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ABSTRACT: Encrypted peptides have been recently found in
the human proteome and represent a potential class of
antibiotics. Here we report three peptides derived from the
human apolipoprotein B (residues 887−922) that exhibited
potent antimicrobial activity against drug-resistant Klebsiella
pneumoniae, Acinetobacter baumannii, and Staphylococci both in
vitro and in an animal model. The peptides had excellent
cytotoxicity profiles, targeted bacteria by depolarizing and
permeabilizing their cytoplasmic membrane, inhibited biofilms,
and displayed anti-inflammatory properties. Importantly, the
peptides, when used in combination, potentiated the activity of
conventional antibiotics against bacteria and did not select for
bacterial resistance. To ensure translatability of these molecules, a protease resistant retro-inverso variant of the lead
encrypted peptide was synthesized and demonstrated anti-infective activity in a preclinical mouse model. Our results provide a
link between human plasma and innate immunity and point to the blood as a source of much-needed antimicrobials.
KEYWORDS: encrypted peptides, human apolipoprotein B, antibiotic resistance, drug discovery, retro-inverso peptide design,
anti-infective activity, nanopeptides

INTRODUCTION
In 2019 alone, more than 2.8 million people suffered from
antibiotic-resistant infections and over 35 000 individuals died
in the U.S.1,2 The ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species)
are of particular concern as they are resistant to many available
antibiotics.3 Indeed, it has been estimated that at the current
rate of antibiotic resistance development 10 million people will
die annually from untreatable infections by the year 2050. The
World Health Organization has described this global problem
as one of the biggest threats to human health.4

Therefore, alternatives to conventional antibiotics are
urgently needed to treat such drug-resistant infections. We
recently developed and used a computational tool able to
search for encrypted peptides with antibiotic properties by
systematically exploring the human proteome, an effort that
yielded thousands of previously unexplored molecules.5−7

These precursor proteins, not necessarily related to host innate
immune defense, contain within their sequence encrypted
peptides that may be released upon proteolytic cleavage by
bacterial or host proteases.7,8 Once they have carried out their

physiological function, numerous human proteins represent
potential precursors of peptides with unrelated biological
activity, including antimicrobial peptides.9 Thus, the presence
of these peptide fragments, hidden within proteins, may reflect
an evolutionary mechanism to increase the range of
functionalities of proteins.10 Collectively, human encrypted
peptides represent a previously untapped class of potential
antibiotics.10,11

Here, we describe encrypted peptides derived from the
plasma protein human apolipoprotein B.12 Plasma lipoproteins,
such as high-density, low-density, and very low-density
lipoproteins (HDL, LDH, and VLDH), play a key role in
lipid transport among tissues and organs.6,13,14 Apolipoprotein
B is responsible for carrying lipids, including cholesterol,
around the body to cells within all tissues, and high levels of
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Figure 1. Antimicrobial activity and synergistic interactions of ApoB-derived encrypted peptides. (A) Schematic representation of the
proteolytic release of ApoB-derived encrypted peptides from precursor human plasma apolipoprotein B, the main constituent of low-density
lipoproteins; the sequences of each peptide are also reported. (B) Antimicrobial activity analyzed by testing peptide concentrations ranging
from 0 to 20 μmol L−1 (0−80 μg mL−1 for peptide r(P)ApoBL

Pro or r(P)ApoBL
Ala, 0−40 μg mL−1 for peptide r(P)ApoBS

Pro, and 0−75 μg
mL-1 for peptide CATH-2) of ApoB-derived encrypted peptides against seven bacterial strains; reported data refer to assays carried out in
triplicate and heat maps show averaged log (CFU mL−1) values. (C) Schematic representation of peptide, colistin and polymyxin B
concentrations used in combinatorial therapy. (D) Killing kinetic curves obtained by treating K. pneumoniae ATCC 700603 with the lead
combinations of ApoB-derived encrypted peptides and colistin or polymyxin B; curves have been compared with those obtained by
incubating cells with single agents at bactericidal concentrations. Groups treated with colistin MIC or polymyxin B MIC and colistin 0.127 ×
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apolipoprotein B are associated with heart disease.15 We
provide experimental evidence that these encrypted peptides
exhibit antimicrobial properties, target bacteria by depolarizing
and permeabilizing their cytoplasmic membrane, display
immunomodulatory activity and excellent cytotoxicity profiles,
and potentiate the antimicrobial activity of conventional
antibiotics. Importantly, these peptides do not select for
bacterial resistance mechanisms, which traditionally hinder
antibiotic efficacy. We characterized in detail their cytotoxicity
profile and activity against drug-resistant bacteria both in vitro
and in an animal model. Finally, we reprogram the lead
compound into a protease-resistant retro-inverso synthetic
variant composed entirely of D-amino acids and demonstrate
its anti-infective potential in a preclinical mouse model.
Collectively, these results provide a link between human

plasma and innate immunity and point to human blood as a
previously untapped source of much-needed antimicrobials.

RESULTS AND DISCUSSION
Antimicrobial Properties of ApoB-Derived Encrypted

Peptides. Numerous precursor proteins containing encrypted
peptides with biological functions that are unrelated to those of
the parent protein have been recently found throughout the
human body, thus representing an alternative source for
antibiotic discovery.7,10 Plasma lipoproteins or apolipoproteins,
such as human apolipoprotein B (ApoB-100), are water-
soluble complexes composed of lipids and one or more
proteins.16 The concentration of ApoB in normal plasma is
approximately 1.1 mg mL−1.17 Plasma ApoB, in addition to its
physiological role, seems to play an important role in bacterial

Figure 1. continued

MIC + r(P)ApoBS
Pro 0.093 × MIC, polymyxin B 0.25 × MIC + r(P)ApoBS

Pro 0.125 × MIC or polymyxin B 0.33 × MIC + r(P)ApoBL
Pro

0.112 × MIC overlap in the figure.

Figure 2. Mechanism of action and resistance development studies. (A) Schematic representation of ApoB-derived encrypted peptides effects
on bacterial transmembrane potential (Δψ). (B) Analysis of fluorescence intensity variation upon bacterial treatment with ApoB-derived
encrypted peptides and CATH-2 peptide (positive control) in the presence of diSC3(5) dye; the data refer to untreated control bacterial
cells. Assays have been carried out in triplicate, and the data represent the mean ± standard deviation. (C) Evaluation of resistance
phenotype development upon prolonged treatment of A. baumannii ATCC 17878 and S. epidermidis ATCC 35984 with colistin, gentamicin,
mupirocin, r(P)ApoBL

Pro, r(P)ApoBL
Ala, and r(P)ApoBS

Pro. Assays were carried out in duplicate, and the data represent the mean fold change
in MIC value over time.
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neutralization.18 Using an algorithmic approach selecting for
physicochemical features as a scoring function,19 encrypted
peptides within the sequence of human ApoB (amino acids
887−922) were identified. A promising antimicrobial region
was identified according to the computational scores assigned
to the amino acid sequences of two ApoB-100 isoforms. Next,
we recombinantly produced in Escherichia coli three versions of
the identified encrypted peptide, namely, r(P)ApoBL

Pro,
r(P)ApoBS

Pro, and r(P)ApoBL
Ala. These sequences present a

Pro residue at the N-terminal extremity because of the acidic
cleavage of an Asp−Pro bond necessary to excise peptides of
interest from the rest of the recombinant construct.6,8,14,20 The
ApoB peptide variants were labeled with Pro and Ala indicating
their amino acid residue in position 7, which corresponds to
the mutation differentiating the two isoforms. The labels L and
S refer to a longer or a shorter version of the identified amino
acid sequence and correspond to the relative and absolute
scores, respectively, generated by the algorithm.6

First, we assessed the antimicrobial activity of ApoB-derived
encrypted peptides against the following bacterial pathogens:
Staphylococcus epidermidis ATCC 35984, Staphylococcus aureus
ATCC 12600, Acinetobacter baumannii ATCC 17878, Klebsiella
pneumoniae ATCC 700603, Staphylococcus aureus MRSA
(WK7−2), Enterococcus faecalis ATCC 29212, and Pseudomo-
nas aeruginosa wild-type (PAO1) using broth microdilution
assays21 to determine their minimal inhibitory concentration
(MIC) values, experimentally defined as the lowest antimicro-
bial concentrations that entirely inhibit bacterial growth. The
peptides were found to exert significant antibacterial effects
(MICs ranging from 2.5−20 μmol L−1) against all the bacterial
strains tested. S. epidermidis ATCC 35984, S. aureus ATCC
12600, S. aureus MRSA (WK7−2), and E. faecalis ATCC
29212 were found to be susceptible to the encrypted peptides
at 10−20 μmol L−1. The peptides were even more active
against A. baumannii ATCC 17878, K. pneumoniae ATCC
700603, and P. aeruginosa wild-type (PAO1) with MIC values
ranging from 2.5 to 5 μmol L−1, thus indicating the increased
ability of the peptides to target Gram-negative bacteria
(Figures 1B and S1A, Table S1). The antimicrobial activities
of these peptides (2.5−20 μmol L−1) are similar to that of
another peptide identified in human apolipoprotein E13 and
other potent peptide antimicrobials such as TsAP-2, HM2 and
HM5, ranalexin, and stylisin 2.22

To understand the antibacterial mechanism of action of
ApoB-derived peptides, we evaluated their ability to depolarize
bacterial membranes by using the voltage-sensitive dye
diSC3(5) in the presence of live bacterial cells, which is a
cationic membrane-permeable fluorescent dye that penetrates
lipid bilayers and accumulates in polarized cells.23 The
aggregation of diSC3(5) molecules lead to a fluorescence
quenching effect, lasting about 45 min in our experiments.
Upon membrane depolarization, the dye molecules are rapidly
released because of their cationic nature, leading to increased
fluorescence intensity.24 We used peptide CATH-2 as a
positive control since it is known to exert antimicrobial activity
by depolarizing the cytoplasmic membrane of bacteria.25,26 In
our experiments, an increase in fluorescence intensity,
indicating membrane depolarization, was observed in all
pathogens tested when treated with ApoB-derived peptides
in the presence of the voltage-sensitive dye diSC3(5) (Figure
2A,B). To provide more insights into the mechanisms of action
of ApoB-derived peptides, outer-membrane permeabilization
assays were carried out using the Gram-negative bacteria A.

baumannii ATCC 17878 and K. pneumoniae ATCC 700603
(Figures S2). All peptides were found to permeabilize the outer
membrane as indicated by an increase in the fluorescent signal
associated with the lipophilic dye NPN. The fluorescent NPN
probe produced a weak fluorescence in aqueous environments
(control samples without peptides), but its fluorescence
increased upon contact with the lipidic environment generated
by bacterial membrane damage induced by peptide treatment
(Figures S2). These data clearly reveal the ability of ApoB-
derived peptides to damage and permeabilize the bacterial
outer membrane of Gram-negative bacteria. Altogether, our
data demonstrate that the peptides induced membrane
depolarization and outer membrane permeabilization, thus
leading to variations in the membrane potential, membrane
damage, and eventual cell death, mechanisms that are shared
with other peptides including several cathelicidins, melittin,
and the ion channel-forming gramicidin D.27−31

Next, we assessed the ability of the peptides to potentiate
the antimicrobial activity of conventional antibiotics via
synergistic interactions. Indeed, through synergistic or additive
interactions, antimicrobial agents can significantly reduce their
therapeutic dose, thus minimizing undesired side effects such
as the selection of bacterial resistant phenotypes.32,33 To assess
such interactions, we carried out checkerboard assays and
determined the Fractional Inhibitory Concentration (FIC)
index in each case.34−36 First, we determined the antimicrobial
activity of each peptide when used as a monotherapy (Figure
S1B and Table S2). Checkerboard assays revealed widespread
additive effects (0.5 > FIC index > 1; light purple color in
Figure S1C) when peptides were combined with conventional
antimicrobials, such as vancomycin, erythromycin, gentamicin,
clindamycin, and EDTA. Importantly, peptides r(P)ApoBL

Pro

and r(P)ApoBS
Pro synergized with the LPS binders polymyxin

B and colistin against the Gram-negative pathogen K.
pneumoniae ATCC 700603 (Figure 1C; FIC index ≤ 0.5;
purple signals in Figure S1C), thus significantly reducing both
the peptide and antibiotic doses needed to eradicate this
bacterium. Altogether, synergistic effects were detected when
testing ApoB-derived encrypted peptides in combination with
antibiotics that are active toward bacterial membranes (e.g.,
polymyxin B and colistin), whereas additive interactions were
observed when combined with antibiotics that inhibit protein
synthesis (e.g., erythromycin, clindamycin, and gentamicin)
and target the bacterial cell wall (e.g., vancomycin). The
synergistic effects observed between the encrypted peptides
and conventional antibiotics were further confirmed by
changes in cell morphology observed in scanning electron
microscopy (SEM) assays (Figure S1D). Combinations of
r(P)ApoBS

Pro (0.093 × MIC = 0.46 μmol L−1) and colistin
(0.127 × MIC = 0.34 μmol L−1) altered the morphology of K.
pneumoniae ATCC 700603 and substantially decreased
bacterial viability (Figure S1D) at nonantimicrobial concen-
trations for each agent when tested alone (Figure S1D).
We also assessed the ability of ApoB encrypted peptides to

potentiate each other’s activity through synergistic interaction
assays. Combinations of two or three peptides were
investigated (Figure S4A,B). Indifferent interactions were
obtained for combinations between two peptides (Figure
S4A). Interestingly, combinations among three peptides led to
decreased FIC values indicative of additive interactions (Figure
S4B).
Longitudinal killing assays were carried out to evaluate the

efficacy over time of the most promising combinations of
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antimicrobials. A longer exposure to antimicrobials is generally
associated with an increased likelihood of selecting for bacterial
resistance.37 Kinetic killing curves were obtained by con-

comitantly treating bacteria with combinations of ApoB-
derived encrypted peptides and colistin or polymyxin B. The
speed of killing by antimicrobial peptides (AMPs) is usually

Figure 3. Antibiofilm activity of encrypted peptides derived from ApoB. Schematic representation of two stages of bacterial biofilm
development. Effects of ApoB-derived encrypted peptides on cells attachment and biofilm formation in the case of (A) A. baumannii ATCC
17878 and (B) S. epidermidis ATCC 35984 by CLSM imaging. Significant differences for treated versus control samples were indicated as
follows: *, P < 0.05; ***, P < 0.001; or ****, P < 0.0001. Each experiment was carried out in triplicate.
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attributed to different mechanisms of action. Indeed, most
AMPs present more than one mechanism of action, conferring
an evolutionary advantage over the single mode of action of
standard antibiotics.38,39 The two main reasons affecting killing
kinetics are (i) membrane dysfunction following disruption of
the phospholipid bilayer and/or (ii) interaction with intra-
cellular targets involved in critical cellular processes, such as
RNA and DNA replication and protein synthesis.40 AMPs are
generally potent and rapid bactericidal agents, causing
significant bacterial death within 2 h.41 Consistent with this,
peptides r(P)ApoBL

Pro and its shorter derivative r(P)ApoBS
Pro

took 1 and 3 h, respectively, to completely kill bacterial
cultures (Figure 1D). Again, significant antimicrobial effects
were observed at concentrations much lower than those
required when these agents were administered alone (Figure
1C,D). Moreover, combination therapy killed bacteria much
more rapidly (within 10 min) than did monotherapy (60 or
180 min) (Figure 1D).
In addition, we carried out experiments to assess whether

prolonged exposure to ApoB-derived encrypted peptides led to
the evolution of resistant phenotypes, since classical AMPs are
known to be less likely to trigger bacterial resistance than
standard antibiotics.42 The Gram-negative bacterial pathogen
A. baumannii ATCC 17878 and the Gram-positive pathogens
S. epidermidis ATCC 35984 and S. aureus ATCC 12600 were
longitudinally treated with r(P)ApoBL

Pro, r(P)ApoBL
Ala, and

r(P)ApoBS
Pro. Control sample groups were treated with the

antibiotics colistin, gentamicin, and mupirocin, selected based
on their distinct mechanisms of action: the former destabilizes
the bacterial extracellular membrane, and the latter acts on
intracellular targets. After 30 days of treatment, the MIC values
of colistin and mupirocin increased against A. baumannii from
3.12 to 25 μg mL−1 (2.7−21.6 μmol L−1) and from 100 to 400
μg mL−1 (200−800 μmol L−1), respectively. The MIC values
of gentamicin and ApoB-derived encrypted peptides did not
change under the experimental conditions tested over the
period of the experiment, indicating that A. baumannii did not
develop resistance against either gentamicin or the encrypted
peptides. Conversely, when S. epidermidis cells were exposed to
gentamicin and mupirocin, MIC values increased from 3.12 to
50 μg mL−1 (16.5−104.7 μmol L−1) and from 0.0015 to 0.012
μg mL−1 (0.003−0.024 μmol L−1). No significant resistance
development was observed for S. epidermidis when treated with
ApoB-derived encrypted peptides or colistin (Figure 2C). A.
baumannii resistance toward colistin increased by up to 8-fold,
whereas S. epidermidis resistance to gentamicin and mupirocin
increased by up to 16- and 8-fold, respectively (Figure 2C).
Moreover, when we treated S. aureus ATCC 12600 with each
peptide or the selected antibiotics, no variations in the MIC
values were observed (Figure S3) except for mupirocin, whose
MIC value increased 8-fold from 0.024 to 0.19 μg mL−1

(0.048−0.38 μmol L−1) between days 15 and 21 of treatment
(Figure S3). Importantly, A. baumannii, S. epidermidis, and S.
aureus ATCC 12600 did not develop resistance to the
encrypted peptides under our experimental conditions (Figures
2C and S3), thus underlining their promise as antimicrobials
that do not readily select for bacterial resistance. SEM results
also revealed that the strains that evolved resistance displayed
different morphologies than their antibiotic-susceptible pred-
ecessors. For example, both colistin-resistant A. baumannii
ATCC 17878 and gentamicin-resistant S. epidermidis ATCC
35984 presented wrinkled borders (Figure S1E) as opposed to

the smooth colonies’ characteristic of their morphology at the
beginning of the experiment (Figure S1E).

Antibiofilm Effects of ApoB-Derived Encrypted
Peptides. We carried out crystal violet assays to investigate
whether ApoB-derived encrypted peptides prevented biofilm
formation of common skin bacterial pathogens, such as S.
epidermidis ATCC 35984, S. aureus ATCC 12600, A.
baumannii ATCC 17878, and K. pneumoniae ATCC 700603.
The effects of the peptides on the three main stages of biofilm
development (i.e., adhesion, formation, and preformed
biofilm)43 were analyzed using the crystal violet assay.44 Sub-
MIC peptide concentrations ranging from 1.25 to 5 μmol L−1

led to significant inhibition (30−40%) of biofilm adhesion and
formation in the Gram-negative strains A. baumannii ATCC
17878 and K. pneumoniae ATCC 700603 and in the Gram-
positive bacterium S. epidermidis ATCC 35984. Conversely, no
significant effects were detected on biofilm adhesion and
formation of S. aureus ATCC 12600 or preformed biofilms of
any of the pathogens tested (Figure S5). We also carried out
confocal laser scanning microscopy (CLSM) experiments to
assess the effects of each peptide against A. baumannii ATCC
17878 and S. epidermidis ATCC 35984. The peptides
significantly altered biofilm architecture and reduced biofilm
biovolume in both strains. Peptide r(P)ApoBL

Pro was found to
exert the strongest effect (biovolume reduced by 3-fold
compared to the untreated control) against A. baumannii
ATCC 17878 initial biofilm attachment, whereas r(P)ApoBL

Ala

and r(P)ApoBS
Pro triggered cell filamentation in A. baumannii,

suggesting that they may interfere with cell division
mechanisms by blocking septation,14 consistent with the high
percentage of dead cells observed (Figure 3A). No significant
effects for any of the peptides were observed on A. baumannii
biofilm formation (Figure S6). However, the three ApoB-
derived peptides affected the biofilm matrix and reduced the
biofilm biovolume of S. epidermidis ATCC 35984 at sub-MIC
concentrations (5 μmol mL−1). Peptides r(P)ApoBL

Pro and
r(P)ApoBL

Ala further affected biofilm formation by inducing
cell death (i.e., red cell aggregates in Figure 3B). Overall, our
data suggest that ApoB-derived encrypted peptides exert their
antibiofilm activity against S. epidermidis ATCC 35984 through
multiple mechanisms (Figure 3B). The antibiofilm activity of
these molecules is comparable to that of human hepcidin 20,
an AMP secreted by hepatocytes that at concentrations ranging
from 3.15 to 25 μmol L−1 reduces the extracellular matrix
mass, alters biofilm architecture, and targets polysaccharide
intercellular adhesin in S. epidermidis.45

Biocompatibility and Anti-Inflammatory Effects of
Encrypted Peptides. Cytokine-mediated immunogenicity is
one potential side effect of peptide therapeutics as it can lead
to cytotoxic effects and allergic responses.22,46 To determine
whether the peptides exerted any toxic effects against
eukaryotic cells and to verify their biocompatibility toward
skin cell cultures, we carried out dose−response and time-
course 3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT) and lactate dehydrogenase (LDH) cytotox-
icity assays against both human dermal fibroblasts (HDF) and
human epidermoid carcinoma cell (A431) lines. Due to their
cationic nature, most AMPs preferentially interact with
negatively charged membranes, such as those of bacteria.
The presence of cholesterol and the absence of acidic
phospholipids in normal human cell membranes are at the
basis of AMPs’ selective toxicity toward prokaryotic cells.47

Conversely, the net negative charge of tumoral cell
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membranes, conferred by modifications in phospholipid
composition, promotes the anticancer activity of some
AMPs.48−50 When incubated with normal human fibroblasts,
ApoB-derived encrypted peptides exhibited mild toxicity (up
to 20−30% decrease in cell viability) after 72 h of peptide
treatment at 20 μmol L−1. All peptides at 10−20 μmol L−1

decreased carcinoma cell viability by 30−40% after 48−72 h
(Figure 4B). r(P)ApoBS

Pro reduced tumoral cell viability by
30% after 24 h (Figure 4B). To further analyze peptide
biosafety toward normal and tumoral skin cells, we also tested
the peptides at higher concentrations (25, 50, 100, and 200
μmol L−1) (Figure S7). At 100 and 200 μmol L−1, ApoB
encrypted peptides decreased cell viability up to 30−40% of
normal human fibroblasts and over 70% of human epidermoid
carcinoma cells (Figure S7). These data confirm that the
peptides are safe against normal cells at the doses required to
exert antimicrobial properties. To evaluate whether peptides
exert cytostatic or cytotoxic effects through membrane damage,
LDH release in culture medium was detected as a biomarker of
membrane damage.51 Thus, human dermal fibroblasts (HDF)

and human epidermoid carcinoma cells (A431) were treated
with each peptide at a concentration of 10 and 20 μmol L−1 for
72 h. No significant LDH release was detected, thus indicating
no damage to eukaryotic cell membranes caused by exposure
to the peptides (Figure 4C).
Enzyme-linked immunosorbent (ELISA) assays were also

carried out to exclude any potential undesired inflammatory
response triggered by treating human differentiated monocytes
(THP-1) with the ApoB-derived encrypted peptides. We
evaluated the levels of monocyte chemoattractant protein-1
(MCP-1), interleukin 8 (IL-8), and tumor necrosis factor
(TNFα) in differentiated THP-1 cells upon treatment with
each peptide at 5 or 20 μmol L−1 for 24 h. No significant
release of the pro-inflammatory cytokines IL-8 and TNFα or
the chemokine MCP-1, which is involved in leukocyte
activation and migration, was detected in peptide-treated
groups compared to positive control samples incubated with
10 ng mL−1 of lipopolysaccharide (LPS from P. aeruginosa
PAO1) (Figure S11).13 Clinical studies have revealed that
several skin diseases are associated with an increased

Figure 4. Biocompatibility and anti-inflammatory properties of ApoB-derived encrypted peptides. (A) Schematic representation of the skin
barrier. (B) Cytotoxic effects of increasing concentrations of r(P)ApoBL

Pro (blue), r(P)ApoBS
Pro (orange), and r(P)ApoBL

Ala (pink) on HDF
(human dermal fibroblasts) and A431 (human epidermoid carcinoma cells) cell lines over time. (C) LDH release upon treatment of HDF
and A431 cells with ApoB-derived encrypted peptides. The positive control was obtained by treating cells with lysis buffer. (D) ApoB-
derived encrypted peptides effects on IL-8 and IL-6 expression in HDF cells infected with S. aureus ATCC 12600 analyzed by RT-qPCR. (E)
Effects of ApoB-derived encrypted peptides on HDAC activity in HaCaT cells. HDAC activity is expressed as a percentage of the activity
determined in untreated control cells. Significant differences for treated versus control samples are indicated as follows: *, P < 0.05.
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inflammatory response induced by endogenous AMPs such as
defensins and the cathelicidin LL-37, both of which trigger
secretion of several cytokines at the injury site.52 ApoB-derived
encrypted peptides operated differently, as they did not
increase cytokine release.
Skin infections caused by opportunistic bacterial pathogens,

such as Staphylococci, Acinetobacter, and Pseudomonas strains,

typically trigger the activation of a significant immune response
in the underlying skin cells.53 Recent studies demonstrated that
S. aureus contributes to long-lasting cutaneous inflammation
and local immunosuppression.54 For this reason, we also
evaluated the effects of ApoB-derived peptides on HDFs
infected with S. aureus ATCC 12600, the primary pathogen
infecting skin and soft tissues.55 Using RT-qPCR, we assessed

Figure 5. Stability, antimicrobial activity, and cytotoxic profile of retro-inverso synthetic peptide. (A) Schematic representation of retro-
inverso peptide design leading to (ri)-r(P)ApoBS

Pro. (B) Antimicrobial activity of (ri)-r(P)ApoBS
Pro (μmol L−1) against seven bacterial

strains; reported data refer to assays carried out in triplicate and heat maps show averaged log (CFU mL−1) values. (C) Antibacterial activity
of (ri)-r(P)ApoBS

Pro peptide against four bacterial strains after preincubation in 10% serum. Reported data refer to assays carried out in
triplicate and the fold changes in antimicrobial activity are calculated as ratio between peptide MIC values obtained after and before
incubation for 1 and 16 h in the presence of 10% serum at 37 °C. Statistical significance was determined using two-way ANOVA followed by
Dunnett’s test: **, P < 0.01, and ****, P < 0.0001. (D) Resistance to degradation of (ri)-r(P)ApoBS

Pro exposed to fetal bovine serum (FBS)
proteases for 4 h. (E) Cytotoxic effects of increasing concentrations of (ri)-r(P)ApoBS

Pro on HDF (human dermal fibroblasts) cells. No
significant differences were observed for the time points assessed.
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the effects of ApoB-derived encrypted peptides (10 μmol L−1)
and the positive control peptide CATH-2 (2.5 μmol L−1) on
the expression of pro-inflammatory cytokines IL-8 and IL-6
(Figure 4D). Peptide r(P)ApoBS

Pro reduced the inflammatory
response triggered by HDFs infection with S. aureus ATCC
12600 (Figure 4D). It is worth noting that patients with
psoriasis, a skin disorder associated with infections caused by
Streptococci and Staphylococcus species, tend to have reduced
ApoB plasma levels, thus indicating an interesting and complex
role of this lipoprotein in host defense.56 Our results (Figure
4D) are in line with prior studies describing the role of ApoB
in controlling S. aureus virulence.57 Conversely, no anti-
inflammatory effects were observed (Figure S8) when we
tested ApoB encrypted peptides (at 5 and 20 μmol L−1) in
HDF cells infected with A. baumannii ATCC 17878. However,
under the same conditions, r(P)ApoBL

Ala and r(P)ApoBS
Pro

peptides (at 5 and 20 μmol L−1, respectively) were found to
increase the expression levels of IL-8 and IL-6 (Figure S8).
Stimulation of HDF with LPS from E. coli increased the
expression levels of IL-8 and IL-6 compared to the expression
levels in the same cells stimulated with LTA from S. aureus
(Figure S9). When we tested ApoB encrypted peptides
[r(P)ApoBL

Pro, r(P)ApoBL
Ala and r(P)ApoBS

Pro] on HDF
stimulated with LPS, they did not display any anti- or pro-
inflammatory effects (Figure S10).
Histone deacetylase (HDAC) enzymes, encoded by the

HDAC genes, play a key role in integrating commensal-
bacteria-derived signals to calibrate epithelial cell responses.58

Consequently, a decrease in HDAC activity in skin
keratinocytes correlates with imbalances in physiological
host−commensal interactions. Thus, to rule out any potential
side effect of the peptides against skin cells, we assessed
whether r(P)ApoBL

Pro, r(P)ApoBL
Ala, and r(P)ApoBS

Pro

affected the activity of HDAC enzymes. Briefly, HaCaT
human keratinocytes were treated for 30 min with each peptide
(20 μmol L−1) and the selective HDAC inhibitor trichostatin A
(50 nmol L−1), which was used as a positive control. ApoB-
derived encrypted peptides did not affect HDAC activity,
indicating that they may not negatively influence the balance
between skin microbiota and epithelial cells (Figure 4E).
In Vitro and In Vivo Antimicrobial Activity of

Synthetic Retro-Inverso Peptide r(P)ApoBS
Pro. One of

the main limitations hindering the development of peptide
therapeutics is their low stability in complex biological
environments that contain proteolytic enzymes.59 Linear
peptides are sensitive to proteolysis, drastically reducing their
biological activity and their application as antimicrobial
agents.60 An approach to overcome proteolytic degradation
of peptides involves the use of retro-inverso derivatives.59

Simply replacing L-amino acids with D-amino acids, however, is
generally ineffective as the side-chain orientation is completely
altered with respect to the target.61 To guarantee structural
stability, spatial orientation, side-chain topology, and overall
peptide bioactivity, an alternative strategy is to engineer retro-
derivatives, which can be built by reversing the D-peptide
sequence while flipping its termini, thus restoring the L-amino
side chain angles.35,61,62 Retro-inverso variants are known to
present high topochemical similarities with their precursors
and preserve bioactivities.
Peptide r(P)ApoBS

Pro was selected as our lead compound
derived from ApoB-100 because of its shorter length and
excellent anti-infective and cytotoxic profiles (Figures 1B,C
and 4B; Table S1). We proceeded to synthesize the retro-

inverso version of r(P)ApoBS
Pro [i.e., (ri)-r(P)ApoBsPro] by

reversing its peptide sequence and replacing all L-amino acids
for their D-counterparts (Figure 5A). First, we evaluated the
antimicrobial activity of (ri)-r(P)ApoBS

Pro against seven
pathogens. Peptide (ri)-r(P)ApoBS

Pro displayed increased
activity against Gram-negative rather than Gram-positive
bacterial strains, as previously reported for its parent peptide
r(P)ApoBS

Pro(Figures 5B and S12; Table S3). The MIC values
of (ri)-r(P)ApoBS

Pro ranged from 2.5 to 5 μmol L−1 against A.
baumannii ATCC 17878, K. pneumoniae ATCC 700603, and E.
faecalis ATCC 29212, whereas it was active at 10 and 20 μmol
L−1 against S. epidermidis ATCC 35984, S. aureus ATCC
12600, S. aureus MRSA (WK7−2), and P. aeruginosa wild-type
(PAO1), respectively, thus demonstrating that our synthesis
modifications did not alter the antimicrobial profile of the
original peptide.
To determine its proteolytic stability, we assessed whether

(ri)-r(P)ApoBS
Pro was less susceptible to serum proteases

compared to its parent peptide r(P)ApoBS
Pro. The MIC values

of the peptide were measured upon incubation in 10% fetal
bovine serum, which contains human endo- and exoproteases,
for 1 and 16 h.63 Whereas natural r(P)ApoBS

Pro peptide
completely lost its activity upon incubation in serum showing
MIC values against S. aureus ATCC 12600, A. baumannii
ATCC 17878, and K. pneumoniae ATCC 700603 of >80 μmol
L−1, as opposed to 5−20 μmol L−1 in regular medium (Figure
5C), the antimicrobial activity of (ri)-r(P)ApoBS

Pro retro-
inverso peptide remained constant even after 16 h of
preincubation in serum (Figure 5C). These antimicrobial
activity results corroborate the degradation profile data
obtained from analyzing aliquots of the peptide solution
exposed to serum by using mass spectrometry coupled to
liquid chromatography (Figure 5D). Indeed, the natural parent
peptide degraded after 30 min of exposure to serum proteases,
whereas (ri)-r(P)ApoBS

Pro demonstrated increased resistance
by persisting (∼50% of initial concentration added) after 4 h of
exposure to proteases in serum (Figure 5D). These results
demonstrate the high stability of our engineered peptides when
compared with previously described peptides in the
literature.64−67 On the contrary, our other peptides composed
of L-amino acids [i.e., r(P)ApoBL

Pro, r(P)ApoBL
Ala, and

r(P)ApoBS
Pro] were not stable in the presence of serum and

degraded within minutes (Figure 5D), thus further under-
scoring the increased stability of our retro-inverso variant.
Additional experiments were carried out to verify the

biocompatibility of (ri)-r(P)ApoBS
Pro toward skin cell cultures,

since incorporating D-amino acids into peptide sequences may
lead to toxic effects.68 In the dose−response and time-course
MTT cytotoxicity assays, peptide (ri)-r(P)ApoBS

Pro decreased
human fibroblasts (HDFs) viability by 20−30% at the highest
concentrations tested (100 and 200 μmol L−1) (Figures 5E
and S13). Similar to r(P)ApoBS

Pro, the retro-inverso peptide
displayed lower toxic effects toward HDFs than r(P)ApoBL

Pro

and r(P)ApoBL
Ala (Figure 5E and S7). These data suggest that

the shorter peptides [r(P)ApoBS
Pro and (ri)-r(P)ApoBS

Pro]
present decreased toxicity compared to the longer peptide
versions (Figures 4E, 5B, S7, and S13). Altogether, these
results demonstrate that the substitution of L-amino acids by D-
amino acids significantly increased peptide stability without
altering its antimicrobial and cytotoxic activities, thus
increasing the translational potential of this agent.
To assess the anti-infective potential of the peptides in vivo,

we used a murine abscess infection model (Figure 6). The
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Figure 6. In vivo activity of natural and synthetic encrypted peptides derived from human ApoB. (A) Schematic representation of the in vivo
experimental design. The back of each mouse was shaved, and an abrasion was generated to damage the stratum corneum and the upper
layer of the epidermis. Subsequently, a 50 μL aliquot containing 106 CFU of P. aeruginosa PAO1 in PBS was inoculated over each defined
area. At 1 h after the infection, peptides (20 or 200 μmol L−1) were administered to the infected area. Four animals per group were
euthanized at day 2 or 4 postinfection, and the area of scarified skin was excised and homogenized for 20 min (25 Hz). (B) Homogenized
samples were serially diluted for CFU quantification. Statistical significance was determined using two-way ANOVA followed by Dunnett’s
test: ***, P < 0.001. (C) Mouse body weight measurements were carried out throughout the experiment and normalized by the body weight
at the beginning of the experiment. (D) In vivo dose−response curves obtained by administering increasing concentrations of each peptide at
the infection site at 1 h after the infection was established. Statistical significance was determined using two-way ANOVA followed by
Dunnett’s test: ***, P < 0.001.
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Gram-negative bacterium P. aeruginosa PAO1, which is
responsible for dangerous skin infections,69 was susceptible
to all ApoB encrypted peptides (Figures 1B and 5B) and was
thus utilized in our infection model. Upon induction of a skin
infection in mice, a single dose of either (ri)-r(P)ApoBS

Pro (at
20 or 200 μmol L−1) or each of the three natural ApoB-derived
encrypted peptides (at 200 μmol L−1) was administered.
Treatment with r(P)ApoBL

Pro, r(P)ApoBL
Ala, and r(P)ApoBS

Pro

(all at 200 μmol L−1) significantly reduced P. aeruginosa
colony-forming unit (CFU) counts by ∼3 to 4 orders of
magnitude after 4 days of treatment. We homogenized the
tissue and quantified the bacterial load through CFU count
assays as this quantitative method accurately reflects the
number of the bacteria present in a given infected area.70

Similar results were obtained with our control peptide CATH-
2. Importantly, treatment with (ri)-r(P)ApoBS

Pro at a
significantly lower dose (20 μmol L−1) reduced bacterial
loads by ∼3 orders of magnitude, and treatment with a higher
peptide concentration (200 μmol L−1) completely sterilized
the infection at 4 days post-treatment (Figure 6B). Peptide
(ri)-r(P)ApoBS

Pro exerted its anti-infective activity in a dose-
dependent manner (Figure 6D). At 4 days post-treatment, the
retro-inverso peptide reduced bacterial counts by 3 orders of
magnitude at 20 and 50 μmol L−1 (Figure 6D) and completely
eradicated P. aeruginosa infections at concentrations higher
than 100 μmol L−1 (Figure 6D). No significant weight changes
or any obvious inflammation events were detected during the
treatment period, thus confirming the lack of toxicity of these
peptides in our murine model (Figures 6C and S14).
Altogether, our data demonstrate the promising anti-infective
activity of (ri)-r(P)ApoBS

Pro in a preclinical mouse model.

CONCLUSION
Antibiotic resistance is predicted to become the leading cause
of death in our society reaffirming the need to discover
antimicrobials derived from previously underexplored sources.
Here, we characterize and demonstrate the anti-infective
properties of three peptides encoded within human apolipo-
protein B. In addition to their direct antimicrobial effects, the
peptides potentiated the activity of conventional antibiotics
against bacteria, thus revealing a potential role for these agents
as adjuvants in classical antibiotic therapy. Importantly,
contrary to existing antibiotics, the encrypted peptides did
not readily select for bacterial resistance in our laboratory
evolution assays. These molecules also displayed significant
antibiofilm activity against a range of bacterial strains, including
those particularly dangerous and classified as the ESKAPE
pathogens. The peptides reduced biofilm biovolume, altered
biofilm architecture, and induced cell death. Human ApoB-
derived encrypted peptides did not exert toxicity against
normal human skin cells and did not induce adverse
inflammatory responses in human monocytes. A more stable
retro-inverso variant, composed entirely of D-amino acids, was
engineered to ensure efficacy against infections in mice and
overall translatability. This strategy helped to overcome issues
around susceptibility to proteolysis, which have traditionally
hindered development of peptide- and protein-based thera-
pies,71 therefore making this molecule more suitable for future
preclinical and clinical studies. Our findings link human plasma
and innate immunity and identify human blood as a previously
underexplored source of antibiotics.

METHODS
Materials. Unless specified otherwise, all reagents used in the

present study were purchased from Sigma-Merck (Milan, Italy).
Bacterial Strains and Growth Conditions. All bacterial strains

used in the analyses [i.e., S. epidermidis ATCC 35984, S. aureus ATCC
12600, A. baumannii ATCC 17878, K. pneumoniae ATCC 700603, S.
aureus MRSA (WK7−2), E. faecalis ATCC 29212, and P. aeruginosa
PAO1] were grown in the same media and experimental conditions as
previously reported.6,7,72

Peptides. Expression and isolation of recombinant peptides were
carried out as previously described.20 CATH-2 and (ri)-r(P)ApoBS

Pro

peptides were obtained from CPC Scientific Inc. (Sunnyvale, CA) and
CASLO ApS (Kongens Lyngby, Denmark), respectively.

Antimicrobial Activity. The antimicrobial activity of ApoB-
derived encrypted peptides was assessed against a panel of skin
pathogens, such as S. epidermidis ATCC 35984, S. aureus ATCC
12600, A. baumannii ATCC 17878, K. pneumoniae ATCC 700603, S.
aureus MRSA (WK7−2), E. faecalis ATCC 29212, and P. aeruginosa
PAO1 by using the broth microdilution method.21 Bacteria were
grown to midlogarithmic phase in MHB at 37 °C. Then, cells were
diluted to 4 × 106 CFU/mL in Difco 0.5× Nutrient Broth (Becton-
Dickenson, Franklin Lakes, NJ) and mixed at a ratio of 1:1 v/v with 2-
fold serial dilutions of peptides (0−40 μmol L−1). Following
incubation overnight, each sample was diluted, plated on TSA, and
incubated at 37 °C for 24 h to count the number of colonies. All
experiments were carried out in three independent replicates.

Antimicrobial Activity of Peptides upon Preincubation in
10% Serum. The antimicrobial activity of r(P)ApoBS

Pro and (ri)-
r(P)ApoBS

Pro was evaluated against four bacterial strains upon
preincubation in 10% FBS (fetal bovine serum, Microgem Lab, Cat.
S1860, Italy). All the peptides were incubated for 1 or 16 h in serum
at 37 °C (water bath) prior to MIC value determination by standard
protocols.21 Experiments were carried out in triplicate for each
peptide.

Stability Assay. The assay for resistance to enzymatic degradation
was carried out according to the method described by Powell et al.73

Briefly, peptides at 2 mg mL−1 were exposed to a solution of 25% fetal
bovine serum in water. Aliquots were collected after 0.5, 1, 2, and 4 h,
and 10 μL of trifluoroacetic acid was added to them while the samples
were on ice for 10 min. The enzymatic degradation of peptides was
monitored by reverse-phase high-performance liquid chromatography
coupled to mass spectrometry (RP-HPLC/ESI-MS). The area under
the curve was used as a proxy for calculating the remaining peptide
after exposure to enzymes from FBS. The percentage of peptide left
was calculated by the following equation: [Peptide]remaining =
100 AUC

AUC
t

0
× , where AUCt is the area under the curve of the peak

related to the peptide after t h (t = 0.5, 1, 2, and 4 h) and AUC0 is the
area under the curve of the peak related to the peptide at the
beginning of the experiment. Three independent experimental
replicates were carried out, as previously described.74

DiSC3(5) Assay. Three independent cytoplasmic membrane
depolarization assays were carried out on S. epidermidis ATCC
35984, S. aureus ATCC 12600, A. baumannii ATCC 17878 and K.
pneumoniae ATCC 700603 using the 3,3′-dipropylthiadicarbocyanine
iodide (diSC3-5, TCI America), which is a membrane potential-
sensitive dye.24 Bacterial cells were grown to midlogarithmic phase
and then washed and resuspended in 5 mmol L−1 HEPES buffer (pH
7.2) containing 0.1 mol L−1 KCl and 20 mmol L−1 glucose at a
density corresponding to an optical value at 600 nm of 0.06−0.03.
The cell suspension was then incubated with 1 μmol L−1 diSC3(5) for
45 min to stabilize the fluorescence, and then the peptides were added
to bacterial suspensions at concentrations corresponding to their
MIC. Changes in fluorescence intensity were continuously recorded
by using GloMax Discover System (Promega, Madison, WI), with
excitation and emission wavelengths of 620 and 670 nm, respectively.

NPN Assay. The outer-membrane permeability 1-N-phenyl-
naphthylamine (NPN) uptake assay was carried out using the
Gram-negative pathogens A. baumannii ATCC 17878 and K.
pneumoniae ATCC 700603. Bacterial cells were grown to midlogar-
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ithmic phase and then washed and resuspended in 5 mmol L−1

HEPES buffer (pH 7.2) at a density corresponding to an optical value
at 600 nm of 0.4. Cell suspensions were incubated with each peptide
at a concentration corresponding to its MIC value after which 4 μL of
NPN solution (0.5 mmol L−1; working concentration of 10 μmol L−1

after dilutions) was added. Changes in fluorescence intensity were
continuously recorded by using a GloMax Discover System (Promega,
Madison, WI), with excitation and emission wavelengths of 350 and
420 nm, respectively. Membrane permeability assays were independ-
ently carried out three times.
Checkerboard Assay and Definition of Fractional Inhibitory

Concentration (FIC) Index. Combinations of ApoB-derived
encrypted peptides and antimicrobial agents were tested on S.
epidermidis ATCC 35984, S. aureus ATCC 12600, A. baumannii
ATCC 17878, and K. pneumoniae ATCC 700603 by the so-called
“checkboard” assay to determine the FIC indexes. To this purpose, 2-
fold serial dilutions of each peptide were tested in combination with
2-fold serial dilutions of peptide, EDTA or antibiotics widely used in
topical formulations (i.e., vancomycin, erythromycin, colistin,
polymyxin B, fusidic acid, clindamycin, gentamicin, and benzoyl
peroxide). The FIC indexes of the two-drug combinations were
calculated as follows: FICA + FICB, where FICA = MIC

MIC
A combination

A alone

‐
‐

, and

FICB=
MIC

MIC
B combination

B alone

‐
‐

. In the case of the three-drug combinations, we

measured the effects of the third drug FICC = MIC
MIC

C combination

C alone

‐
‐

added to

the previous two drugs combined (A + B). The FIC indexes of
the three-drug interactions were calculated as follows:
(FIC FIC ) (FIC FIC )

2
A C B C+ + + . FIC indexes of ≤0.5 were classified as

synergism, while FIC indexes between 0.5 and 1 or between 1 and 4
were associated with additive and indifferent effects, respectively.6

Scanning Electron Microscopy Analyses. To carry out SEM
analyses, K. pneumoniae ATCC 700603 (2 × 108 CFU/mL) was
incubated with 0.58 μmol L−1 r(P)ApoBS

Pro in combination with 0.36
μmol mL−1 colistin for 3 h at 37 °C. Following incubation, the
samples were processed and characterized as previously reported.75

Killing Kinetic Studies. To kinetically analyze the antibacterial
effects of ApoB-derived encrypted peptides coadministrated with
conventional antibiotics (e.g., colistin and polymyxin B), experiments
were carried out using K. pneumoniae ATCC 700603 treated with a
combination of both antimicrobials or with the single agents at
concentrations corresponding to their MIC. Bacterial cells were
diluted to 4 × 106 CFU/mL in Difco 0.5× Nutrient Broth and mixed
at a ratio of 1:1 v/v with the peptide, the antibiotic, or both. At
defined time points, samples were serially diluted, and each dilution
was plated on tryptic soy agar. Following an incubation of 20 h at 37
°C, colonies were counted.
Bacterial Resistance Development Assay. S. epidermidis

ATCC 35984, S. aureus ATCC 12600, and A. baumannii ATCC
17878 bacterial strains were exposed to colistin, gentamicin,
mupirocin, r(P)ApoBL

Pro, r(P)ApoBL
Ala, or r(P)ApoBS

Pro. Once we
detected the MIC values for each peptide or antibiotic against the
bacterial strains tested, we transferred bacterial cells that survived
exposure at a subinhibitory (MIC/2) concentration, and they were
regrown and re-exposed to the respective peptide or antibiotic.21 The
treatment was repeated for 30 days. Strains that developed resistance
to antibiotics presented higher MICs at subsequent passages, and the
cells from the last passage were isolated and stored for scanning
electron microscopy analyses.
Antibiofilm Activity Assays. Antibiofilm activity assays were

carried out on S. epidermidis ATCC 35984, S. aureus ATCC 12600, A.
baumannii ATCC 17878, and K. pneumoniae ATCC 700603. Bacteria
were grown overnight at 37 °C and then diluted to 4 × 108 CFU/mL
in 0.5× MHB medium. Incubations with increasing concentrations of
each peptide (0−40 μmol L−1) were carried out, as previously
described6,76 for either 4 or 24 h to test peptide effects on cell
attachment or on biofilm formation, respectively. Instead, to evaluate
the effect of peptides on preformed biofilm, a bacterial biofilm was
formed for 24 h at 37 °C and subsequently treated with the peptides.

Crystal violet assays and confocal laser scanning microscopy analyses
in static conditions were carried out according to the method
described by Gaglione et al.6,77

Eukaryotic Cell Culture and Cytotoxicity Assays. Immortal-
ized human keratinocytes (HaCaT), human epidermoid carcinoma
cells (A431), and human dermal fibroblasts (HDF) were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 1% antibiotics
(Pen/strep), and 1% L-glutamine. THP-1 cells obtained from ATCC
(American Type Culture Collection: TIB-202) were cultured in
suspension in RPMI containing Glutamax supplemented with 10%
(v/v) FBS. All cell lines were grown at 37 °C in a humidified
atmosphere containing 5% CO2. Cells were seeded on 96-well plates
at a density of 3 × 103 cells/well at 24 h prior to treatment, then
incubated in the presence of increasing peptide concentrations (0−
200 μmol L−1) for 24, 48, and 72 h. Following treatment with
peptides, MTT assays were carried out as previously described.6,77,78

Briefly, cell culture supernatants were replaced with 0.5 mg/mL MTT
reagent dissolved in DMEM medium without red phenol (100 μL/
well). After 4 h of incubation at 37 °C, the resulting insoluble
formazan salts were solubilized in 0.04 M HCl in anhydrous
isopropanol and quantified using an automatic plate reader
spectrophotometer (Synergy H4 Hybrid Microplate Reader, BioTek
Instruments, Inc., Winooski, VT) by measuring the absorbance at 570
nm. Cell viability was expressed as means of the percentage values
compared to control untreated cells. Lactate dehydrogenase (LDH)
secretion in culture medium was measured by using Lactate
Dehydrogenase Activity Assay Kit (TOX7; Sigma) according to the
manufacturer’s instructions. At the end of cell treatment, aliquots of
supernatants were collected and added to a reaction mix containing
Lactate Assay Buffer, Lactate Enzyme Mix, and Lactate Substrate Mix.
Absorbance at 490 nm was determined for each sample using an
automatic plate reader spectrophotometer. The positive control was
obtained by treating cells with lysis buffer provided by the
manufacturer.

Gene Expression Studies. Human dermal fibroblasts were
seeded into 24-well plates at a density of 1.5 × 104 cells/well. After
24 h, the culture medium was replaced with fresh DMEM (negative
control), S. aureus or A. baumannii culture at multiplicity of infection
(MOI) of 0.01, and LPS from E. coli O55:B5 or LTA from S. aureus
(56411−57−5; Sigma) at 1 μg mL−1, and the samples were treated
with each ApoB-derived encrypted peptide (5, 10, or 20 μmol L−1) or
with CATH-2 (2.5 or 5 μmol L−1). Total RNA was extracted by using
Trizol (Ambion, Carlsbad, CA) reagent according to the manufac-
turer’s instructions. The iScript cDNA synthesis kit (Bio-Rad,
Veenendaal, The Netherlands) was used to reverse-transcribe all
RNA samples. Quantitative real-time PCR (qRT-PCR) was then
carried out to evaluate mRNA expression by using manufacturer’s
protocol (iQ SYBR Green Supermix - Bio-Rad). Reactions were
carried out by using the following primer sequences: IL-8, 5′-
CTGGCCGTGGCTCTCTTG-3′ (sense) and 5′-CCTTGG-
CAAAACTGCACCTT-3′ (antisense); IL-6, 5′-TGCAA-
TAACCACCCCTGACC-3′ (sense) and 5′-TGCGCAGAATGAGA-
TGAGTTG-3′ (antisense); and β-actin, 5′-ATGTGGATCAGCAAG-
CAGGAGTA-3′ (sense) and 5′-GCATTTGCGGTGGACGAT-3′
(antisense). The β-actin mRNA was used as an internal control to
normalize the expression of the target genes.

Enzyme-Linked Immunosorbent Assay (ELISA). To evaluate
possible pro-inflammatory effects exerted by ApoB-derived encrypted
peptides, THP-1 cells, upon treatment with 100 μmol L−1 phorbol 12-
myristate 13-acetate (PMA) for 3 days, were plated into 96-well plates
at a density of 3 × 103 cells/well in 100 μL of medium. Following
incubation with peptides, cytokines levels within the medium were
quantify by using human immunoassay kits (DuoSet ELISA kits, R&D
Systems, Minneapolis, MN) according to the manufacturer’s
instructions. An ELISA reader set to 450 nm with a wavelength
correction set to 540 nm was used to measure the optical density of
each sample.

Histone Deacetylase Enzyme (HDAC) Assay. Human
keratinocytes were treated with 20 μmol L−1 each ApoB-derived
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peptide or with 50 nmol L−1 Tricostatin A for 30 min. The effects on
HDAC activity were then evaluated by using HDAC-Glo I/II Assays
and Screening System (Promega) according to the manufacturer’s
instructions.
Scarification Skin Infection Mouse Model. The anti-infective

properties of ApoB-derived encrypted peptides (at working
concentrations of 20, 50, 100, 150, or 200 μmol L−1) were assessed
in a skin murine model infected with the P. aeruginosa strain PAO1 as
previously described by Pane et al.4,7,9,10 Two independent experi-
ments were carried out with 4 mice per group. Statistical significance
was assessed using a one-way ANOVA.
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