untreated uninfected cells are control samples (Ctrl).

2.2. Effect of Esc Peptides on IL-6 Secretion and COX-2 Expression in Macrophages Stimulated by
Pseudomonas aeruginosa LPS

To investigate the immunomodulatory properties of Esc peptides, we initially analyzed
their LPS-neutralizing activity by monitoring the peptides’ capability to inhibit or not
inhibit the release of IL-6 from macrophages. These cells were activated by the P. aeruginosa
LPS for 4 h in the absence or presence of various concentrations of Esc(1-21) or Esc(1-21)-1c,
as indicated in Figure 2A,B. While the LPS induced a significant IL-6 secretion with respect
to untreated cells, both peptides, when combined with the LPS, significantly reduced IL-6
extracellular release in a dose-dependent manner with a more pronounced effect for Esc(1-
21). Interestingly, this latter component completely abolished the secretion of this cytokine
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at a concentration of 10 µM. In parallel, untreated control cells (Figure 2) and cells treated
with the peptides alone (data not shown) did not induce any detectable IL-6 secretion.
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Figure 2. Effect of Esc(1-21) (A) or Esc(1-21)-1c (B) on IL-6 release from LPS-activated RAW 264.7
macrophages. Cells were stimulated for 4 h with P. aeruginosa LPS (20 ng/mL) alone or in combination
with peptides at the indicated concentrations. The level of IL-6 in supernatants was measured by
using enzyme-linked immunosorbent assay. Values are expressed as the mean ± SEM of three
independent experiments. The level of statistical significance between samples treated with the LPS
and those stimulated with the LPS plus a peptide was determined by one-way ANOVA analysis and
is indicated as follows: ** p < 0.01 and **** p < 0.0001.

Activation of the immune system is triggered not only by interleukins but also by
intracellular compounds including COX-2 [18,33,34]. Because several AMPs have been
reported to reduce the expression of this enzyme [7,35], we decided to evaluate the amount
of COX-2 in macrophages exposed to the LPS from P. aeruginosa, with or without Esc(1-21)
or Esc(1-21)-1c at different concentrations. The results of Western blot analysis (Figure 3)
highlighted that treatment of macrophages with the LPS up-regulated COX-2 protein ex-
pression, whereas Esc(1-21) (Figure 3A) and its diastereomer (Figure 3B) led to a consistent
lowering of the expression level of COX-2, in a dose-dependent manner. As for IL-6, a
marked effect was detected for Esc(1-21) which approximately induced a three-fold reduc-
tion of COX-2 levels when used at a concentration of 2 µM in combination with the LPS,
while a similar reduction was observed for Esc(1-21)-1c at a dose of 40 µM. No appreciable
alteration of COX-2 expression was observed between untreated control samples and
samples treated with the peptides alone (Figure 3).

2.3. Wound Healing Assay and Dimensional Analysis in the Presence of the LPS or Its
Combination with Peptides

Analogous to what was previously obtained with bronchial cells [29], the LPS pro-
moted the closure of a gap produced in a monolayer of A549 cells already within 15 h at
an optimal concentration of 100 ng/mL (Figure 4A). Differently, when the amount of the
LPS was increased to 1000 ng/mL, cell migration was basically hampered (Figure 4A). We
can exclude that this outcome is due to the cytotoxicity of the LPS, as the percentage of
metabolically active cells detected in a viability assay after treatment with the LPS at a
concentration of up to 1000 ng/mL was similar to that of untreated control samples (data
not shown).

However, when each Esc peptide, at 10 µM, was incubated with the LPS at the
concentration that curbed the wounded field closure (1000 ng/mL), cell migration was
clearly restored during 15 h of treatment (Figure 4A). Figure 4B shows representative
micrographs of A549 pseudowound before (time 0, T0) and 24 h after incubation with the
LPS in the presence of the peptides or not. In addition, at this time interval the difference
between the cell-covered area of peptide-treated samples versus that of samples treated
with the LPS alone was statistically significant.
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Figure 3. Effect of Esc(1-21) (A) or Esc(1-21)-1c (B) on COX-2 expression in LPS-stimulated RAW 264.7 macrophages. Cells
were treated with P. aeruginosa LPS (20 ng/mL), peptides or LPS in combination with peptides as indicated, for 4 h. β-actin
was used as loading control (cropped images). Samples we ran in the gels derive from the same experiment and were
processed in parallel. Molecular weights of COX-2 and β-actin are also indicated. Full-length images are reported in
Supplementary Figure S1. The right panels show quantitative analysis of COX-2/β-actin ratio as measured by densitometry
scanning using ImageJ software. Data are expressed in arbitrary units (a.u.) and are the mean ± SEM of three independent
experiments. The level of statistical significance between samples treated with the LPS and those stimulated with the
LPS plus peptide was determined by one-way ANOVA analysis and is indicated as follows: * p < 0.05; *** p < 0.001 and
**** p < 0.0001.
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Figure 4. (A) Effect of LPS alone or LPS in combination with Esc(1-21) and its diastereomer Esc(1-21)-1c on the closure
of a pseudowound field produced in a monolayer of A549 cells. A549 cells were seeded in each side of an Ibidi culture
insert. After reaching confluence, they were treated or not with the LPS or the LPS plus peptide, as indicated. Cells were
photographed at the time of insert removal (T0) and checked for cell migration after 15, 20, and 24 h. The percentage of the
cell-covered area at each time point is indicated on the y-axis. Control (Ctrl) represents cells not treated with the peptide
or the LPS. All data are the mean of three independent experiments ± SEM. The level of statistical significance between
Ctrl and LPS-treated samples or between samples treated with 1000 ng/mL LPS and LPS plus peptide was determined by
two-way ANOVA analysis and is indicated as follows: * p < 0.05; ** p < 0.01 and *** p < 0.001. (B) The micrographs show
representative results of pseudowound closure induced after 24 h of the LPS treatment with respect to that of Ctrl sample or
the LPS in the presence of peptides with respect to that of LPS-treated samples.
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Moreover, we carried out morphological studies by staining A549 cells with phal-
loidin. Using fluorescence microscopy analysis, we observed that incubation of cells with
1000 ng/mL LPS was accompanied by a reduction in cell dimensions with respect to con-
trol samples or those incubated with the LPS at a lower concentration (i.e., 10 ng/mL or
100 ng/mL) (Figure 5A). In comparison, according to the wound healing results, when cells
were treated with 1000 ng/mL of the LPS in the presence of each peptide (at a concentration
of 10 µM), cell dimension reverted to that of control samples (Figure 5B). Representative
images of the effects of the LPS, peptides, or their combination on cell morphology after
24 h of treatment are shown in Figure 5C.
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Figure 5. Dimensional analysis of A549 cells after 24 h treatment with the LPS at different concentrations (A) or following
stimulation with Esc peptides alone or in combination with the LPS at 1000 ng/mL (B). Cells were stained with phalloidin
and analyzed by ImageJ program. The results are reported as the ratio between the area of treated and untreated Ctrl
samples ± SEM. The level of statistical significance between Ctrl and LPS-treated samples or between the LPS in combination
with peptides and the LPS alone was determined by one-way ANOVA analysis and is indicated as follows: ** p < 0.01.
(C) Representative micrographs showing the effects of the LPS, peptides, or their combination on A549 cells dimensions.
Bars are 20 µm long.

3. Discussion

The inflammatory response to airborne microbial pathogens involves both immune
cells like macrophages and airway cells like alveolar and bronchial epithelial cells [36,37].
During Gram-negative bacteria infections and after conventional antibiotic exposure, the
spontaneous and rapid release of the LPS elicits the activation of the host innate im-
mune system.

The TLRs interaction with microbial components such as the LPS triggers the intra-
cellular signaling cascade which ends with the translocation of the transcription factor
NF-κB into the nucleus followed by the upregulation of COX-2 enzyme and the release of
pro-inflammatory cytokines to eliminate the source of inflammatory stimuli and to renew
homeostasis [21,37,38]. However, TLRs-dependent biochemical pathways have to be finely
controlled to prevent excessive inflammation and cell necrosis. As an example, persistent
P. aeruginosa-induced pulmonary infection in CF patients leads to chronic airway inflamma-
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tion with structural lung tissue damage [39–41]. Several reports have described elevated
concentrations of pro-inflammatory cytokines, e.g., IL-6, in the sputum and bronchoalveo-
lar lavage fluid of CF sufferers [42,43], and these high levels reflect the state of disease of
CF airways [44]. In this scenario, thanks to their broad-spectrum of antimicrobial activities
and immunomodulatory properties [45], AMPs represent attractive compounds for the
development of new therapeutics with dual antibacterial and anti-inflammatory functions.

We previously reported on the in vitro and in vivo antipseudomonal efficacy of Esc(1-
21) and Esc(1-21)-1c AMPs [23–25]. Note that P. aeruginosa strains can escape the host
immune system by invading airway epithelial cells and surviving inside these cells [30].
Here, we demonstrated the killing of Pseudomonas aeruginosa internalized into A549 cells
upon 1 h of exposure to Esc peptides. Moreover, the integrity of P. aeruginosa-infected
cells’ monolayers was partially maintained upon addition of the peptides. In our previous
work, by means of rhodamine-labeled peptides and confocal microscopy analysis, we
showed that both Esc peptides are able to enter bronchial epithelial cells [29]. Although
the mechanism underlying the killing activity of intracellular bacteria by both AMPs is
not yet known, we can hypothesize that this event is the result of a direct interaction
of the internalized peptides with the intracellular bacterial cells. However, activation of
other cellular processes controlling host cell protection from microbial pathogens may
be involved.

In this study, we have also discovered that Esc peptides highly reduce IL-6 production
and COX-2 expression in LPS-stimulated macrophages. The IL-6 inhibition supports the
effect of Esc peptides on the impaired secretion of the other pro-inflammatory cytokine
(i.e., TNF-α) from the same cells [23]. Macrophages are protagonist immune cells be-
cause they move towards the site of infection either to neutralize the pathogens or to
restore cell physiology. The COX-2 enzyme catalyzes conversion of arachidonic acid to
prostaglandin E2. This latter is a fundamental inflammatory mediator whose synthesis
must be modulated in order to limit an overstate production [46]. Therefore, the Esc-
peptides-induced downregulation of both IL-6 and COX-2 in LPS-stimulated macrophages
represents a favorable feature to confer the peptides the ability to impede the development
of chronic inflammation.

One of the mechanisms underlying this finding likely relies on the disaggregation of
LPS molecules by the Esc peptides [23]. However, other events can imply the inhibition
of TLR-4 endocytosis in LPS-stimulated macrophages [47] and the attenuation of nuclear
translocation of NF-kB, as already described for other peptides [18]. Remarkably, in addi-
tion to their function as pathogen recognition receptors, TLRs play a key role in promoting
tissues structural repair. In fact, inflammation and wound healing processes are closely
related [48]. The expression of TLR4 on alveolar epithelial cells type II, e.g., A549 cells, that
are in charge for alveolar damage repair during infection and tissue injury [49] is a funda-
mental hallmark for cell regeneration (self-renewal) and wound repair mechanisms [32,50].
As already proven in bronchial epithelial cell lines [29], we confirmed that high concen-
trations of the LPS mimicking an infectious condition impair the re-epithelialization of
the airway epithelium, using A549 cells as experimental model. However, treatment of
these cells with Esc peptides (at a concentration of 10 µM) allowed repristinating of cell
migration and presumably to heal airway wounds. The inhibitory effect of high LPS
concentrations on cell migration is likely related to its influence on cell cytoskeleton. In fact,
as reported in the literature, the LPS has a role in the cytoskeleton remodeling and each cell
type is differently affected. Contrary to what occurs in macrophages and monocytes, the
LPS induces depolymerization of microfilaments by reorganization of F-actin in alveolar
epithelial cells [51–53]. In particular, following LPS stimulation, the periphery-located
F-actin is replaced by centralized stress fibers, lamellipodial structures are reduced or
lost, while focal adhesions appear and the regularly shaped cells connected to each other
become irregular [32,54]. By morphological analyses we pointed out that Esc peptides have
the capability to recondition cellular dimensions that are altered in the presence of high
LPS concentrations.
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4. Materials and Methods
4.1. Peptides Synthesis

Synthetic Esc(1-21) and its diastereomer, Esc(1-21)-1c, were purchased from Biomatik
(Wilmington, NC, USA). Stepwise solid-phase synthesis using a standard F-moc strategy
was carried out to assemble each peptide subsequently purified via reverse-phase high-
performance liquid chromatography (RP-HPLC) to a purity of 98%. The molecular mass
was checked by mass spectrometry.

4.2. Cell Culture and Microorganisms

The murine RAW 264.7 macrophage cell line and the human type II alveolar epithelial
cell line A549 were obtained from the American Type Culture Collection (ATCC, Manassas,
VA, USA) [55]. The culture medium employed for both cell lines was Dulbecco’s modified
Eagle’s medium (DMEM) containing 2 mM glutamine (DMEMg) and supplemented with
10% heat-inactivated fetal bovine serum (FBS), and antibiotics (0.1 mg/mL of penicillin
and streptomycin). Non-essential amino acids (NEAA) and sodium pyruvate (1 mM) were
added for macrophages. Cell culture materials were purchased from Euroclone (MI, Italy).
Cell lines were grown in 25-cm2 and 75-cm2 flasks at 37 ◦C in a humidified atmosphere
with 5% CO2. For cell infection, P. aeruginosa ATCC 27853 strain [56] was employed.

4.3. Cell Infection and Peptide Effect on Intracellular Bacteria

About 1 × 105 A549 cells resuspended in DMEMg supplemented with 10% FBS were
seeded in each well of 24-well plates and grown to confluence for 2 days at 37 ◦C and
5% CO2. P. aeruginosa ATCC 27853 was grown in Luria-Bertani broth at 37 ◦C with mild
shaking (125 rpm) to mid-log phase (optical density of 0.8 at λ = 590 nm) and subsequently
centrifuged. The pellet was resuspended in DMEMg and then syringed using a 21-gauge
needle to avoid bacteria aggregation. To infect A549 cells a multiplicity of infection (MOI)
of 100:1 (bacteria to cells) was employed. More precisely, two hundred microliters of
bacterial suspension (containing about 1 × 107 CFU) was incubated for 2 h with A549 cells
at 37 ◦C and 5% CO2. After infection, the medium was removed, the cells were washed
three times with DMEMg and then treated for 1 h with 200 µg/mL gentamicin in DMEMg
plus 2% FBS to remove extracellular bacteria. Afterwards, the medium was aspirated and
the infected cells were washed three times as described above. Two hundred microliters of
Hanks’ solution (136 mM NaCl, 4.2 mM Na2HPO4, 4.4 mM KH2PO4, 5.4 mM KCl, 4.1 mM
NaHCO3, pH 7.2, supplemented with 20 mM D-glucose) with or without the peptide at
different concentrations was added to each well, and the plate was incubated for 1 h at 37 ◦C
and 5% CO2. After peptide treatment, each well was washed with phosphate-buffered
saline (PBS); afterwards, 300 µL of 0.1% Triton X-100 (Sigma-Aldrich, St. Luis, MO) in PBS
were added to each well for 15 min at 37 ◦C and 5% CO2 to lyse A549 cells. Each sample
was then sonicated in a water bath for 5 min to break up possible bacterial clumps, and
appropriate aliquots were plated on agar plates for CFU counting after 24 h at 37 ◦C. In
parallel, the number of A549 was evaluated before and after bacterial infection and peptide
treatment. Briefly, cells were detached from each well by adding 20 µL of TrypLE Express
(Gibco, MI, Italy). After 15 min of incubation at 37 ◦C and 5% CO2 an appropriate aliquot
was counted under an optical microscope.

4.4. Detection of IL-6 Release from RAW 264.7 Macrophages

About 1 × 105 RAW 264.7 cells, suspended in DMEMg supplemented with NEAA,
sodium pyruvate and 10% FBS, were seeded in each well of 96-well plates. After overnight
incubation at 37 ◦C and 5% CO2, the medium was removed and replaced with fresh
medium plus 10% FBS containing 20 ng/mL LPS derived from P. aeruginosa (Sigma-Aldrich,
St. Luis, MO) or each Esc peptide at different concentration or LPS in combination with each
peptide. Samples were incubated at 37 ◦C and 5% CO2 for 4 h. At the end of the treatment,
the supernatants were collected and IL-6 concentration was evaluated by enzyme-linked
immunosorbent assay (ELISA), according to the manufacturer’s protocol (Mouse IL-6
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ELISA MAX Deluxe set, Biolegend, San Diego, CA, USA). Cells stimulated with LPS alone
and untreated cells served as controls.

4.5. Western Blotting Analysis

RAW 264.7 macrophages suspended in DMEMg supplemented with NEAA, sodium
pyruvate and 10% FBS were seeded in 90 mm plates (1.5 × 106 cells/plate) and cultured
overnight at 37 ◦C and 5% CO2. The medium was then removed and cells were treated
with LPS from P. aeruginosa (20 ng/mL), or each Esc peptide at different concentrations
or LPS in combination with each peptide for 4 h. Afterwards, the cells were washed and
solubilized in lysis buffer [PBS 1X, 1% Tergitol-type NP-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecylsulfate (SDS), Protease Inhibitor Cocktail, 1 mM sodium orthovanadate,
5 mM Dithiothreitol] for 30 min on ice. The samples were centrifuged at 1000× g for 10 min
and the supernatants were collected. Twenty µg of lysate protein from each sample were
separated by SDS-PAGE on 10% gels and transferred to polyvinylidene fluoride membrane.
After overnight blocking with buffer (5% non fat dry milk) the membranes were incubated
with primary anti-COX-2 or anti-β-actin antibody for 1 h, washed in tris buffered saline-
Tween 20 and incubated with horseradish peroxidase-conjugated secondary antibody for
1 h. Blots were developed by enhanced chemiluminescent system. Densitometry analyses
of bands were done by ImageJ gel system.

4.6. Pseudowound Healing Assay

To evaluate the effect of P. aeruginosa LPS alone or in combination with Esc peptides
on A549 cells migration, the following protocol was carried out as an alternative to the
traditional scratch method [57]. Silicone Ibidi culture inserts were placed in each well of a
12-well plate and A549 cells, suspended in DMEMg supplemented with 10% FBS, were
seeded in each side of the inserts at a density of 4 × 104 cells/side. Then, the plate was
incubated at 37 ◦C and 5% CO2 to allow cells growing to confluence. After approximately
24 h, the inserts were removed, a cell-free area (pseudowound) of approximately 500 µm
was obtained in each cell monolayer, and DMEMg supplemented with 2% FBS with or
without LPS, peptides or their combination, at different concentrations, were added to each
well. Plate was incubated as reported above and cell migration was visualized at different
time intervals under an inverted microscope (Olympus CKX41) at ×4 magnification and
photographed with a Color View II digital camera. WIMASIS Image Analysis program
was employed to calculate the percentage of cell-covered area.

4.7. Fluorescence Microscopy

A549 cells (1.5 × 105), suspended in DMEMg supplemented with 10% FBS, were
seeded into 35-mm dish plates where 0.13- to 0.17-mm-thick coverslips were previously
placed. Plates were incubated overnight at 37 ◦C and 5% CO2; subsequently, A549 were
treated with LPS from P. aeruginosa at different concentrations, or with 10 µM Esc peptide
or LPS in combination with peptides in DMEMg supplemented with 2% FBS, as indicated.
After 24 h incubation, cells were washed with PBS, fixed with 4% formaldehyde for 10 min
at 4 ◦C, washed with PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min
at room temperature. Afterwards, cells were washed again and stained with phalloidin-
fluorescein isothiocyanate (40 µM in PBS) for 30 min at room temperature to visualize
the cytoskeleton. The nuclei were stained with DAPI (1 µg/mL), which was added to the
cells for 5 min at room temperature. The coverslips were mounted on slides using Mowiol
mounting medium, observed under the fluorescent microscope KOZO OPTICS XJF800
at ×20 magnification and photographed with a Color View II digital camera. For each
sample we selected 30 cells from pictures acquired in three different experiments (about
10 cells/picture). We calculated area of single cells using ImageJ software and we reported
the results as ratio between the area of treated and untreated Ctrl samples.
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4.8. Statistical Analysis

Quantitative data derived from independent experiments were expressed as the
mean ± SEM. Statistical significance was determined by one-way or two-way ANOVA
analysis with Bonferroni test, as indicated, using PRISM software (GraphPad, San Diego,
CA, USA). p values of <0.05 were considered statistically significant. The levels of statistical
significance are indicated in the legend to the figures.

5. Conclusions

All together these data have contributed to emphasizing the potential of Esc peptides
as novel drugs not only able to eliminate bacterial pathogens but also able to recover the
integrity of a damaged tissue and to display anti-inflammatory activity. These advan-
tageous properties should warrant a successful treatment of chronic infectious diseases
and chronic inflammation as found in people affected by CF. Furthermore, recent studies
have described a protective role of AMPs produced by nonimmune cells in preventing the
development of autoimmune diseases [58]. Therefore, AMPs like Esc peptides represent
attractive compounds for the generation of new therapeutics able to modulate and/or
arrest inflammation in autoimmunity [58], thus limiting the progression of immune-related
diseases [58–60].

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/1422
-0067/22/2/557/s1.

Author Contributions: F.C. and M.L.M. designed the experiments; F.C., V.C. performed the experi-
ments, F.C. and B.C. analyzed the data. F.C. contributed to writing the manuscript which was critically
revised by M.L.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Sapienza University of Rome. This work was supported
by grants from Sapienza University of Rome (RM11916B6A28725C to M.L.M.) and from the Italian
Cystic Fibrosis Foundation (Project FFC8/2019 adopted by Delegazione FFC di Imola e Romagna
con Gruppo di sostegno FFC di Faenza (to M.L.M.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable.

Acknowledgments: F.C. is grateful to the Italian Cystic Fibrosis Foundation for the contribution to
her post-doctoral fellow (Project FFC 8/2019).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AMPs Antimicrobial peptides
CFU Colony forming unit
COX-2 Cyclooxygenase-2
DMEM Dulbecco’s modified Eagle’s medium
DMEMg Dulbecco’s modified Eagle’s medium supplemented with 2 mM glutamine
ELISA Enzyme-linked immunosorbent assay
FBS Fetal bovine serum
IL-6 Interleukin 6
LPS Lipopolysaccharide
NEAA Non-essential amino acids
PBS Phosphate-buffered saline
RP-HPLC Reverse-phase high-performance liquid chromatography
TLRs Toll-like receptors
TNF-α Tumor necrosis factor-α

https://www.mdpi.com/1422-0067/22/2/557/s1
https://www.mdpi.com/1422-0067/22/2/557/s1


Int. J. Mol. Sci. 2021, 22, 557 11 of 13

References
1. Almughem, F.A.; Aldossary, A.M.; Tawfik, E.A.; Alomary, M.N.; Alharbi, W.S.; Alshahrani, M.Y.; Alshehri, A.A. Cystic Fibrosis:

Overview of the Current Development Trends and Innovative Therapeutic Strategies. Pharmaceutics 2020, 12, 616. [CrossRef]
[PubMed]

2. Geitani, R.; Moubareck, C.A.; Xu, Z.; Karam Sarkis, D.; Touqui, L. Expression and Roles of Antimicrobial Peptides in Innate
Defense of Airway Mucosa: Potential Implication in Cystic Fibrosis. Front. Immunol. 2020, 11, 1198. [CrossRef] [PubMed]

3. Del Mar Cendra, M.; Torrents, E. Differential adaptability between reference strains and clinical isolates of Pseudomonas aeruginosa
into the lung epithelium intracellular lifestyle. Virulence 2020, 11, 862–876. [CrossRef] [PubMed]

4. Woltmann, A.; Hamann, L.; Ulmer, A.J.; Gerdes, J.; Bruch, H.P.; Rietschel, E.T. Molecular mechanisms of sepsis. Langenbeck’s Arch.
Surg. Dtsch. Ges. Fur Chir. 1998, 383, 2–10. [CrossRef]

5. Cohen, J. The immunopathogenesis of sepsis. Nature 2002, 420, 885–891. [CrossRef]
6. Lee, I.T.; Yang, C.M. Inflammatory signalings involved in airway and pulmonary diseases. Mediat. Inflamm. 2013, 2013, 791231.

[CrossRef]
7. Choi, Y.H.; Choi, Y.S.; Kim, Y.K.; Rahman, M.S.; Pradeep, G.C.; Yoo, J.C.; Suh, J.W. A multifunctional alanine-rich anti-

inflammatory peptide BCP61 showed potent inhibitory effects by inhibiting both NF-kappaB and MAPK expression. Inflammation
2017, 40, 688–696. [CrossRef]

8. Hwang, J.H.; Ma, J.N.; Park, J.H.; Jung, H.W.; Park, Y.K. Anti-inflammatory and antioxidant effects of MOK, a polyherbal extract,
on lipopolysaccharidestimulated RAW 264.7 macrophages. Int. J. Mol. Med. 2019, 43, 26–36. [CrossRef]

9. Dadar, M.; Shahali, Y.; Chakraborty, S.; Prasad, M.; Tahoori, F.; Tiwari, R.; Dhama, K. Antiinflammatory peptides: Current
knowledge and promising prospects. Inflamm. Res. 2019, 68, 125–145. [CrossRef]

10. Robb, C.T.; Regan, K.H.; Dorward, D.A.; Rossi, A.G. Key mechanisms governing resolution of lung inflammation. Semin.
Immunopathol. 2016, 38, 425–448. [CrossRef]

11. Kong, F.; Lee, B.H.; Wei, K. 5-Hydroxymethylfurfural Mitigates Lipopolysaccharide-Stimulated Inflammation via Suppression of
MAPK, NF-kappaB and mTOR Activation in RAW 264.7 Cells. Molecules 2019, 24, 275. [CrossRef] [PubMed]

12. La Manna, S.; Di Natale, C.; Florio, D.; Marasco, D. Peptides as Therapeutic Agents for Inflammatory-Related Diseases. Int. J. Mol.
Sci. 2018, 19, 5606. [CrossRef] [PubMed]

13. Conway, E.M.; Pikor, L.A.; Kung, S.H.; Hamilton, M.J.; Lam, S.; Lam, W.L.; Bennewith, K.L. Macrophages, Inflammation, and
Lung Cancer. Am. J. Respir. Crit. Care Med. 2016, 193, 116–130. [CrossRef] [PubMed]

14. Schulte, W.; Bernhagen, J.; Bucala, R. Cytokines in sepsis: Potent immunoregulators and potential therapeutic targets—An
updated view. Mediat. Inflamm. 2013, 2013, 165974. [CrossRef] [PubMed]

15. Magana, M.; Pushpanathan, M.; Santos, A.L.; Leanse, L.; Fernandez, M.; Ioannidis, A.; Giulianotti, M.A.; Apidianakis, Y.; Bradfute,
S.; Ferguson, A.L.; et al. The value of antimicrobial peptides in the age of resistance. Lancet Infect. Dis. 2020, 20, e216–e230.
[CrossRef]

16. Hilchie, A.L.; Wuerth, K.; Hancock, R.E. Immune modulation by multifaceted cationic host defense (antimicrobial) peptides. Nat.
Chem. Biol. 2013, 9, 761–768. [CrossRef]

17. Prasad, S.V.; Fiedoruk, K.; Daniluk, T.; Piktel, E.; Bucki, R. Expression and Function of Host Defense Peptides at Inflammation
Sites. Int. J. Mol. Sci. 2019, 21, 104. [CrossRef]

18. Brunetti, J.; Roscia, G.; Lampronti, I.; Gambari, R.; Quercini, L.; Falciani, C.; Bracci, L.; Pini, A. Immunomodulatory and
Anti-inflammatory Activity in Vitro and in Vivo of a Novel Antimicrobial Candidate. J. Biol. Chem. 2016, 291, 25742–25748.
[CrossRef]

19. D’Este, F.; Tomasinsig, L.; Skerlavaj, B.; Zanetti, M. Modulation of cytokine gene expression by cathelicidin BMAP-28 in
LPS-stimulated and -unstimulated macrophages. Immunobiology 2012, 217, 962–971. [CrossRef]

20. Lee, E.Y.; Lee, M.W.; Wong, G.C.L. Modulation of toll-like receptor signaling by antimicrobial peptides. Semin. Cell Dev. Biol.
2019, 88, 173–184. [CrossRef]

21. Mwangi, J.; Yin, Y.; Wang, G.; Yang, M.; Li, Y.; Zhang, Z.; Lai, R. The antimicrobial peptide ZY4 combats multidrug-resistant
Pseudomonas aeruginosa and Acinetobacter baumannii infection. Proc. Natl. Acad. Sci. USA 2019. [CrossRef] [PubMed]

22. Sun, Y.; Shang, D. Inhibitory Effects of Antimicrobial Peptides on Lipopolysaccharide-Induced Inflammation. Mediat. Inflamm.
2015, 2015, 167572. [CrossRef] [PubMed]

23. Di Grazia, A.; Cappiello, F.; Cohen, H.; Casciaro, B.; Luca, V.; Pini, A.; Di, Y.P.; Shai, Y.; Mangoni, M.L. D-Amino acids incorporation
in the frog skin-derived peptide esculentin-1a(1-21)NH2 is beneficial for its multiple functions. Amino Acids 2015, 47, 2505–2519.
[CrossRef] [PubMed]

24. Chen, C.; Mangoni, M.L.; Di, Y.P. In vivo therapeutic efficacy of frog skin-derived peptides against Pseudomonas aeruginosa-induced
pulmonary infection. Sci. Rep. 2017, 7, 8548. [CrossRef]

25. Casciaro, B.; d’Angelo, I.; Zhang, X.; Loffredo, M.R.; Conte, G.; Cappiello, F.; Quaglia, F.; Di, Y.P.; Ungaro, F.; Mangoni, M.L.
Poly(lactide- co-glycolide) Nanoparticles for Prolonged Therapeutic Efficacy of Esculentin-1a-Derived Antimicrobial Peptides
against Pseudomonas aeruginosa Lung Infection: In Vitro and in Vivo Studies. Biomacromolecules 2019, 20, 1876–1888. [CrossRef]
[PubMed]

26. Rosenfeld, Y.; Papo, N.; Shai, Y. Endotoxin (lipopolysaccharide) neutralization by innate immunity host-defense peptides. Peptide
properties and plausible modes of action. J. Biol. Chem. 2006, 281, 1636–1643. [CrossRef]

http://doi.org/10.3390/pharmaceutics12070616
http://www.ncbi.nlm.nih.gov/pubmed/32630625
http://doi.org/10.3389/fimmu.2020.01198
http://www.ncbi.nlm.nih.gov/pubmed/32695100
http://doi.org/10.1080/21505594.2020.1787034
http://www.ncbi.nlm.nih.gov/pubmed/32697923
http://doi.org/10.1007/s004230050085
http://doi.org/10.1038/nature01326
http://doi.org/10.1155/2013/791231
http://doi.org/10.1007/s10753-017-0515-7
http://doi.org/10.3892/ijmm.2018.3937
http://doi.org/10.1007/s00011-018-1208-x
http://doi.org/10.1007/s00281-016-0560-6
http://doi.org/10.3390/molecules24020275
http://www.ncbi.nlm.nih.gov/pubmed/30642099
http://doi.org/10.3390/ijms19092714
http://www.ncbi.nlm.nih.gov/pubmed/30208640
http://doi.org/10.1164/rccm.201508-1545CI
http://www.ncbi.nlm.nih.gov/pubmed/26583808
http://doi.org/10.1155/2013/165974
http://www.ncbi.nlm.nih.gov/pubmed/23853427
http://doi.org/10.1016/S1473-3099(20)30327-3
http://doi.org/10.1038/nchembio.1393
http://doi.org/10.3390/ijms21010104
http://doi.org/10.1074/jbc.M116.750257
http://doi.org/10.1016/j.imbio.2012.01.010
http://doi.org/10.1016/j.semcdb.2018.02.002
http://doi.org/10.1073/pnas.1909585117
http://www.ncbi.nlm.nih.gov/pubmed/31843919
http://doi.org/10.1155/2015/167572
http://www.ncbi.nlm.nih.gov/pubmed/26612970
http://doi.org/10.1007/s00726-015-2041-y
http://www.ncbi.nlm.nih.gov/pubmed/26162435
http://doi.org/10.1038/s41598-017-08361-8
http://doi.org/10.1021/acs.biomac.8b01829
http://www.ncbi.nlm.nih.gov/pubmed/31013061
http://doi.org/10.1074/jbc.M504327200


Int. J. Mol. Sci. 2021, 22, 557 12 of 13

27. Rosenfeld, Y.; Shai, Y. Lipopolysaccharide (Endotoxin)-host defense antibacterial peptides interactions: Role in bacterial resistance
and prevention of sepsis. Biochim. Biophys. Acta 2006, 1758, 1513–1522. [CrossRef]

28. Bhunia, A.; Saravanan, R.; Mohanram, H.; Mangoni, M.L.; Bhattacharjya, S. NMR structures and interactions of temporin-1Tl and
temporin-1Tb with lipopolysaccharide micelles: Mechanistic insights into outer membrane permeabilization and synergistic
activity. J. Biol. Chem. 2011, 286, 24394–24406. [CrossRef]

29. Cappiello, F.; Di Grazia, A.; Segev-Zarko, L.A.; Scali, S.; Ferrera, L.; Galietta, L.; Pini, A.; Shai, Y.; Di, Y.P.; Mangoni, M.L.
Esculentin-1a-Derived Peptides Promote Clearance of Pseudomonas aeruginosa Internalized in Bronchial Cells of Cystic Fibrosis
Patients and Lung Cell Migration: Biochemical Properties and a Plausible Mode of Action. Antimicrob. Agents Chemother. 2016,
60, 7252–7262. [CrossRef]

30. Byfield, F.J.; Kowalski, M.; Cruz, K.; Leszczynska, K.; Namiot, A.; Savage, P.B.; Bucki, R.; Janmey, P.A. Cathelicidin LL-37 increases
lung epithelial cell stiffness, decreases transepithelial permeability, and prevents epithelial invasion by Pseudomonas Aeruginosa. J.
Immunol. 2011, 187, 6402–6409. [CrossRef]

31. Hawdon, N.A.; Aval, P.S.; Barnes, R.J.; Gravelle, S.K.; Rosengren, J.; Khan, S.; Ciofu, O.; Johansen, H.K.; Hoiby, N.; Ulanova, M.
Cellular responses of A549 alveolar epithelial cells to serially collected Pseudomonas aeruginosa from cystic fibrosis patients at
different stages of pulmonary infection. FEMS Immunol. Med. Microbiol. 2010, 59, 207–220. [CrossRef] [PubMed]

32. Ruffin, M.; Brochiero, E. Repair Process Impairment by Pseudomonas aeruginosa in Epithelial Tissues: Major Features and Potential
Therapeutic Avenues. Front. Cell. Infect. Microbiol. 2019, 9, 182. [CrossRef] [PubMed]

33. Fabisiak, A.; Murawska, N.; Fichna, J. LL-37: Cathelicidin-related antimicrobial peptide with pleiotropic activity. Pharmacol. Rep.
2016, 68, 802–808. [CrossRef] [PubMed]

34. Rosenfeld, Y.; Sahl, H.G.; Shai, Y. Parameters involved in antimicrobial and endotoxin detoxification activities of antimicrobial
peptides. Biochemistry 2008, 47, 6468–6478. [CrossRef]

35. Jantaruk, P.; Roytrakul, S.; Sitthisak, S.; Kunthalert, D. Potential role of an antimicrobial peptide, KLK in inhibiting
lipopolysaccharide-induced macrophage inflammation. PLoS ONE 2017, 12, e0183852. [CrossRef]

36. Liu, X.; Yin, S.; Chen, Y.; Wu, Y.; Zheng, W.; Dong, H.; Bai, Y.; Qin, Y.; Li, J.; Feng, S.; et al. LPSinduced proinflammatory cytokine
expression in human airway epithelial cells and macrophages via NFkappaB, STAT3 or AP1 activation. Mol. Med. Rep. 2018, 17,
5484–5491. [CrossRef]

37. Mubarak, R.A.; Roberts, N.; Mason, R.J.; Alper, S.; Chu, H.W. Comparison of pro- and anti-inflammatory responses in paired
human primary airway epithelial cells and alveolar macrophages. Respir. Res. 2018, 19, 126. [CrossRef]

38. Lee, I.T.; Lee, C.W.; Tung, W.H.; Wang, S.W.; Lin, C.C.; Shu, J.C.; Yang, C.M. Cooperation of TLR2 with MyD88, PI3K, and Rac1
in lipoteichoic acid-induced cPLA2/COX-2-dependent airway inflammatory responses. Am. J. Pathol. 2010, 176, 1671–1684.
[CrossRef]

39. Gunasekaran, P.; Rajasekaran, G.; Han, E.H.; Chung, Y.H.; Choi, Y.J.; Yang, Y.J.; Lee, J.E.; Kim, H.N.; Lee, K.; Kim, J.S.; et al.
Cationic Amphipathic Triazines with Potent Anti-bacterial, Anti-inflammatory and Anti-atopic Dermatitis Properties. Sci. Rep.
2019, 9, 1292. [CrossRef]

40. Payoungkiattikun, W.; Joompang, A.; Thongchot, S.; Nowichai, B.; Jangpromma, N.; Klaynongsruang, S. Evidence of multi-
functional peptide activity: Potential role of KT2 and RT2 for anti-inflammatory, anti-oxidative stress, and anti-apoptosis
properties. Appl. Biol. Chem. 2020, 63, 5. [CrossRef]

41. Boutin, S.; Graeber, S.Y.; Stahl, M.; Dittrich, A.S.; Mall, M.A.; Dalpke, A.H. Chronic but not intermittent infection with Pseudomonas
aeruginosa is associated with global changes of the lung microbiome in cystic fibrosis. Eur. Respir. J. 2017, 50. [CrossRef]

42. Courtney, J.M.; Ennis, M.; Elborn, J.S. Cytokines and inflammatory mediators in cystic fibrosis. J. Cyst. Fibros. 2004, 3, 223–231.
[CrossRef] [PubMed]

43. Richman-Eisenstat, J. Cytokine soup: Making sense of inflammation in cystic fibrosis. Pediatric Pulmonol. 1996, 21, 3–5. [CrossRef]
44. Henig, N.R.; Tonelli, M.R.; Pier, M.V.; Burns, J.L.; Aitken, M.L. Sputum induction as a research tool for sampling the airways of

subjects with cystic fibrosis. Thorax 2001, 56, 306–311. [CrossRef] [PubMed]
45. Dosunmu, E.F.; Emeh, R.O.; Dixit, S.; Bakeer, M.K.; Coats, M.T.; Owen, D.R.; Pillai, S.R.; Singh, S.R.; Dennis, V.A. The anti-

microbial peptide TP359 attenuates inflammation in human lung cells infected with Pseudomonas aeruginosa via TLR5 and MAPK
pathways. PLoS ONE 2017, 12, e0176640. [CrossRef] [PubMed]

46. Park, J.Y.; Pillinger, M.H.; Abramson, S.B. Prostaglandin E2 synthesis and secretion: The role of PGE2 synthases. Clin. Immunol.
2006, 119, 229–240. [CrossRef] [PubMed]

47. Shim, D.W.; Heo, K.H.; Kim, Y.K.; Sim, E.J.; Kang, T.B.; Choi, J.W.; Sim, D.W.; Cheong, S.H.; Lee, S.H.; Bang, J.K.; et al. Anti-
Inflammatory Action of an Antimicrobial Model Peptide That Suppresses the TRIF-Dependent Signaling Pathway via Inhibition
of Toll-Like Receptor 4 Endocytosis in Lipopolysaccharide-Stimulated Macrophages. PLoS ONE 2015, 10, e0126871. [CrossRef]

48. Huebener, P.; Schwabe, R.F. Regulation of wound healing and organ fibrosis by toll-like receptors. Biochim. Et Biophys. Acta 2013,
1832, 1005–1017. [CrossRef]

49. Wang, D.; Wang, J. Antiviral immune mechanism of Toll-like receptor 4-mediated human alveolar epithelial cells type. Exp. Ther.
Med. 2020, 20, 2561–2568. [CrossRef]

50. Visan, I. TLR4 in lung regeneration. Nat. Immunol. 2016, 17, 1341. [CrossRef]

http://doi.org/10.1016/j.bbamem.2006.05.017
http://doi.org/10.1074/jbc.M110.189662
http://doi.org/10.1128/AAC.00904-16
http://doi.org/10.4049/jimmunol.1102185
http://doi.org/10.1111/j.1574-695X.2010.00693.x
http://www.ncbi.nlm.nih.gov/pubmed/20528926
http://doi.org/10.3389/fcimb.2019.00182
http://www.ncbi.nlm.nih.gov/pubmed/31214514
http://doi.org/10.1016/j.pharep.2016.03.015
http://www.ncbi.nlm.nih.gov/pubmed/27117377
http://doi.org/10.1021/bi800450f
http://doi.org/10.1371/journal.pone.0183852
http://doi.org/10.3892/mmr.2018.8542
http://doi.org/10.1186/s12931-018-0825-9
http://doi.org/10.2353/ajpath.2010.090714
http://doi.org/10.1038/s41598-018-37785-z
http://doi.org/10.1186/s13765-019-0488-3
http://doi.org/10.1183/13993003.01086-2017
http://doi.org/10.1016/j.jcf.2004.06.006
http://www.ncbi.nlm.nih.gov/pubmed/15698939
http://doi.org/10.1002/1099-0496(199601)21:1&lt;3::AID-PPUL1950210103&gt;3.0.CO;2-B
http://doi.org/10.1136/thorax.56.4.306
http://www.ncbi.nlm.nih.gov/pubmed/11254823
http://doi.org/10.1371/journal.pone.0176640
http://www.ncbi.nlm.nih.gov/pubmed/28467446
http://doi.org/10.1016/j.clim.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16540375
http://doi.org/10.1371/journal.pone.0126871
http://doi.org/10.1016/j.bbadis.2012.11.017
http://doi.org/10.3892/etm.2020.8963
http://doi.org/10.1038/ni.3627


Int. J. Mol. Sci. 2021, 22, 557 13 of 13

51. Isowa, N.; Xavier, A.M.; Dziak, E.; Opas, M.; McRitchie, D.I.; Slutsky, A.S.; Keshavjee, S.H.; Liu, M. LPS-induced depolymerization
of cytoskeleton and its role in TNF-alpha production by rat pneumocytes. Am. J. Physiol. 1999, 277, L606–L615. [CrossRef]
[PubMed]

52. Isowa, N.; Liu, M. Role of LPS-induced microfilament depolymerization in MIP-2 production from rat pneumocytes. Am. J.
Physiol. Lung Cell. Mol. Physiol. 2001, 280, L762–L770. [CrossRef] [PubMed]

53. Ivanov, A.I.; Parkos, C.A.; Nusrat, A. Cytoskeletal regulation of epithelial barrier function during inflammation. Am. J. Pathol.
2010, 177, 512–524. [CrossRef] [PubMed]

54. Wang, W.; Weng, J.; Yu, L.; Huang, Q.; Jiang, Y.; Guo, X. Role of TLR4-p38 MAPK-Hsp27 signal pathway in LPS-induced
pulmonary epithelial hyperpermeability. BMC Pulm. Med. 2018, 18, 178. [CrossRef]

55. Akram, K.M.; Samad, S.; Spiteri, M.A.; Forsyth, N.R. Mesenchymal stem cells promote alveolar epithelial cell wound repair
in vitro through distinct migratory and paracrine mechanisms. Respir. Res. 2013, 14, 9. [CrossRef]

56. Li, J.; Turnidge, J.; Milne, R.; Nation, R.L.; Coulthard, K. In vitro pharmacodynamic properties of colistin and colistin methanesul-
fonate against Pseudomonas aeruginosa isolates from patients with cystic fibrosis. Antimicrob. Agents Chemother. 2001, 45, 781–785.
[CrossRef]

57. Cappiello, F.; Casciaro, B.; Mangoni, M.L. A Novel In Vitro Wound Healing Assay to Evaluate Cell Migration. J. Vis. Exp. Jove 2018.
[CrossRef]

58. Liang, W.; Diana, J. The Dual Role of Antimicrobial Peptides in Autoimmunity. Front. Immunol. 2020, 11, 2077. [CrossRef]
59. Zhang, C.; Yang, M. The Role and Potential Application of Antimicrobial Peptides in Autoimmune Diseases. Front. Immunol.

2020, 11, 859. [CrossRef]
60. Umnyakova, E.S.; Zharkova, M.S.; Berlov, M.N.; Shamova, O.V.; Kokryakov, V.N. Human antimicrobial peptides in autoimmunity.

Autoimmunity 2020, 53, 137–147. [CrossRef]

http://doi.org/10.1152/ajplung.1999.277.3.L606
http://www.ncbi.nlm.nih.gov/pubmed/10484469
http://doi.org/10.1152/ajplung.2001.280.4.L762
http://www.ncbi.nlm.nih.gov/pubmed/11238018
http://doi.org/10.2353/ajpath.2010.100168
http://www.ncbi.nlm.nih.gov/pubmed/20581053
http://doi.org/10.1186/s12890-018-0735-0
http://doi.org/10.1186/1465-9921-14-9
http://doi.org/10.1128/AAC.45.3.781-785.2001
http://doi.org/10.3791/56825
http://doi.org/10.3389/fimmu.2020.02077
http://doi.org/10.3389/fimmu.2020.00859
http://doi.org/10.1080/08916934.2020.1711517

	Introduction 
	Results 
	Effect of Esc Peptides on A549 Cells Infected with Pseudomonas aeruginosa ATCC 27853 
	Effect of Esc Peptides on IL-6 Secretion and COX-2 Expression in Macrophages Stimulated by Pseudomonas aeruginosa LPS 
	Wound Healing Assay and Dimensional Analysis in the Presence of the LPS or Its Combination with Peptides 

	Discussion 
	Materials and Methods 
	Peptides Synthesis 
	Cell Culture and Microorganisms 
	Cell Infection and Peptide Effect on Intracellular Bacteria 
	Detection of IL-6 Release from RAW 264.7 Macrophages 
	Western Blotting Analysis 
	Pseudowound Healing Assay 
	Fluorescence Microscopy 
	Statistical Analysis 

	Conclusions 
	References

