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Host defence peptides (HDPs) are short, cationic amphipathic peptides that play a key role in the
response to infection and inflammation in all complex life forms. It is increasingly emerging that HDPs
generally have a modest direct activity against a broad range of microorganisms, and that their anti-
infective properties are mainly due to their ability to modulate the immune response. Here, we report
the recombinant production and characterization of two novel HDPs identified in human
Apolipoprotein B (residues 887–922) by using a bioinformatics method recently developed by our group.
We focused our attention on two variants of the identified HDP, here named r(P)ApoBL and r(P)ApoBS,
38- and 26-residue long, respectively. Both HDPs were found to be endowed with a broad-spectrum
antimicrobial activity while they show neither toxic nor haemolytic effects towards eukaryotic cells.
Interestingly, both HDPs were found to display a significant anti-biofilm activity, and to act in synergy
with either commonly used antibiotics or EDTA. The latter was selected for its ability to affect bacterial
outer membrane permeability, and to sensitize bacteria to several antibiotics. Circular dichroism analyses
showed that SDS, TFE, and LPS significantly alter r(P)ApoBL conformation, whereas slighter or no signif-
icant effects were detected in the case of r(P)ApoBS peptide. Interestingly, both ApoB derived peptides
were found to elicit anti-inflammatory effects, being able to mitigate the production of pro-
inflammatory interleukin-6 and nitric oxide in LPS induced murine macrophages. It should also be
emphasized that r(P)ApoBL peptide was found to play a role in human keratinocytes wound closure
in vitro. Altogether, these findings open interesting perspectives on the therapeutic use of the herein iden-
tified HDPs.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The excessive and sometimes improper use of antibiotics has
been responsible for the development of resistant bacterial iso-
lates, the so-called ‘superbugs’, such as methicillin-resistant Sta-
phylococcus aureus (MRSA) [1], vancomycin-resistant enterococci
(VRE), and multidrug-resistant Pseudomonas, Klebsiella, and Acine-
tobacter [2]. This made the search for novel antimicrobial therapies
and approaches imperative. In this scenario, the broad
immunomodulatory properties of naturally occurring host defence
peptides (HDPs) have attracted considerable attention. HDPs, also
known as antimicrobial peptides (AMPs), are evolutionarily
conserved molecules of the innate immune system. They are a
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key element of the ancient, nonspecific innate defence system in
most multicellular organisms, representing the first line of defence
against invading microbes [3,4]. Found in all complex living organ-
isms, HDPs have first attracted considerable attention for their
modest antimicrobial activity directed towards a broad spectrum
of pathogens including bacteria, viruses, fungi, and protozoa
[3,4]. Natural HDPs have a size ranging from 12 to 50 amino acids,
are mostly cationic owing to the presence of high levels of lysine
and arginine residues, and contain over 50% hydrophobic amino
acids [3,5]. These properties are at the basis of HDPs’ ability to
interact with membranes, and, in some cases, to penetrate cell
membranes. In model systems, HDPs associate preferentially with
negatively charged membranes of bacteria-like composition, but
many peptides are also able to translocate into host cells. To date,
the molecular bases of their selectivity towards bacterial mem-
branes are still poorly understood [6]. It has been suggested that
HDPs tend to translocate into bacterial cells owing to the presence
of a large electrical potential gradient [7]. However, although
HDPs’ direct antimicrobial mechanism of action against bacteria
mainly involves interaction with the bacterial membrane, multiple
targets have been identified, such as cell wall peptidoglycans,
cytosolic RNA, proteins, or cytosolic enzymes/chaperones [6,8].
Hence, the selection of resistance mechanisms in bacteria is
improbable, since the removal of a single target, e.g. by mutation,
would still allow other targets to mediate HDPs direct killing activ-
ity [8]. However, it is becoming increasingly evident that these
peptides are endowed with a wide range of biological activities,
such as multispecies anti-biofilm properties, modulation of innate
immune response, and anticancer, analgesic, antioxidant and anti-
inflammatory activities [3,9–13]. Therefore, although these bioac-
tive peptides were often named AMPs, more recently they have
been termed as HDPs to describe more appropriately the breadth
of their activities [14]. Due to HDPs’ multifunctional properties,
as well as to the increased bacterial resistance to conventional
antibiotics, these peptides have great chance to be used as anti-
infective and immunomodulatory therapeutics. Although very
few HDPs are currently in use in the market, many of them are pro-
gressing through clinical trials for the treatment of diseases includ-
ing microbial infections, organ failure, immune disorders, wound
healing, diabetes and cancer [15,16]. Currently, most of the thera-
pies based on HDPs that have entered clinical trials were designed
for topical applications [17], presumably due to issues concerning
their stability and toxicity [18].

Natural cationic HDPs are encoded by genes from many organ-
isms. In mammals, HDPs are expressed in a variety of cell types
including monocytes/macrophages, neutrophils, epithelial cells,
keratinocytes, and mast cells [19–21]. They are usually synthesized
as pro-peptides from which mature and biologically active HDPs
are released by bacterial and/or host proteases [20]. Apolipopro-
teins are a source of bioactive peptides. Previous reports have
shown that peptides derived from the cationic receptor binding
region of Apolipoprotein E (ApoE141-149) are endowed with broad
anti-infective activity [22]. Apolipoprotein B (ApoB) also contains
two LDL (low-density lipoprotein) receptor binding domains,
namely region A (ApoB3147-3157) and region B (ApoB3359-
3367). Region B, more uniformly conserved across species and pri-
marily involved in receptor binding, has been found to be endowed
with a significant antiviral activity [22]. Moreover, peptides
derived from ApoB have been already used in vaccine preparations
to treat atherosclerosis [23]. When ApoE deficient mice have been
immunized with ApoB661–680 and ApoB3136–3155 peptides, a
significant increase of the levels of peptide-specific immunoglobu-
lins was detected accompanied by a concomitant increase of
secreted interleukin-10 (IL-10) levels, with no effect on IFN-c
expression levels, thus indicating that ApoB derived peptides are
able to modulate the immune response [23].
Recently, our group developed an in silico method [K. Pane et al.
submitted, 24] to identify HDPs in protein precursors and to pre-
dict quantitatively their antibacterial activity. This method assigns
to any given peptide an antimicrobial score, called ‘‘absolute score”
(AS), on the basis of net charge, hydrophobicity and length of the
peptide and of two bacterial strain-dependent weight factors
defining the contribution of charge and hydrophobicity to the
antimicrobial activity. We demonstrated that AS is directly propor-
tional to the antimicrobial activity of HDPs expressed as Log(1000/
MIC), where MIC is the minimal inhibitory concentration of the
peptide. Score values lower than 6.5 are considered not significant
as they correspond to predicted MIC values higher than 200 lM,
while for score values higher than about 10 the linear relationship
is no longer valid, and an increase in the score does not necessarily
correspond to a concomitant increase in the antimicrobial activity.
In order to analyse a protein potentially bearing hidden antimicro-
bial regions, the AS values of all the peptides of the desired length
contained in a precursor protein can be plotted as a function of
peptide sequence and length, thus obtaining an accurate map of
the antimicrobial activity determinants. This method allows the
identification of novel HDPs within the sequence of known pro-
teins (‘‘cryptic” HDPs), as demonstrated by the identification of a
novel cationic HDP endowed with antibacterial and immunomod-
ulatory activities in human ApoE [24], and in the transcription fac-
tor Stf76 from the archaeon Sulfolobus islandicus. In the last case,
peptide VVL-28 represents the first antimicrobial peptide derived
from an archaeal protein [25].

On the basis of the interesting results obtained in the case of
human ApoE, we applied our in silico analysis method to a human
Apolipoprotein B (ApoB) isoform [26,27]. In Fig. 1, the isometric
plot of region 882–929 of this ApoB variant is shown. An absolute
maximum, corresponding to region 887–922 (AS = 12.0), and a rel-
ative maximum, corresponding to residues 887–909 (AS = 10.6),
are shown (Fig. 1). Even if several ApoB functional regions have
already been analysed, and in some cases biologically active pep-
tides were obtained [22,23], to the best of our knowledge, this is
the first report identifying ApoB region 887–922 as a source of
HDPs.

Here, we report the recombinant production and characteriza-
tion of two variants of the putative HDP identified by our bioinfor-
matics method in human ApoB, i.e. peptides ApoB887-923 and
ApoB887-911. Both peptides include at the C-terminal side one
(as in the case of ApoB887-923), or two (as in the case of
ApoB887-911) small uncharged residues (serine, glycine or thre-
onine), which are not present in the regions highlighted in the AS
plot (Fig. 1). These residues have been arbitrarily included to avoid
that the negatively charged C-terminus of the peptide is adjacent
to the antimicrobial region.

To evaluate the therapeutic potential of these peptides, we
analysed their structure, antimicrobial and anti-biofilm activities,
the ability to act in synergy with conventional antibiotics, their
anti-inflammatory and wound healing properties, and their possi-
ble toxic effects on eukaryotic cells.
2. Materials and methods

2.1. Bacterial strains and growth conditions

Eight bacterial strains were used in the present study, i.e. E. coli
ATCC 25922, methicillin-resistant Staphylococcus aureus (MRSA
WKZ-2), Salmonella enteriditis 706 RIVM, Bacillus globigii TNO
BM013, Bacillus licheniformis ATTC 21424, Staphylococcus aureus
ATTC 29213, Pseudomonas aeruginosa ATCC 27853, and Pseu-
domonas aeruginosa PAO1. All bacterial strains were grown in Mul-
ler Hinton Broth (MHB, Becton Dickinson Difco, Franklin Lakes, NJ)



Fig. 1. Isometric plot showing the absolute score values (AS) of peptides with a length ranging from 12 to 40 residues (W12-W40) in the region 882–929 of ApoB. Colors were
used to highlight AS values higher than 6.5, and corresponding to predicted MIC values on S. aureus lower than 200 lM.
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and on Tryptic Soy Agar (TSA; Oxoid Ltd., Hampshire, UK). In all the
experiments, bacteria were inoculated and grown overnight in
MHB at 37 �C. The next day, bacteria were transferred to a fresh
MHB tube and grown to mid-logarithmic phase.

2.2. Cell culture

Murine RAW 264.7 cells, malignant SVT2 murine fibroblasts
(BALBc 3T3 cells transformed by SV40 virus), parental murine
BALBc 3T3 cells, and human HeLa and HaCaT cells were from ATCC,
Manassas, VA. Cells were cultured in Dulbecco’s modified Eagle’s
medium (Sigma Aldrich, Milan, Italy), supplemented with 10% foe-
tal bovine serum (HyClone, GE Healthcare Lifescience, Chicago, IL)
and antibiotics, in a 5% CO2 humidified atmosphere at 37 �C.

2.3. Synthetic peptides

CATH-2 peptide was obtained from CPC Scientific Inc. (Sunny-
vale, USA), and LL-37 peptide was from Sigma Aldrich, Milan, Italy.

2.4. Expression ad isolation of recombinant ApoB derived peptides

Expression and isolation of recombinant peptides was carried
out as previously described [24,28]. Briefly, E. coli BL21(DE3) cells
were transformed with pET recombinant plasmids, and grown in
10 mL of Terrific Brothmedium (TB) containing 100 lg/mL of ampi-
cillin, at 37 �C up to OD600nm of 2. These cultures were used to inoc-
ulate 1 L of TB/ampicillin medium. Glucose at final concentration of
4 g/L was added to cultures to limit protein expression before
induction with IPTG. Cultures were incubated at 37 �C up to
OD600nm of 3.5–4. Expression of recombinant proteins was induced
by addition of IPTG (isopropyl-b-D-thiogalactopyranoside) at final
concentration of 0.7 mM. Cells were harvested after overnight
induction by centrifugation at 8,000g for 15 min at 4 �C andwashed
with 50 mM Tris–HCl buffer pH 7.4. The bacterial pellet was sus-
pended in 50 mM Tris-HCl buffer pH 7.4 containing 10 mM
ethylenediaminetetraacetic acid (EDTA), and sonicated in a cell dis-
ruptor (10 x 1 min cycle, on ice). The suspension was then cen-
trifuged at 18,000g for 60 min at 4 �C. The insoluble fractions
werewashed three times in 0.1 M Tris–HCl buffer pH 7.4 containing
10 mM EDTA, 2% Triton X-100, and 2 M urea, followed by repeated
washes in 0.1 M Tris–HCl buffer pH 7.4. Following washing steps,
100 mg of fusion proteins were dissolved in 10 mL of denaturing
buffer (6 M guanidine/HCl in 50 mM Tris–HCl, pH 7.4) containing
10 mM b-mercaptoethanol. Mixtures were incubated at 37 �C for
3 h under nitrogen atmosphere on a rotary shaker, and then cen-
trifuged at 18,000g for 60 min at 4 �C. Soluble fractions were then
collected and purified by affinity chromatography onNi SepharoseTM

6 Fast Flow resin (GE Healthcare Lifescience, Chicago, IL). The chro-
matographic fractions were analysed by 15% SDS/PAGE, pooled, and
extensively dialyzed against 0.1 M acetic acid pH 3 at 4 �C. Any
insoluble material was removed by centrifugation and filtration.
The sample containing the fusion construct was then acidified to
pH 2.0 by the addition of 0.6 M HCl to allow the cleavage of Asp-
Pro linker peptide, purged with N2, and incubated at 60 �C for
24 h in a water bath. The pH was then increased to 7–7.2 by the
addition of 1 M NH3, and incubated overnight at 28 �C to selectively
precipitate the carrier ONC-DCless-H6, that is insoluble at neutral
or alkaline pH values. The peptides were isolated from insoluble
components by repeated cycles of centrifugation, and finally lyo-
philized. Their purity was checked by SDS/PAGE and mass spec-
trometry analyses. Lyophilized peptides were then dissolved in
pure water, unless differently specified, and quantified by BCA
assay (ThermoFisher Scientific, Waltham, MA).

2.5. Mass spectrometry analyses

Matrix-assisted laser desorption/ionisation mass spectrometry
(MALDI-MS) was carried out on a 4800 Plus MALDI TOF/TOF mass
spectrometer (Applied Biosystems, Framingham, MA) equipped
with a nitrogen laser (337 nm). The peptide samples (1 mL) were
mixed (1:1, v/v) with a 10 mg/mL solution of a-cyano-4-
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hydroxycinnamic acid in acetonitrile/50 mM citrate buffer (70:30
v/v). Mass calibration was performed using external peptide stan-
dards purchased from Applied Biosystems, Framingham, MA. Spec-
tra were acquired using 5,000 shots/spectrum in a mass (m/z)
range of 1,000–5,000 amu and raw data were analysed using Data
Explorer Software provided by the manufacturer.

2.6. Circular dichroism spectroscopy

CD experiments were performed on a Jasco J-815 circular
dichroism spectropolarimeter, calibrated for intensity with ammo-
nium [D10] camphorsulfonate ([h290.5] = 7,910 deg cm2 dmol�1).
The cell path length was 0.01 cm. CD spectra were collected at
25 �C in the 190–260 nm (far-UV) at 0.2 nm intervals, with a
20 nm/min scan rate, 2.5 nm bandwidth and a 16 s response. Spec-
tra are reported in terms of mean residue ellipticity, calculated by
dividing the total molar ellipticity by the number of amino acids in
the molecule. Each spectrum was corrected by subtracting the
background, and reported without further signal processing. Lyo-
philized peptides were dissolved in ultra-pure water (Romil,
Waterbeach, Cambridge, GB) at a concentration of 100 lM, deter-
mined on the basis of peptide dry weight and BCA assay (Thermo-
Fisher Scientific, Waltham, MA). CD spectra of the peptides were
collected in the absence or in the presence of increasing concentra-
tions of trifluoroethanol (TFE, Sigma Aldrich, Milan, Italy), SDS
(Sigma Aldrich, Milan, Italy) or lipopolysaccharide (LPS) from E.coli
0111:B4 strain (Sigma Aldrich, Milan, Italy). CD spectra were cor-
rected by subtracting every time the contribution of the compound
under test at any given concentration. CD spectra deconvolution
was performed by using the program PEPFIT, that is based on
peptide-derived reference spectra [29], in order to estimate sec-
ondary structure contents. A Microsoft Excel-ported version of
PEPFIT was used for convenience [30].

2.7. Measurement of IL-6 release

IL-6 levels were determined by ELISA assay (DuoSet ELISA kits,
R&D Systems, Minneapolis, MN) following the manufacturer’s
instructions. Briefly, RAW 264.7 cells (5 � 104) were seeded into
96-well microtiter plates, and grown to semi-confluency. After
24 h, the culture medium was replaced with fresh medium con-
taining the peptide under test (5 or 20 lM) in the presence or in
the absence of LPS from Salmonella Minnesota (50 ng/mL, Sigma
Aldrich, Milan, Italy) for 24 h at 37 �C. When the protective effect
of peptides was evaluated, cells were pre-incubated with the pep-
tide under test (5 or 20 lM) for 2 h at 37 �C. Following treatment,
cells were washed three times with PBS prior to incubation with
LPS (50 ng/mL) for further 24 h at 37 �C. In each case, at the end
of incubation, the culture supernatants were collected, and cen-
trifuged at 5,000 rpm for 3 min at room temperature, in order to
remove cell debris. Samples were then analysed by reading absor-
bance values at 450 nm using 550 nm as a reference wavelength at
an automatic plate reader (FLUOstar Omega, BMG LABTECH, Orten-
berg, Germany).

2.8. Determination of NO production

To determine the levels of NO released by RAW 264.7 cells, a
colorimetric assay based on the use of Griess reagent (Sigma
Aldrich, Milan, Italy) was performed. The levels of nitrite (NO2�)
in cell supernatants were determined on the basis of a reference
curve obtained by testing increasing concentrations (from 1 to
50 lM) of sodium nitrite dissolved in water. Briefly, cell culture
supernatants were mixed with equal volumes of 1% sulphanil-
amide dissolved in 2.5% phosphoric acid, and incubated for 5 min
at room temperature. Samples were then diluted 1:1 (v/v) with
0.1% N-(1-naphthyl) ethylenediamine dihydrochloride, and incu-
bated for further 5 min at room temperature. Absorbance values
were then determined at 520 nm using an automatic plate reader
(FLUOstar Omega, BMG LABTECH, Ortenberg, Germany).
2.9. Antimicrobial activity assay

The antimicrobial activity of ApoB derived peptides was tested
towards eight bacterial strains, i.e. E. coli ATCC 25922, methicillin-
resistant Staphylococcus aureus (MRSA WKZ-2), Salmonella enteridi-
tis 706 RIVM, Bacillus globigii TNO BM013, Bacillus licheniformis
ATCC 21424, Staphylococcus aureus ATCC 29213, Pseudomonas
aeruginosa ATCC 27853, and Pseudomonas aeruginosa PAO1. In each
case, bacteria were grown to mid-logarithmic phase in MHB at
37 �C. Cells were then diluted to 2 � 106 CFU/mL in Nutrient Broth
(Difco, Becton Dickinson, Franklin Lakes, NJ) containing increasing
amounts of either r(P)ApoBL or r(P)ApoBS peptide (0,625–40 lM).
In each case, starting from a peptide stock solution, twofold serial
dilutions were sequentially carried out, accordingly to broth
microdilution method [31]. Following overnight incubation,
MIC100 values were determined as the lowest peptide concentra-
tion responsible for no visible bacterial growth.
2.10. Killing kinetics studies

To kinetically analyse bacterial killing by ApoB derived pep-
tides, experiments were performed on E. coli ATTC 25922 and Bacil-
lus licheniformis ATTC 21424 strains. To this purpose, bacteria were
grown overnight in MHB medium, then diluted in fresh MHB, and
incubated at 37 �C until logarithmic phase of growth was reached.
Bacteria were then diluted to 4 � 106 CFU/mL in a final volume of
150 lL of Nutrient Broth 0.5X (Difco, Becton Dickinson, Franklin
Lakes, NJ), and mixed with the peptide under test (1:1 v/v). For
each strain, increasing concentrations of peptide were analysed
(ranging from 0 to 20 lM or from 0 to 10 lM in the case of
E. coli ATTC 25922 and Bacillus licheniformis ATTC 21424 strains,
respectively). At defined time intervals, samples (20 lL) were seri-
ally diluted (from 10- to 10,000-fold), and 100 lL of each dilution
was plated on TSA. Following an incubation of 16 h at 37 �C, bacte-
rial colonies were counted.
2.11. Synergy evaluation

Synergism between ApoB derived peptides and antimicrobial
agents was assessed by the so called ‘‘checkerboard” assay against
S. aureus MRSA WKZ-2, E. coli ATCC 25922, P. aeruginosa ATCC
27853, P. aeruginosa PAO1, and S. aureus ATCC 29213 strains. To
this purpose, ApoB derived peptides were tested in combination
with EDTA or antibiotics, such as ciprofloxacin, colistin, ery-
thromycin, kanamycin sulfate, and vancomycin. All these antimi-
crobial agents were from Sigma Aldrich, Milan, Italy. Twofold
serial dilutions of each ApoB derived peptide and each antimicro-
bial agent were tested in combination on each strain tested. To
do this, we tested peptide concentrations ranging from 0 to
20 lM. Compound concentrations tested on each strain are
reported in Table 1. The fractional inhibitory concentration (FIC)
index was calculated as follows: FICA + FICB, where FICA = MIC of
drug A in combination/MIC of drug A alone, and FICB = MIC of drug
B in combination/MIC of drug B alone. FIC indexes 6 0.5 were clas-
sified as synergism, whereas FIC indexes between 0.5 and 4 were
associated to additive or ‘‘no interaction” effects [32]. Antagonism
is usually associated to a FIC index > 4.



Table 1
Range of antimicrobial agent concentrations tested on each strain for combination therapy analyses.

S. aureus ATCC 29213 S. aureus MRSA WKZ-2 P. aeruginosa ATCC 27853 P. aeruginosa PAO1 E. coli ATCC 25922

Ciprofloxacin 0–0,5 lg/mL 0–1 lg/mL 0–2 lg/mL 0–1 lg/mL 0–0,03 lg/mL
Colistin 0–8 lg/mL 0–8 lg/mL 0–4 lg/mL 0–4 lg/mL 0–8 lg/mL
Erythromycin 0–4 lg/mL 0–4 lg/mL 0–16 lg/mL 0–128 lg/mL 0–128 lg/mL
Vancomycin 0–0,25 lg/mL 0–0,5 lg/mL 0–32 lg/mL 0–4 lg/mL 0–0,25 lg/mL
Kanamycin 0–0,5 lg/mL 0–0,125 lg/mL 0–64 lg/mL 0–8 lg/mL 0–0,125 lg/mL
EDTA 0–24,53 lg/mL 0–49,07 lg/mL 0–392,5 lg/mL 0–196,2 lg/mL 0–98,14 lg/mL

Each antimicrobial agent was tested for synergistic effects with ApoB derived peptides (0–20 lM) within the concentration range listed in the table, depending from the
sensitivity of the specific bacterial strain.
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2.12. Anti-biofilm activity

Anti-biofilm activity of ApoB derived peptides was tested on S.
aureus MRSA WKZ-2, E. coli ATCC 25922, P. aeruginosa ATCC
27853, and P. aeruginosa PAO1 strains. Bacteria were grown over-
night in MHB (Becton Dickinson Difco, Franklin Lakes, NJ), and then
diluted to 1 � 108 CFU/mL in BM2medium [33] containing increas-
ing peptide concentrations (0–1 lM). Incubations with the pep-
tides were carried out either for 4 h, in order to test peptide
effects on biofilm attachment, or for 24 h, in order to test peptide
effects on biofilm formation. When peptide effects on preformed
biofilm were evaluated, bacterial biofilms were formed for 24 h
at 37 �C, and then treated with increasing concentrations
(0–1 lM) of the peptide under test. In all the cases, at the end of
the incubation, the crystal violet assay was performed. To do this,
the planktonic culture was removed from the wells, which were
washed three times with sterile PBS prior to staining with 0.04%
crystal violet (Sigma Aldrich, Milan, Italy) for 20 min. The colorant
excess was eliminated by three successive washes with sterile PBS.
Finally, the crystal violet was solubilised with 33% acetic acid and
samples optical absorbance values were determined at 630 nm by
using a microtiter plate reader (FLUOstar Omega, BMG
LABTECH, Germany). To determine the percentage of viable
bacterial cells inside the biofilm structure, upon biofilm
disruption with 0,1% Triton X-100 (Sigma Aldrich, Milan, Italy),
bacterial cells were ten-fold diluted on solid TSA and
incubated for 16 h at 37 �C. Once evaluated the number of colony
forming units, bacterial cell survival was calculated as follows:
(CFUin treated sample/CFUin untreated sample) � 100.
2.13. Cytotoxicity assays

Cytotoxic effects of ApoB derived peptides on RAW 264.7 cells
were determined by using the cell proliferator reagent WST-1
(Roche Applied Science, Mannheim, Germany). To this purpose,
RAW 264.7 cells were plated into 96-well plates at a density of
5 � 104 cells in 100 lL medium per well, and incubated overnight
at 37 �C. Afterwards, cells were treated with increasing concentra-
tions (0–20 lM) of the peptide under test for 24 h at 37 �C. Follow-
ing incubation, peptide-containing medium was removed, and
100 lL of fresh medium containing 10% WST-1 reagent was added
to each well. Following an incubation of 30 min at 37 �C in the
dark, sample absorbance values were measured at 450 nm using
650 nm as a reference wavelength at a microtiter plate reader
(FLUOstar Omega, BMG LABTECH, Germany).

Cytotoxic effects of peptides on the viability of malignant SVT2
murine fibroblasts, parental murine BALBc 3T3 fibroblasts, human
HeLa cells, and human HaCaT keratinocytes were determined by
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Sigma Aldrich, Milan, Italy), as previously
described [34]. Briefly, cells were seeded into 96-well plates at a
density of 5 � 103/well in 100 lL medium per well, and incubated
overnight at 37 �C. Afterwards, cells were treated with increasing
concentrations (0–20 lM) of the peptide under test for 24 h at
37 �C. Following incubation, the peptide-containing medium was
removed, and 100 lL of MTT reagent, dissolved in DMEM without
phenol red (Sigma Aldrich, Milan, Italy), were added to the cells
(100 lL/well) at a final concentration of 0.5 mg/mL. After 4 h at
37 �C, the culture medium was removed and the resulting for-
mazan salts were dissolved by the addition of isopropanol contain-
ing 0.1 N HCl (100 lL/well). Absorbance values of blue formazan
were determined at 570 nm using an automatic plate reader
(Microbeta Wallac 1420, Perkin Elmer).

In all the cases, cell survival was expressed as the percentage of
viable cells in the presence of the peptide under test, with respect
to control cells grown in the absence of the peptide.

2.14. Haemolytic activity

The release of haemoglobin from mouse erythrocytes was used
as a measure for the haemolytic activity of ApoB derived peptides.
To do this, EDTA anti-coagulated mouse blood was centrifuged for
10 min at 800g at 20 �C, in order to obtain red blood cells (RBCs),
which were washed three times, and 200-fold diluted in PBS. Sub-
sequently, 75 lL aliquots of RBCs were added to 75 lL peptide
solutions (final concentration ranging from 0 to 20 lM) in 96-
well microtiter plates, and the mixture was incubated for 1 h at
37 �C. Following the incubation, the plate was centrifuged for
10 min at 1,300g at 20 �C, and 100 lL supernatant of each well
were transferred to a new 96-well plate. Absorbance values were
determined at 405 nm by using an automatic plate reader (FLUOs-
tar Omega, BMG LABTECH, Germany), and the percentage of
haemolysis was calculated by comparison with the control
samples containing no peptide (negative control) or 0.2% (v/v) Tri-
ton X-100 (positive control, complete lysis). Haemolysis (%) =
[(Abs405 nm peptide � Abs405 nm negative control)/(Abs405 nm 0.2%
Triton � Abs405 nm negative control)] � 100.

2.15. Wound healing assay

Wound healing activity of r(P)ApoBL peptide was evaluated
in vitro as previously described [35]. Human HaCaT keratinocytes
were seeded into 12-well plates at a density of 6.3 � 105 cells/well
in 1 mL medium per well. Following an incubation of 24 h at 37 �C,
cells were pre-treated with 3 lM mitomycin C for 30 min, in order
to inhibit cell proliferation [36]. Cell monolayers were then
wounded with a pipette tip to remove cells from a specific region
of the monolayer. The culture medium was then removed and
the cells were washed twice with PBS. Cells were then incubated
with fresh culture medium containing increasing concentrations
of r(P)ApoBL peptide (0–0.5–10–20 lM). Wound closure was then
followed by multiple field time-lapse microscopy (TLM) experi-
ments, using an inverted microscope (Zeiss Axiovert 200, Carl
Zeiss, Germany) equipped with an incubator to control tempera-
ture, humidity and CO2 percentage [37,38]. Images were iteratively
acquired in phase contrast with a CCD video camera (Hamamatsu
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Orca AG, Japan) by using a 5� objective. The microscope was also
equipped with a motorized stage and focus control (Marzhauser,
Germany) enabling automated positioning of the acquired sam-
ples. The workstation was controlled through a homemade soft-
ware in Labview. Each cell sample was analysed in duplicate, and
in any case at least two fields of view were selected. Since three
independents experiments were carried out, from 8 to 12 indepen-
dent fields of view were analysed for each sample. The delay
between consecutive imaging of the same field of view was set
to 15 min. The wound closure dynamics were quantified by using
a homemade automated image analysis software, that allowed to
measure the size of the wound area for each time point (A). For
each field of view, determined values were normalized with
respect to the value of the wound area at time 0 (A0), and plotted
as function of time. After an initial lag phase, the wound area was
found to decrease with a constant velocity [39,40]. By reporting A/
A0 values as a function of time, a linear decrease was observed for
A/A0 values lower than 0.8 (Fig. 9b). For each sample, the lag time
tL was calculated as the time required to obtain an initial wound
closure corresponding to A/A0 = 0.8. Being R2 typically higher than
0.98, the linear range of the curve was fitted, and the slope (�a)
was considered a measure of the wound closure velocity. The val-
ues of wound closure velocity obtained for each field of view from
Fig. 2. Far-UV CD spectra of recombinant peptides r(P)ApoBL (a, c) and r(P)ApoBS (b, d) at
mimicking agents TFE or SDS at micellar concentrations (a, b) or of LPS (c, d).
three independent experiments were averaged (a), and normalized
with respect to the value of the corresponding control sample
(acontr). For each peptide concentration tested, a/acontr values
obtained from three independent experiments were averaged
and the standard error of the mean was calculated to account for
reproducibility [41].

2.16. Statistical analysis

Statistical analysis was performed using a Student’s t-Test. Sig-
nificant differences wereindicated as *(P < 0.05), **(P < 0.01) or
***(P < 0.001).

3. Results

3.1. Recombinant production of ApoB derived peptides

Expression of HDPs in bacterial cells can be deleterious to the
host due to their toxicity. For this reason, we used a procedure to
produce HDPs as fusion proteins with onconase (ONC), a frog
ribonuclease that mediates the delivery to inclusion bodies very
efficiently, as previously described [24,27], thus avoiding toxicity
problems. DNA sequences encoding peptide ApoB887-923 or
a concentration of 10 lM in the presence of increasing concentrations of membrane-



Fig. 3. Effects of ApoB derived peptides on the release of IL-6 (a, b) and NO (c, d) in mouse macrophages RAW 264.7 stimulated with LPS (50 ng/mL) from Salmonella
Minnesota. The effects of r(P)ApoBL (a, c) and r(P)ApoBS (b, d) peptides were evaluated either co-incubating cells with the peptide under test (5 or 20 lM) and LPS (oblique
grey lanes) or by treating cells with the peptide under test (5 or 20 lM) for 2 h at 37 �C prior to incubation with LPS (chessboard bars). Results were compared to those
obtained in the case of control untreated cells (white bars), cells stimulated with the LPS alone (black bars), or cells incubated with two different concentrations (5 or 20 lM)
of peptide (grey bars). Data represent the mean (±standard deviation, SD) of at least three independent experiments, each one carried out with triplicate determinations.
*P < 0.05, **P < 0.01, or ***P < 0.001 were obtained for control versus treated samples.
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peptide ApoB887-911, synthesized by MWG Biotech in conformity
with the E. coli codon usage, were cloned into the expression vector
pET22b(+), downstream to a sequence encoding a mutated form of
ONC. The resulting fusion proteins contain a His tag sequence,
positioned between the ONC and the peptide moieties, suitable
for an easy purification of the fusion protein, a flexible linker
(Gly-Thr-Gly), and a dipeptide (Asp-Pro), which is cleaved in mild
acidic conditions thus allowing the release of the peptide from the
carrier. Since the carrier is insoluble at neutral or alkaline pH, ApoB
derived peptides were isolated from insoluble components by
repeated cycles of centrifugation, and finally lyophilized. Peptides’
purity was checked by SDS/PAGE and matrix assisted laser desorp-
tion ionisation (MALDI) mass spectrometry analyses. Recombinant
peptides were found to be 99% pure. Molecular mass values of
ApoB887-923 and ApoB887-911 were found to be 4,072.3 Da (The-
oretical MH+ 4072.7) and 2,820.9 Da (Theoretical MH+ 2820.2),
respectively, values which are in agreement with the expected
molecular weights of the peptides with the addition of a Pro



Fig. 4. Time killing curves obtained by incubating Bacillus licheniformis ATTC 21424 (a, b) and E. coli ATTC 25922 (c, d) strains with increasing concentrations of r(P)ApoBL (a, c)
or r(P)ApoBS (b, d) peptides for different lengths of time. Data represent the mean (±standard deviation, SD) of at least three independent experiments, each one carried out
with triplicate determinations.

Fig. 5. Anti-biofilm activity of r(P)ApoBL (–), r(P)ApoBS (---), CATH-2 (–––), and LL-37 (���) peptides on E. coli ATCC 25922 (a, b, c) and S. aureus MRSA WKZ-2 (d, e, f) strains
in BM2 medium. The effects of increasing concentrations of peptides were evaluated either on biofilm attachment (a, d), biofilm formation (b, e), or on pre-formed (c, f)
biofilm. Biofilm was stained with crystal violet and measured at 630 nm. Data represent the mean (±standard deviation, SD) of at least three independent experiments, each
one carried out with triplicate determinations. For all the experimental points, *P < 0.05, **P < 0.01, or ***P < 0.001 were obtained for control versus treated samples.
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Fig. 6. Anti-biofilm activity of r(P)ApoBL (–), r(P)ApoBS (---), CATH-2 (–––), and LL-37 (���) peptides on P. aeruginosa ATCC 27853 (a, b, c) and P. aeruginosa PAO1 (d, e, f)
strains in BM2medium. The effects of increasing concentrations of peptides were evaluated either on biofilm attachment (a, d), biofilm formation (b, e), or on pre-formed (c, f)
biofilm. Biofilm was stained with crystal violet and measured at 630 nm. Data represent the mean (±standard deviation, SD) of at least three independent experiments, each
one carried out with triplicate determinations. For all the experimental points, *P < 0.05, or **P < 0.01 were obtained for control versus treated samples.
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residue deriving from the cleavage of the Asp-Pro bond. The final
yield of peptides ApoB887-923 and ApoB887-911, here named r
(P)ApoBL and r(P)ApoBS, was about 7 and 4 mg/L of bacterial cul-
ture, respectively.

3.2. Conformational analyses of r(P)ApoBL and r(P)ApoBS peptides by
Far-UV circular dichroism

To analyse the secondary structure of recombinant ApoB
derived peptides, we performed Far-UV CD spectra, and found that
both peptides are largely unstructured in pure water
(Fig. 2a and b). We also evaluated the effects of membrane-
mimicking agents, such as TFE and SDS at micellar concentrations,
on peptide conformation. We found that r(P)ApoBL secondary
structure shifts mainly towards an a-helical conformation in pres-
ence of both membrane-mimicking agents, and only a partial
(<10%) increase in b-strand content is observed (Table 2). This is
clearly evidenced by the presence of two broad minima at around
208 and 222 nm, and a maximum at <200 nm (Fig. 2a). A similar
behavior has been described for different HDPs [24,42,43], and
suggests that r(P)ApoBL peptide is prone to assume a specific
ordered conformation when interacting with membrane-
mimicking agents. Similar effects, even if significantly less pro-
nounced, were observed in the case of r(P)ApoBS peptide (Fig. 2b
and Table 2). No appreciable b-strand formation was observed
for this peptide, probably indicating that, in the r(P)ApoBL peptide,
b-strand propensity is mainly localized in the C-terminus region.

We also analysed by CD spectroscopy the effects of the endo-
toxin LPS (lipopolysaccharide), the predominant glycolipid in the
outer membrane of Gram-negative bacteria [44], on the peptide
conformations (Fig. 2c and d and Table 2). When r(P)ApoBL sec-
ondary structure was analysed in the presence of increasing con-
centrations (from 0.1 to 0.8 mg/mL) of E. coli LPS, the progressive
appearance of a maximum at approximately 200 nm and of a min-
imum at approximately 218 nm suggested that the peptide tends
to assume a prevalently b-strand conformation, probably induced
by its interaction with LPS (Fig. 2c and Table 2). As expected on
the basis of previous analyses, in which r(P)ApoBS does not show
any b-strand content, no significant effects were observed in the
case of r(P)ApoBS (Fig. 2d and Table 2) under the experimental con-
ditions tested.

3.3. Analysis of the immunomodulatory activity of r(P)ApoBL and r(P)
ApoBS peptides

Based on CD analyses, we hypothesized that an interaction
between r(P)ApoBL peptide and LPS occurs. Since it is widely
reported that HDPs are able to mitigate the pro-inflammatory
effects induced by endotoxins [45], we tested the anti-
inflammatory properties of ApoB derived peptides by monitoring
their effects on LPS induced interleukin-6 (IL-6) release, as well
as on nitric oxide (NO) release in murine macrophages (RAW
264.7 cell line). In fact, it is known that, upon activation by internal
and external stimuli, macrophages produce and secrete various
endogenous inflammatory mediators, such as nitric oxide (NO)
and pro-inflammatory cytokines, including interleukin-6 [46,47].

To test the effects of ApoB derived peptides on the release of
IL-6, ELISA assays were performed on LPS stimulated RAW 264.7
cells. As shown in Fig. 3a and b, a significant release of IL-6 was
observed in control cells incubated with LPS from Salmonella



Fig. 7. Effects of r(P)ApoBL (a, b) and r(P)ApoBS (c, d) peptides on the viability of RAW 264.7 (a, c), BALBc3T3 (black bars in b, d), SVT2 (dark grey bars in b, d), Hela (white bars
in b, d), and HaCaT (light grey bars in b, d) cells. Cell viability was assessed by WST-1 (a, c) or MTT (b, d) assay, and expressed as the percentage of viable cells with respect to
controls (untreated cells). Error bars indicate standard deviations obtained from at least three independent experiments, each one carried out with triplicate determinations.

Fig. 8. Haemolytic activity of r(P)ApoBL (a) and r(P)ApoBS (b) peptides towards murine red blood cells (RBCs) after 1 h of incubation at 37 �C. Data represent the mean
(±standard deviation, SD) of at least three independent experiments, each one carried out with triplicate determinations.
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Fig. 9. Wound healing activity of r(P)ApoBL peptide on HaCaT cells monolayer. Cells were pre-treated for 30 min with 3 lM mitomycin C, and then wounded prior to
incubation with r(P)ApoBL peptide (0.5–10–20 lM) for 12 h at 37 �C. Images were acquired for untreated HaCaT cells and for cells treated with 20 lM peptide (a). The lag
phase time (tL) corresponds to the time interval before the linear decrease of the wound area. Images were acquired at time t = 0 (a, on the left), 3 h after tL (a, in the middle)
and 5 h after tL (a, on the right). For each sample, A/A0 values are reported, where A is the wound area after a specific incubation time and A0 is the wound area at time 0. Scale
bar = 150 lm. In (b), evolution in time of the wound area (A), normalized with respect to A0, is reported for a control sample. A homemade automated image analysis software
was used to measure the size of the cell-free area (A) for each time point. For A/A0 values < 0.8, a linear correlation with the incubation time was found. The slope �a of the
linear fit, reported as a continuous line, represents a measure of the wound closure velocity. In (c), determined tL values are reported as a function of peptide concentration (0–
0.5–10–20 lM). In (d), wound closure velocity (a), normalized with respect to control sample (acontr), is reported as a function of peptide concentration (0.5–10–20 lM). The
dashed line corresponds to a/acontr = 1. In (c) and (d), each data point represents the mean (±standard error) of three independent experiments. **P < 0.01 was obtained for
control versus treated samples.

Table 2
Analysis of r(P)ApoBL and r(P)ApoBS peptides secondary structure.

H2O TFE

a-Helix (%) b-Strand (%) Random coil (%) a-Helix (%) b-Strand (%) Random coil (%)

r(P)ApoBL 5 12 83 26 18 56
r(P)ApoBS 7 3 90 26 0 74

SDS LPS

a-Helix (%) b-Strand (%) Random coil (%) a-Helix (%) b-Strand (%) Random coil (%)

r(P)ApoBL 17 21 62 11 64 25
r(P)ApoBS 29 3 68 18 2 80

Secondary structure content of ApoB derived peptides in water and in the presence of trifluoroethanol (TFE), sodium dodecyl sulfate (SDS), and lipopolysaccharide (LPS),
calculated by means of PEPFIT program.
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Minnesota (50 ng/mL). When murine macrophages were incubated
with LPS (50 ng/mL) in the presence of either r(P)ApoBL (Fig. 3a) or
r(P)ApoBS (Fig. 3b) peptide (two different peptide concentrations),
a strong decrease of IL-6 release was observed with respect to LPS
induced control cells. Moreover, we found that both peptides have
a significant protective effect on LPS stimulated RAW 264.7 cells. In
fact, when macrophages were pre-treated for 2 h with either r(P)
ApoBL or r(P)ApoBS peptide and then incubated for further 24 h
with LPS, a significant decrease of IL-6 release was observed
(Fig. 3a and b).
Similar results were observed when the effects of ApoB derived
peptides were tested on NO release (Fig. 3c and d). Also in this case,
following co-incubation of cells with LPS from Salmonella Min-
nesota and either r(P)ApoBL or r(P)ApoBS peptide, a significant
attenuation of NO release with respect to control cells was
detected (Fig. 3c and d). However, in this case, it has to be noticed
that a significant effect of peptides on NO release was observed
only at the highest peptide concentration tested (20 lM), while
at 5 lM concentration both peptides were found to be almost
ineffective (Fig. 3c and d). However, when RAW 264.7 cells were



Table 4
Combination therapy analyses.

Bacterial strains Antibiotic RFICIa

r(P)
ApoBL

r(P)
ApoBS

Methicillin resistant S. aureus MRSA
WKZ-2

Ciprofloxacin 0,328 0,365
Colistin 0,340 0,350
Erythromycin 1,094 1,375
Vancomycin 0,425 0,316
Kanamycin 2,000 0,387
EDTA 0,278 0,360

S. aureus ATTC 29213 Ciprofloxacin 0,340 0,413
Colistin 1,049 1,024
Erythromycin 1,049 1,146
Vancomycin 1,049 1,097
Kanamycin 1,049 0,352
EDTA 1,049 0,351

P. aeruginosa ATCC 27853 Ciprofloxacin 0,347 0,328
Colistin 0,267 0,255
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pre-treated for 2 h with 5 or 20 lM of either r(P)ApoBL or r(P)
ApoBS peptide and subsequently stimulated for 24 h with LPS
(50 ng/mL), a significant reduction of NO release was observed
even at 5 lMpeptide concentration (Fig. 3c and d), thus confirming
the protective effect of both peptides on LPS stimulated RAW 264.7
cells.

3.4. Antimicrobial activity of r(P)ApoBL and r(P)ApoBS peptides

The antibacterial activity of recombinant ApoB derived peptides
was determined by measuring their MIC100 values on a panel of
Gram-negative and Gram-positive bacterial strains (Table 3). A sig-
nificant antimicrobial activity of r(P)ApoBL and r(P)ApoBS peptides
was detected towards four out of eight strains tested, i.e. E. coli
ATCC 25922, P. aeruginosa PAO1, B. globigii TNO BM013, and B.
licheniformis 21424, for which almost identical MIC100 values were
calculated for both ApoB derived peptides. Notably, MIC100 values
were found to be comparable or even significantly lower than
those determined when control cathelicidin-2 (CATH-2), a known
HDP from chicken [48], was tested (Table 3). These data indicate
that r(P)ApoBL and r(P)ApoBS peptides are endowed with a
broad-range antimicrobial activity, being effective on both Gram-
negative and Gram-positive bacterial strains. On the other hand,
ApoB derived peptides were found to be ineffective towards P.
aeruginosa ATCC 27853, methicillin-resistant S. aureus (MRSA
WKZ-2), and S. aureus 29213 (Table 3), while, in the case of S.
enteriditis 706 RIVM, a significant antibacterial effect was elicited
only by r(P)ApoBL peptide.

To analyse the kinetic of peptides bactericidal activity, kinetic
killing curves were obtained by treating E. coli ATTC 25922 and
B. licheniformis ATTC 21424 strains, highly susceptible to both pep-
tides (Table 3), with increasing concentrations of either r(P)ApoBL

or r(P)ApoBS for different times (0–180 min). We found that, at
the highest peptide concentrations tested (5–10 lM), B. licheni-
formis cells were killed within 10 min, while at the lowest peptide
concentrations (1.25–2.5 lM) the same effect was obtained within
30 min (Fig. 4a and b). When peptides were tested on E. coli ATTC
25922 at high concentrations (5–10-20 lM), bacterial cells were
killed within 120 min, while at the lowest peptide concentration
(2.5 lM) the same effect was obtained within 180 min
(Fig. 4c and d).

3.5. Combination therapy analyses

To potentiate the antimicrobial efficacy of recombinant ApoB
derived peptides for therapeutic purposes, especially against
P. aeruginosa and S. aureus strains, we carried out combination
Table 3
Antibacterial activity of ApoB derived peptides.

MIC100 (lM)
r(P)ApoBL r(P)ApoBS CATH-2

Gram-negative strains
Escherichia coli ATCC 25922 10 10 10
Pseudomonas aeruginosa ATCC 27853 >40 >40 10
Pseudomonas aeruginosa PAO1 20 20 20
Salmonella enteriditis 706 RIVM 10 >40 10

Gram-positive strains
Staphilococcus aureus MRSA WKZ-2 >40 >40 10
Bacillus globigii TNO BMO13 5 2.5 5
Bacillus licheniformis ATCC 21424 1.25 1.25 20
Staphylococcus aureus ATCC 29213 >40 >40 10

Minimum Inhibitory Concentration (MIC, lM) values determined for r(P)ApoBL and
r(P)ApoBS peptides tested on a panel of Gram-positive and Gram-negative bacterial
strains. Chicken CATH-2 peptide was used as a positive control. Values were
obtained from a minimum of three independent experiments.
therapy analyses by concomitantly administrating peptides and
antibiotics in various combinations to bacteria. One of the best
known tests to evaluate synergism between two compounds is
the so called ‘‘chequerboard” experiment, in which a two-
dimensional array of serial concentrations of test compounds is
used as the basis for calculation of a fractional inhibitory concen-
tration (FIC) index to demonstrate that paired combinations of
agents can exert inhibitory effects that are more than the sum of
their effects alone [32]. It is generally accepted that FIC indexes
60.5 are indicative of ‘‘synergy”; FIC indexes comprised between
>0.5 and 4.0 are, instead, associated to ‘‘additive” or ‘‘no interac-
tion” effects, whereas FIC indexes >4.0 are indicative of ‘‘antago-
nism” [32].

As reported in Table 4, all the combinations tested were found
to be effective, either with additive or synergistic effects between
peptides and antibiotics. Notably, no FIC indexes higher than 2
were measured.

The most potent combinations were obtained in the presence of
EDTA, which was selected for its ability to affect bacterial outer
membrane permeability, thus sensitizing bacteria to a number of
antibiotics [49–51]. Very pronounced synergistic effects were
observed for both ApoB derived peptides in combination with
EDTA on S. aureus MRSA WKZ-2 and both P. aeuroginosa strains.

Both peptides were found to act synergistically with (i) cipro-
floxacin on all the strains tested (Table 4); (ii) colistin on all the
strains tested, except for S. aureus ATTC 29213 (Table 4); (iii) van-
comycin on S. aureus MRSA WKZ-2, P. aeruginosa strains and E. coli
ATTC 25922 (Table 4); (iv) erythromycin on P. aeruginosa ATCC
Erythromycin 0,389 0,170
Vancomycin 0,379 0,306
Kanamycin 0,479 1,030
EDTA 0,333 0,089

P. aeruginosa PAO1 Ciprofloxacin 0,396 0,444
Colistin 0,144 0,266
Erythromycin 0,569 0,556
Vancomycin 0,500 0,486
Kanamycin 0,507 0,389
EDTA 0,396 0,438

E. coli ATCC 25922 Ciprofloxacin 0,363 0,442
Colistin 0,438 0,292
Erythromycin 1,243 1,292
Vancomycin 0,428 0,426
Kanamycin 0,603 0,572
EDTA 0,729 0,750

Fractional inhibitory concentration (FIC) indexes determined for r(P)ApoBL and r(P)
ApoBS peptides tested in combination with antibiotics or EDTA on Gram-positive
and Gram-negative bacterial strains. Indexes were obtained from a minimum of
three independent experiments, each one carried out with triplicate
determinations.
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27853 (Table 4). In the latter case, a FIC index of 0.38 and 0.17 for r
(P)ApoBL and r(P)ApoBS peptides, respectively, was obtained. In the
case of kanamycin, the response varied depending on the peptide
and the specific bacterial strain. In fact, r(P)ApoBL was found to
act synergistically with this antibiotic prevalently on Gram-
negative bacteria, particularly on the P. aeruginosa strains, whereas
r(P)ApoBS peptide was found to be very active in the presence of
kanamycin against both S. aureus strains as well as against P. aerug-
inosa PAO1 strain (FIC indexes < 0.4).

It should be emphasized that combinations of ApoB derived
peptides with antibiotics or EDTA were found to have a strong
antimicrobial activity also towards strains on which the peptides
alone were found to be ineffective, such as both S. aureus strains
and P. aeruginosa ATCC 27853 (Table 3). Notably, we did not
observe any antagonistic interactions between the peptides and
the antimicrobials under test.
3.6. Anti-biofilm activity of r(P)ApoBL and r(P)ApoBS peptides

Anti-biofilm peptides represent a very promising approach to
treat biofilm-related infections and have an extraordinary ability
to interfere with various stages of the biofilm growth mode [52].
To test whether recombinant ApoB derived peptides are endowed
with anti-biofilm activity, we performed experiments on different
bacterial strains, such as E. coli ATCC 25922, Pseudomonas aerugi-
nosa PAO1, Pseudomonas aeruginosa ATCC 27853, and methicillin-
resistant Staphylococcus aureus MRSA WKZ-2 in BM2 medium.
The same experiments were also performed using LL-37 control
peptide, that is a human antimicrobial peptide known to have a
significant anti-biofilm activity against multidrug-resistant bacte-
rial strains [53]. We also tested for the first time CATH-2 anti-
biofilm activity. Three different approaches were followed. At first,
we tested the peptide effects on biofilm attachment. To do this, the
bacterial culture, following overnight growth, was diluted in BM2
medium containing increasing concentrations of the peptide under
test (0–1 lM), and incubated for 4 h at 37 �C. Following incubation,
biofilm analysis by crystal violet staining revealed a significant
dose-dependent inhibition of biofilm attachment in the case of
E. coli ATCC 25922 (Fig. 5a) and S. aureus MRSA WKZ-2 (Fig. 5d)
strains treated with r(P)ApoBL (continuous line in Fig. 5a, d) or r
(P)ApoBS (smaller dashed line in Fig. 5a, d) peptides. Similar results
were obtained on these two strains in the case of peptides CATH-2
(larger dashed line in Fig. 5a, d) and LL-37 (dotted line in Fig. 5a, d).
Strong effects were also displayed by ApoB derived peptides on
biofilm attachment in the case of P. aeruginosa PAO1 strain
(Fig. 6d). A less pronounced effect of ApoB derived peptides (about
Table 5
Effects of peptides on the viability of bacterial cells inside the biofilm structure.

In biofilm attachment (%) In biofilm 
r(P)ApoBL r(P)ApoBS CATH-2 LL-37 r(P)ApoBL r(P)Ap

E. coli 
ATCC 25922 105±7 101±9 15±5 97±8 79±7 79±

MRSA WKZ-2
90±7 102±9 35±5 70±4 66±7 60±

P. aeruginosa
ATCC 27853 76±11 68±10 91±5 60±13 66±13 64±

P. aeruginosa 
PAO1 52±12 77±15 45±7 47±7 55±14 57±

Effects of r(P)ApoBL, r(P)ApoBS, CATH-2, and LL-37 peptides (1 lM) on the viability of
bacterial cells, biofilm was lysed with Triton X-100 (0,1%), bacterial cells were ten-fold
expressed as percentage with respect to control untreated samples, and represent the m
carried out with triplicate determinations. For all the experimental points, *P < 0.05, or
20% inhibition of biofilm formation) was observed, instead, on P.
aeruginosa ATCC 27853 biofilm attachment (Fig. 6a).

Second, we tested the effect of ApoB derived peptides on biofilm
formation. To investigate this phenomenon, we followed the
experimental procedure described above with the only exception
that bacterial cells were incubated with increasing concentrations
of peptides for 24 h at 37 �C. Also in this case, we observed a signif-
icant dose-dependent inhibition of biofilm formation in the case of
E. coli ATCC 25922 (Fig. 5b) and S. aureus MRSA WKZ-2 (Fig. 5e)
strains treated with r(P)ApoBL (Fig. 5b, e) or r(P)ApoBS (Fig. 5b, e)
peptides. Similar effects were elicited by peptides CATH-2
(Fig. 5b, e) and LL-37 (Fig. 5b, e). ApoB derived peptides strongly
affected also P. aeruginosa PAO1biofilm formation (Fig. 6e). In the
case of P. aeruginosa ATCC 27853, instead, a less pronounced effect
(about 20% biofilm formation inhibition) was observed for all the
peptides under test (Fig. 6b).

Third, we tested the effect of ApoB derived peptides on pre-
formed biofilms. By incubating preformed biofilms of E. coli ATCC
25922 (Fig. 5c) and S. aureus MRSA WKZ-2 (Fig. 5f) strains with
increasing concentrations of r(P)ApoBL (Fig. 5c, f) or r(P)ApoBS

(Fig. 5c, f), we found a significant reduction (about 50%), an effect
even stronger than that observed in the case of CATH-2 peptide
(Fig. 5c, f). Similar results were observed in the case of P. aeruginosa
PAO1 strain (Fig. 6f). On the other hand, when the peptides were
tested on P. aeruginosa ATCC 27853 preformed biofilm, a slight
effect (about 20% reduction) was observed for all the peptides
except for CATH-2, which was found to have a strong effect (about
50% reduction, Fig. 6c).

We also evaluated the percentage of viable bacterial cells inside
the biofilm structure by colony counting assay. We found that,
even at the highest ApoB derived peptides concentrations tested,
a significant percentage of bacterial cells appeared to be still alive
(Table 5). Similar results were also obtained in the case of LL-37
and CATH-2 control peptides on both P. aeruginosa strains (Table 5),
even if it has to be noticed that, in the case of biofilm formation,
both control peptides affected the viability of P. aeruginosa PAO1
cells more than ApoB derived peptides (Table 5). CATH-2 and LL-
37 control peptides were also found to strongly impair the viability
of E. coli ATCC 25922 and S. aureusMRSA WKZ-2 cells in the case of
biofilm eradication (Table 5).
3.7. Biocompatibility of r(P)ApoBL and r(P)ApoBS peptides

The development of HDPs as therapeutic agents is strictly
related to their selective toxicity towards bacterial cells [54]. The
presence of zwitterionic phospholipids and cholesterol on the
formation (%) In biofilm eradication (%)
oBS CATH-2 LL-37 r(P)ApoBL r(P)ApoBS CATH-2 LL-37

9 40±3 73±12 83±14 80±5 15±2 37±6

8 23±3 69±12 66±11 70±3 10±2 17±6

14 96±16 77±15 70±15 59±9 59±12 69±5

14 35±16 25±14 44±15 86±6 50±10 58±9

bacterial cells inside the biofilm structure. To determine the percentage of viable
diluted, and colonies were counted after an incubation of 16 h at 37 �C. Data are
ean (±standard deviation, SD) of at least three independent experiments, each one

**P < 0.01 were obtained for control versus treated samples.



R. Gaglione et al. / Biochemical Pharmacology 130 (2017) 34–50 47
outer leaflet of eukaryotic cell membranes largely accounts for the
preference of HDPs for bacterial membranes over eukaryotic mem-
branes [55,56]. To deepen on the therapeutic potential of ApoB
derived peptides, we analysed their cytotoxic effects towards a
panel of mouse and human eukaryotic cells. The addition of
increasing concentrations (from 0.625 to 20 lM) of ApoB derived
peptides to mouse macrophages Raw 264.7 cells for 24 h did not
result in any significant reduction in cell viability (Fig. 7a and c).
A slight toxicity was detected only at the highest peptide concen-
trations tested (10 and 20 lM in Fig. 7a and c). We also tested ApoB
derived peptides on murine embryo fibroblasts BALBc 3T3 and
their tumor counterpart, i.e. SVT2 simian virus 40-transformed cell
line (Fig. 7b and d). A slight toxicity (10–20%) was detected only in
the case of SVT2 cells at the highest concentration tested (20 lM in
Fig. 7b and d). Moreover, no significant toxic effects were detected
when ApoB derived peptides were assayed on human cervical can-
cer HeLa cells (Fig. 7b and d), while a slight toxicity (�20%) was
observed in the case of human keratinocytes (HaCaT cells) at the
highest concentration (20 lM in Fig. 7b and d). ApoB derived pep-
tides were also tested on murine red blood cells (RBCs) to exclude
haemolytic effects. As shown in Fig. 8, both peptides did not exert
any lytic effect on mouse RBCs, even at the highest concentration
tested (20 lM).
3.8. Wound healing activity of r(P)ApoBL peptide

Numerous studies support the hypothesis that human HDPs
promote wound healing in skin, by modulating cytokine produc-
tion, cell migration, proliferation and, in some cases, angiogenesis
[57]. Based on this, we performed experiments to test whether r
(P)ApoBL peptide is able to stimulate wound re-epithelialization
by human keratinocytes (HaCaT cell line). To this purpose, we per-
formed a classical in vitro wound healing assay to evaluate peptide
effects on cell migration. HaCaT cell monolayers were pre-treated
with 3 lM mitomycin C for 30 min, and then wounded with a pip-
ette tip to remove cells from a specific region of the monolayers.
Cells were then washed with PBS and incubated with r(P)ApoBL

(0, 0.5, 10, and 20 lM). As it is well known that the spreading of
cells in the wound area is due to two mechanisms, i.e. cell motility
and cell proliferation [37,40,58], a pre-treatment with mitomycin C
allowed us to exclude any influence of cell proliferation on the
wound healing process.

In Fig. 9a, we reported the images acquired during a time-lapse
wound healing experiment on control cells, and on cells treated
with 20 lM r(P)ApoBL peptide at three time points, i.e. at time 0
and at 3 and 5 h after the lag time (tL), defined as a transient time
period (tL) before the linear decrease of the wound area (see
below). By the comparison of the images of treated and untreated
cells at each time point, it emerged that the cells treated with
20 lMpeptide were able to close the wound faster than the control
cells. In order to quantify the wound closure, we used an auto-
mated image analysis software, that allowed us to measure the size
of the cell-free area (A) for each time point. The obtained values
were normalized with respect to the value measured at time 0
(A0) for each field of view, and plotted as a function of time
(Fig. 9b). In Fig. 9a, at t = 5 h after tL, A/A0 values were found to
be 0.20, and 0.07 for the control sample, and for the cells treated
with 20 lM peptide, respectively. This evidence suggests that r
(P)ApoBL peptide might be able to stimulate wound re-
epithelialization by human keratinocytes. As shown in Fig. 9b,
where A/A0 values of control cells are reported as a function of
time, after an initial lag phase (tL), the wound area decreases with
a constant velocity. The initial lag phase, corresponding to a tran-
sient time period (tL) before the linear decrease of the wound area,
has been observed for all the analysed samples, and has been found
to range between 3 and 5 h independently from peptide concentra-
tions under test (Fig. 9c).

As the slope (a) of the line represents the measure of the wound
closure velocity, each a value calculated in the presence of the pep-
tide was normalized with respect to the value calculated for
untreated cells (acontr), and plotted as a function of peptide concen-
tration (Fig. 9d). It appeared that the cells treated with the peptide
show an increased wound closure velocity with respect to the con-
trol cells (a/acontr > 1). In particular, in the case of the cells treated
with 10 lM peptide, an increment of about 20% in the normalized
wound closure velocity (a/acontr = 1.21, data statistically signifi-
cant) was observed. When cells were treated with 20 lM peptide,
a slightly higher value of the normalized wound closure velocity
was measured (a/acontr = 1.23). However, in the latter case, a
higher data variability was observed (larger error bar), leading to
a limited statistical significance of the result.

Overall, our results indicate that r(P)ApoBL peptide is able to
promote the migration and the consequent wound healing in
HaCaT keratinocyte monolayers when tested at concentration val-
ues ranging between 0.5 and 20 lM.
4. Discussion

Recently, an abundance of multidrug-resistant bacteria has
emerged, whereas very few classes of new antibiotics have been
discovered. The knowledge that HDPs may prevent infections in
many organisms opened interesting perspectives to the applica-
tions of these peptides as a new class of antimicrobials. In fact, they
initially attracted attention solely for their direct antimicrobial
activity, and were studied as promising alternative antibiotic can-
didates due to their prospective potency, rapid action, and broad
spectrum of activity against Gram-negative and Gram-positive
bacteria, viruses, fungi and parasites [59,60]. To date, more than
1,000 natural cationic HDPs with antimicrobial properties have
been identified [61]. These peptides constitute a major component
of the ancient, nonspecific innate defence system in most multicel-
lular organisms [3,19,59,60]. However, it has to be emphasized
that most natural HDPs have, indeed, modest direct antimicrobial
activities, and exhibit multiple mechanisms of action, with a con-
sequent low potential to induce de novo resistance [59]. This class
of peptides includes both the bioactive peptides displaying direct
antimicrobial activity and those that stimulate the immune system
to clear or prevent an infection [59,61]. In mammals, the expres-
sion of mature and biologically active HDPs requires a proteolytic
cleavage event determining the release of the ‘‘cryptic” bioactive
peptide from its precursor protein [62]. In fact, it should be empha-
sized that a wide variety of human proteins, whose primary func-
tions are not necessarily related to host defence, contain HDPs
hidden inside their sequences [63,64]. Fascinatingly, human pro-
teome could be seen as a yet unexplored source of bioactive pep-
tides with potential pharmacological applications. In this context,
apolipoproteins have been identified as a source of bioactive pep-
tides displaying broad anti-infective and antiviral activities [22].
Indeed, the presence of antiviral peptides hidden within
apolipoprotein sequences may be related to the fact that lipopro-
teins and viruses share a similar cell biological niche, having a
comparable size and displaying similar interactions with mam-
malian cells and receptors [22]. ApoB is one of the several
apolipoproteins that play key roles in lipoprotein metabolism
[65], and represents the ligand for receptor-mediated removal of
low density lipoprotein particles from circulation [65]. ApoB con-
tains two LDL (low-density lipoprotein) receptor binding domains,
namely region A (ApoB3147-3157) and region B (ApoB3359-3367),
which is more uniformly conserved across species and that has
been found to be endowed with a significant antiviral activity
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[22]. Moreover, ApoB derived peptides have been already used in
vaccine preparations to treat atherosclerosis [23]. Here, we applied
our in silico analysis method to a human ApoB isoform [26,27] and
identified a novel ‘‘cryptic” HDP (region 887–922). To the best of
our knowledge, this ApoB region has never been analysed before,
since all the previously identified biologically active ApoB peptides
are far from the high scoring region identified in the present work
[22,23]. By applying our in silico analysis, we identified an absolute
maximum score, corresponding to region 887–922 (Fig. 1), and a
relative maximum score, corresponding to residues 887–909
(Fig. 1). Here, we focused our attention on these two ApoB
sequences by producing in bacterial cells two recombinant HDPs,
here named r(P)ApoBL and (P)ApoBS, 38- and 26-residue long,
respectively. Both recombinant peptides were found to exhibit
antibacterial activities against both Gram-positive and Gram-
negative strains, including the pathogenic strains P. aeruginosa
PAO1 and B. globigii TNO BM013, while having negligible cytotoxic
effects on a panel of human and murine cell lines. Time killing
curves also indicated that peptides exert a strong bactericidal
activity against susceptible strains. However, it has to be under-
lined that ApoB derived peptides were found to be ineffective
towards P. aeruginosa ATCC 27853, methicillin-resistant S. aureus
(MRSAWKZ-2), and S. aureus ATTC 29213 strains, while, in the case
of S. enteriditis 706 RIVM strain, a significant antibacterial effect
was displayed only by r(P)ApoBL peptide. This observation is in
agreement with previous findings indicating that most natural
cationic antimicrobial peptides do not appear to be highly opti-
mized for direct antimicrobial activity, since it is likely that multi-
ple modestly active peptides with concomitant
immunomodulatory activities work effectively in combination
and/or when induced or delivered to sites of infection [66]. Indeed,
considering this, we performed combination therapy analyses and
found that both ApoB derived peptides are able to synergistically
act with either commonly used antibiotics or EDTA, the latter
selected for its ability to affect bacterial outer membrane perme-
ability, thus sensitizing bacteria to a number of antibiotics [49–
51]. Interestingly, synergistic effects were observed towards most
of the strains under test, including methicillin-resistant S. aureus
MRSA WKZ-2, on which peptides alone were found to be ineffec-
tive even at high concentrations (40 lM). Although the use of a sin-
gle agent to treat pathogens is the most common practice in clinics,
combination therapy approaches have several advantages, such as
low potential to induce resistant phenotype, efficacy at lower drug
doses, with a consequent mitigation of toxic effects, and possibility
to target a broad spectrum of pathogens [67]. Interestingly, both r
(P)ApoBL and r(P)ApoBS peptides showed synergism with systemic
antibiotic ciprofloxacin against all the strains under test (FIC
indexes ranging from 0.3 to 0.44). This would allow to significantly
lower the doses of the antibiotic in the combination therapy
approaches, with a consequent decrease of the appearance of resis-
tant clinical isolates, an undesired phenomenon strongly affecting
ciprofloxacin efficacy [68]. ApoB derived peptides also showed syn-
ergistic effects with colistin and vancomycin against most of the
strains under test (FIC indexes ranging from 0.14 to 0.5). Since both
colistin and vancomycin are responsible for toxic effects at high
concentrations [67,69], a combination therapeutic approach based
on a reduced frequency of antibiotic administration and/or expo-
sure to antibiotic may offer several advantages over conventional
dosing schemes. However, the most potent synergism was
observed for both ApoB derived peptides in combination with
EDTA, with FIC indexes ranging from 0.089 to 0.4. In the case of
P. aeruginosa strains, synergismmight be associated to EDTA ability
to combine with magnesium ions playing a key role in the self-
interaction of LPS molecules, with a consequent LPS release deter-
mining an increased permeability of bacterial membrane [50]. This
might ultimately facilitate peptide internalization into bacterial
cells, thus potentiating the peptide antimicrobial activity. EDTA is
also known to determine the release of endogenous phospholi-
pases, with a consequent alteration of Gram-negative bacteria
outer membrane [70]. In the case of S. aureus strains, the increase
of bacterial membrane permeability might be due to the ability of
EDTA to solubilize extracellular polymeric substances [71], mainly
composed by exopolysaccharides and playing a key role in biofilm
establishment.

It should be highlighted that, although in some cases FIC
indexes very close to 0.5 make it difficult to discriminate between
synergistic and additive effects, no antagonistic interactions were
observed between peptides and antimicrobials. Furthermore, com-
binations of ApoB derived peptides with antibiotics and EDTA were
found to have a strong antimicrobial activity also towards strains
on which the peptides alone were found to be ineffective, such
as both S. aureus strains and P. aeruginosa ATCC 27853, indicating
that in drug combinations a reciprocal facilitation and potentiation
of different mechanisms of action is realized.

Interestingly, ApoB derived peptides are also endowed with
anti-biofilm activity. Microorganisms growing in a biofilm state
are very resilient to the treatment by many antimicrobial agents.
Indeed, biofilm infections are a significant problem in chronic
and long-term infections, including those colonizing medical
devices and implants [52]. Specific cationic HDPs have recently
been described to have multispecies anti-biofilm activity, which
is independent of their activity against planktonic bacteria [9].
We found that ApoB derived peptides are effective on biofilm for-
mation and biofilm attachment, and, even more interestingly, they
strongly affect pre-formed biofilms. Furthermore, ApoB derived
peptides display anti-biofilm activity even on bacterial strains
not sensitive to the peptide antimicrobial activity, such as S. aureus
MRSA WKZ-2, and, in the case of sensitive strains, even at peptide
concentrations (0.625–1 lM) significantly lower than those
required to directly kill planktonic cells. This is in agreement with
previous reports indicating that LL-37 peptide potently inhibits the
formation of bacterial biofilms in vitro at the very low and physio-
logically meaningful concentration of 0.5 lg/mL, significantly
lower than that required to kill or inhibit bacterial growth
(64 lg/mL) [72]. As a consequence of this, it should be emphasized
that even at the highest ApoB derived peptides concentrations
tested, a significant percentage of bacterial cells inside the biofilm
structure appeared to be still alive. This was observed for both
ApoB derived peptides and LL-37 control peptide, while it was less
pronounced in the case of CATH-2 peptide. Based on this, it is
tempting to speculate that successful therapeutic approaches
could be designed by combining anti-biofilm peptides and conven-
tional antibiotics ineffective on biofilm, but effective on bacterial
cells entrapped into the biofilm structure.

From a structural point of view, by Far UV-CD analyses, we
found that ApoB derived peptides are unstructured in aqueous buf-
fer, and tend to assume a conformation in the presence of mem-
brane mimicking agents. In the presence of increasing
concentrations of LPS, r(P)ApoBL peptide was found to gradually
assume a defined structure, what suggests a direct binding of this
peptide to LPS. This was not observed, instead, in the case of r(P)
ApoBS peptide. It has also to be highlighted that both r(P)ApoBL

and r(P)ApoBS peptides are endowed with immunomodulatory
activities by significantly decreasing the release of pro-
inflammatory IL-6 and NO in LPS induced murine RAW 264.7
macrophages. Both ApoB derived peptides were found to efficiently
act either when the cells were co-incubated with the peptide under
test in the presence of LPS or when the cells were pre-treated with
the peptide for 2 h and then incubated with LPS for further 24 h,
thus indicating that both peptides are able to display a significant
protective action. However, it has to be noticed that, differently
from r(P)ApoBL peptide, r(P)ApoBS was found to play anti-
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inflammatory activities, when co-incubated with LPS, only at the
highest peptide concentration tested (20 lM), whereas both r(P)
ApoBS concentrations (5 and 20 lM) were found to efficiently exert
a protective effect. This might be due to the fact that ApoB derived
peptides probably act through different mechanisms, with r(P)
ApoBL peptide mainly acting by binding to LPS and consequently
interfering with its activity on target cells, and r(P)ApoBS peptide
mainly acting on cell membrane and competing with LPS for the
binding to specific cell sites. Therefore, a complex picture emerges,
in agreement with the observation that HDPs immunomodulatory
activities are extremely diverse [14]. Further experiments will
allow us to elucidate the molecular mechanisms at the basis of
ApoB derived peptides anti-inflammatory effects, which might
include multiple aspects, such as stimulation of chemotaxis, sup-
pression of bacterial induced pro-inflammatory cytokine produc-
tion, regulation of neutrophil and epithelial cell apoptosis,
modulation of cellular differentiation pathways, and promotion
of angiogenesis and wound healing. As for the last aspect, in agree-
ment with previous findings on LL-37 human peptide [73,74], we
found that r(P)ApoBL peptide is able to stimulate human ker-
atinocytes wound re-epithelialization in vitro, an evidence that
opens new and interesting perspectives on future topical applica-
tions of this human HDP.

It has to be underlined that, although there are very few HDPs
currently in use in the market, many are progressing through clin-
ical trials that have focused on topic rather than systemic treat-
ment because of peptides potential toxicity. However, it is
conceivable that judicious formulations of HDPs for a clinical use,
e.g. peptide inclusion in liposomal nanoparticles, will avoid unde-
sired toxicity and degradation, thus allowing a sustainable HDPs
delivery [18]. Here, we show that both ApoB derived peptides are
not toxic for eukaryotic cells and do not determine any haemolytic
effect when tested on murine red blood cells. These observations
associated to their multifunctional properties and to their ability
to synergistically act in combination with conventional antibiotic
drugs open interesting perspectives to their therapeutic
applications.
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