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ABSTRACT

As a physical and chemical barrier, the skin arrests pathogens invasion,
thus preventing harmless or even potentially lethal infections. When this
barrier is damaged, the spread of infections is usually treated by using
traditional antibiotics, which are often ineffective on Multi-Drug resistant
bacteria. Antibiotic resistance is predicted to become the leading cause
of death in our society, thus justifying the search for novel antimicrobials
derived from previously underexplored sources. In this context,
promising molecules as the antimicrobial peptides (AMPS) represent an
innovative alternative, since the evolution of resistance against these
compounds generally does not occur. Encrypted peptides deriving from
human proteome represent a yet unexplored source of a novel class of
antibiotics. In this Research project, we report that peptides hidden
within human plasma display broad-spectrum antibiotic properties.
Specifically, three peptides [r(P)ApoB.P™, r(P)ApoBs"® and
r(P)ApoB.A'?] derived from human apolipoprotein B (residues 887-922)
exhibited potent antimicrobial activity against drug-resistant Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and
Staphylococci both in vitro and in animal models. These peptides were
found to target bacteria by depolarizing their cytoplasmic membranes
and to inhibit biofilm. Importantly, the peptides were found to potentiate
the activity of conventional antibiotics against bacteria and did not
select for bacterial resistance even after a prolonged exposure of
bacterial cells. In addition to their direct antimicrobial and antibiofilm
activities, ApoB encrypted peptides displayed excellent toxicity profiles.
To ensure translatability of these molecules, a retro-inverso variant [(ri)-
r(P)ApoBsP™©] of the lead encrypted peptide was synthesized. The
peptidomimetic here engineered was found to be resistant to proteases
and demonstrated to preserve the bioactivities of the parental peptides
with even stronger efficacy when tested in a pre-clinical mouse model.
Finally, a hyaluronic acid-based hydrogel functionalized with (ri)-
r(P)ApoBsP® was designed and characterized. The hydrogel system
loaded with the retro-inverso variant of ApoB encrypted peptide was
found to inhibit bacterial growth, to prevent pathogens migration and to
stimulate cells viability. Altogether, obtained data open new avenues for
the discovery of a novel generation of antibiotics from human blood and
highlight the applicability of ApoB-derived peptides in the treatment of
skin infections and diseases.






RIASSUNTO

Le infezioni della cute e dei tessuti molli, se non trattate in maniera
adeguata, presentano una variabilita che va da innocue a
potenzialmente letali. Esse rientrano tra i disturbi piu diffusi riscontrati
sia negli ambienti comuni che negli ambienti ospedalieri. Le cure e i
trattamenti convenzionali, se protratti per un lungo periodo di tempo,
concorrono in maniera significativa all’insorgenza di ceppi batterici
antibiotico-resistenti. Infatti, malattie della cute e degli strati sub-
cutanei, quali dermatiti, acne, psoriasi, piodermiti, rosacea e ulcere da
decubito, sono causate principalmente dai cosiddetti “ESKAPE
pathogens” (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, e
specie Enterobacter), ovvero patogeni recalcitranti e resistenti alla
maggior parte degli antibiotici tradizionali. L’agenzia federale adibita al
controllo della sanita pubblica negli Stati Uniti d’America classifica tali
ceppi batterici come vere e proprie minacce per la salute umana,
essendo responsabili di oltre 2,8 milioni di infezioni antibiotico-resistenti
e causando oltre 35.000 decessi nel solo 2019. Il trattamento delle
infezioni cutanee risulta impegnativo anche perché la maggior parte
degli agenti patogeni forma biofilm batterici, ovvero agglomerati di
cellule microbiche immerse in una matrice polimerica, che funge da
protezione per diversi fattori, incluse le terapie antibiotiche. E stato,
inoltre, stimato che batteri immersi nella matrice del biofilm sono mille
volte piu resistenti agli antibiotici rispetto alle singole cellule batteriche
in forma planctonica. Sebbene un tempo gli antibiotici fossero in grado
di trattare la maggior parte delle infezioni batteriche, negli ultimi decenni
il loro eccessivo e improprio utilizzo ha favorito il rapido sviluppo di
ceppi patogeni resistenti. Secondo i dati diffusi dal’Organizzazione
Mondiale della Sanita, si prospetta che da qui al 2050 i batteri resistenti
agli antibiotici convenzionali saranno causa di almeno 10 milioni di
decessi all'anno, cid che ha portato a classificare il fenomeno della
resistenza agli antibiotici come una delle principali minacce per la salute
umana. Se si considera che, allo stesso tempo, la scoperta, lo sviluppo,
la produzione e la commercializzazione di nuovi antibiotici sono
notevolmente rallentati negli ultimi 20 anni, i dati risultano allarmanti.
Pertanto, sono fortemente richieste efficaci strategie alternative.

In tale scenario, i peptidi antimicrobici (Anti-Microbial Peptides, AMPS),
denominati anche peptidi adibiti alla difesa dell'ospite (Host Defence
Peptides, HDPs), risultano essere una valida alternativa agli antibiotici
convenzionali, dal momento che generalmente non determinano la



selezione di ceppi resistenti. Gli AMPs rappresentano un gruppo di
molecole del sistema immunitario innato conservate durante
'evoluzione e presenti in tutti gli organismi viventi complessi. Tali
molecole sono dotate di carica netta positiva e di un alto contenuto di
residui idrofobici, proprieta alla base della loro abilita di interagire
selettivamente con la membrana delle cellule batteriche e, in alcuni
casi, di penetrarla legandosi a bersagli intracellulari. Nonostante gli
sforzi sperimentali, ad oggi il meccanismo alla base della loro
interazione con le membrane batteriche risulta ancora poco chiaro.
Sono stati, pero, proposti diversi modelli. Tra quelli piu conosciuti, vi €
il modello “barrel-stave”, secondo cui le regioni idrofobiche del peptide
interagiscano con le catene idrocarburiche dei fosfolipidi di membrana
formando un poro rivestito internamente dalle regioni idrofiliche del
peptide; vi e poi il modello “toroidal’, che sembra descrivere |l
meccanismo di azione della maggior parte dei peptidi e prevede
I'associazione di questi con i gruppi esposti dei fosfolipidi di membrana,
cio che provoca una curvatura del doppio strato lipidico a livello del
poro; vi € infine il modello “carpet” per cui i peptidi si dispongono
parallelamente alla superficie della membrana rivestendola come un
“tappeto” e, quando la concentrazione dei peptidi supera un valore
soglia, essi determinano la distruzione della membrana liberando
micelle o piccoli aggregati peptidolipidici.

Gli agenti microbici sono presumibilmente esposti all’azione degli
AMPs da milioni di anni e nessuna resistenza diffusa di questo tipo &
stata mai segnalata. Poiché gli AMPs agiscono legandosi a composti
idrofobici e/o polianionici della membrana, la selezione di un fenotipo
resistente € molto poco probabile. Infatti, modificare I'architettura e/o la
composizione dei lipidi di membrana & probabilmente una soluzione
troppo "costosa" in termini energetici per la maggior parte delle specie
microbiche. Gran parte dei peptidi antimicrobici sono in grado di
determinare la morte diretta dei microrganismi patogeni, altri, invece,
agiscono modulando i sistemi di difesa dell’'ospite. Cio li rende candidati
eccellenti per lo sviluppo di una nuova generazione di antibiotici. Tali
peptidi sono inoltre dotati di numerose altre proprieta biologiche, quali
attivita anti-biofilm, anti-infammatoria, analgesica, antitumorale,
antiossidante e di wound healing e sono in grado di agire in sinergia
con differenti classi di antibiotici convenzionali e/o sostane naturali.
Nel 2006 e stato introdotto per la prima volta il termine "criptoma" per
descrivere un sottoinsieme unico di proteine con la capacita di generare
peptidi bioattivi, noti come "criptidi”, i quali a loro volta possono avere
proprieta correlate o migliorate rispetto al precursore proteico oppure
possono esplicare funzioni biologiche completamente diverse. E’ stato
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riscontrato che, negli organismi pluricellulari, diverse proteine agiscono
come fonti di peptidi antimicrobici "criptici”. Queste proteine, le cui
funzioni non sono necessariamente legate alla difesa dell'ospite,
rilasciano peptidi bioattivi in seguito a scissioni proteolitiche da parte di
proteasi batteriche e/o dell'ospite. Grazie al progresso scientifico e
tecnologico, sono stati sviluppati diversi metodi in grado di ricercare e
identificare nuovi peptidi criptici al’interno di proteine note.

Negli ultimi anni, il gruppo di ricerca presso cui é stato svolto il presente
progetto di Dottorato, ha identificato mediante un software
bioinformatico un nuovo peptide antimicrobico nell'apolipoproteina B
umana (ApoB-100). Di tale peptide sono state prodotte tre diverse
varianti, due piu lunghe, qui denominate r(P)ApoB."™® e r(P)ApoB.*?,
che differiscono per la sostituzione di un residuo di prolina con
un’alanina in posizione sette, e una versione piu breve di tale sequenza,
qui denominata r(P)ApoBs™. Tali peptidi sono stati prodotti
efficientemente per via ricombinante in cellule di Escherichia coli, sotto
forma di proteina chimerica. | peptidi derivanti dall’apolipoproteina B
umana sono stati poi oggetto di caratterizzazione strutturale e
funzionale. Il presente progetto di Dottorato ha interessato la
valutazione dell’efficacia e dell’applicabilita di tali peptidi antimicrobici
nel trattamento di infezioni cutanee multi-resistenti.

Gli obiettivi principali del presente lavoro di tesi possono essere
schematizzati in quattro punti fondamentali:

1. Caratterizzazione delle proprieta antimicrobiche e anti-biofilm
dei peptidi derivanti da ApoB su ceppi responsabili di infezioni
cutanee, evidenziando la loro abilita di agire in sinergia con
antibiotici tradizionali e di non selezionare fenotipi resistenti.

2. Valutazione della biocompatibilita dei peptidi in esame,
analizzando possibili effetti tossici su cellule umane e sul
microbioma della pelle. E’ stato, inoltre, valutato il potenziale
effetto anti-inflammatorio su co-culture di fibroblasti infettati con
il batterio S. aureus.

3. Progettazione e caratterizzazione di una variante
peptidomimetica dei peptidi derivanti da ApoB, dimostrandone
'aumento di stabilita e di efficacia in vivo.

4. Sviluppo di una formulazione topica a base di hydrogel in grado
di incapsulare la variante peptidomimetica selezionata e di
preservarne le bioattivita.

Gli esperimenti volti alla valutazione dell’attivita antimicrobica hanno
dimostrato che i peptidi r(P)ApoBL"®, r(P)ApoBsP™ e r(P)ApoBLA" sono
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in grado di inibire la crescita di ceppi del genere Klebsiella,
Acinetobacter e Staphylococcus mediante depolarizzazione della
membrana batterica. Inoltre, analisi per l'individuazione di “terapie
combinate” hanno messo in luce la capacita dei peptidi in esame di
agire in sinergia con antibiotici convenzionali. Esperimenti di
microscopia elettronica e saggi cinetici hanno descritto il potenziale
antimicrobico delle combinazioni peptide-antibiotico e la capacita dei
peptidi derivanti da ApoB di non selezionare fenotipi resistenti. Ulteriori
indagini volte alla valutazione delle proprieta anti-biofilm dei peptidi in
esame hanno rivelato la capacita dei peptidi r(P)ApoBL", r(P)ApoBsF™
e r(P)ApoBLA2 di destrutturare la matrice del biofilm batterico prodotto
da ceppi microbici, quali S. epidermidis ATCC 35984 e A. baumannii
ATCC 19606.

Le analisi di biocompatibilita e delle proprietda immunomodulanti dei
peptidi derivanti da ApoB sono state approfondite durante il periodo di
ricerca all’estero (6 mesi) presso il gruppo di ricerca diretto dal
Professore Henk P. Haagsman dell’'Universita di Utrecht (Facolta di
Medicina Veterinaria, Universita di Utrecht, Olanda). | risultati ottenuti
hanno messo in luce gli ottimi profili di citotossicita dei peptidi in esame,
escludendo possibili effetti tossici e immunogenici. Inoltre, e stato
evidenziato il potenziale anti-infiammatorio del peptide r(P)ApoBsP™
saggiato su co-culture di cellule eucariotiche infettate con S. aureus.

In collaborazione con il Professore César de la Fuente dell’Universita
della Pennsylvania (Dipartimento di Psichiatria e Microbiologia, Scuola
di Medicina Perelman School of Medicine, Filadelfia, USA) é stata
progettata una variante retro-inversa del peptide antimicrobico
identificato nell’apolipoproteina B umana. Del nuovo peptidomimetico,
qui denominato (ri)-r(P)ApoBs™™, & stata dimostrata [Iefficacia
antimicrobica e 'aumentata stabilita sia in vitro che in vivo. Il peptide
(ri)-r(P)ApoBsP™, interamente composto da (D)-amminoacidi e con
sequenza amminoacidica invertita rispetto al peptide naturale di
partenza, ha mostrato significative attivita antimicrobica e anti-biofilm
Su ceppi batterici antibiotico-resistenti, una maggiore resistenza alla
degradazione proteolitica rispetto al peptide parentale e grande
efficacia in modelli pre-clinici murini.

Al fine di fare un passo in avanti verso l'applicabilita delle molecole
antimicrobiche qui selezionate, € stato progettato un sistema di drug-
delivery basato su hydrogel presso i laboratori sperimentali e di
produzione di AMP Biotec s.r.l. (6 mesi) diretti dalla Professoressa
Rosanna Filosa e dal Dott. Alberto Di Crosta. A tale scopo, € stata
messa a punto una formulazione ad uso topico basata su hydrogel di
acido ialuronico funzionalizzato con il peptide (ri)-r(P)ApoBsP™. Saggi
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di attivita antimicrobica hanno dimostrato ['efficacia del sistema
hydrogel-peptide su ceppi batterici Gram-positivi e Gram-negativi,
inclusi ceppi antibiotico-resistenti. Analisi di biocompatibilita hanno,
inoltre, messo in luce la capacita del sistema di stimolare la vitalita di
cheratinociti umani, dimostrando le enormi potenzialita del sistema
hydrogel nei processi di rimarginazione delle ferite.

Nel complesso, i dati ottenuti supportano in maniera robusta la
possibilita di impiego dei peptidi in esame quali nuovi agenti
antimicrobici da impiegare nel trattamento di infezioni cutanee causate
da batteri antibiotico-resistenti.
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General introduction

1.1 The emerging problem of antibiotic resistance in skin
infections

As the largest organ of the human body, the skin represents a physical
barrier to prevent the invasion of pathogens [1]. In circumstances where
the barrier is broken or when the balance between commensals (the
beneficial microorganisms which colonize the skin) and pathogens is
disturbed, skin diseases or even systemic diseases occur [1]. Skin and
soft tissue infections (SSTIs) are among the most common disorders
found in community and hospital environments [2]. These infections can
appear in a variety of forms, ranging from superficial infections, which
are controlled by treatment with topical antibiotics, to severe infections
of deep tissues, which can lead to death if the patient is not
appropriately treated [2]. Bacterial SSTIs, such as dermatitis, acne
vulgaris, psoriasis, pyoderma, rosacea, cellulitis, and decubitus ulcers,
are mainly caused by the ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species),
which are bacteria recalcitrant and resistant to most of the common
antibiotics. These bacterial strains are listed by the Centers for Disease
Control and Prevention (CDC) as the biggest threats to human’s health
with more than 2.8 million antibiotic-resistant infections in the U.S. and
more than 35,000 deaths in 2019 [3]. In atopic dermatitis, most
Staphylococcus aureus isolates exhibited less susceptibility to
methicillin, erythromycin, clindamycin, and oxacillin, and showed the
highest resistance rate to benzylpenicillin followed by fusidic acid [4]. S.
epidermidis strains, involved in such numerous skin diseases, as acne
vulgaris, rosacea and ulcers [5][6][7], are often found resistant to
antibiotics as rifamycin, fluoroquinolones, gentamicin, tetracycline,
methicillin, clindamycin, and sulfonamides [8]. Others pathogens known
to colonize wounds, thus causing skin infections, present often a multi-
drug-resistant (MDR) profile [9][10][11]. For example, the clinical
isolates of Acinetobacter spp., which were usually susceptible to
gentamicin, minocycline, nalidixic acid, ampicillin, or carbenicillin in the
early 1970s, developed resistance to almost all groups of drugs
including the first and second generation of cephalosporins already
since 1975 [12]. Similarly, there is an increasing prevalence of
carbapenems-resistant K. pneumoniae and P. aeruginosa strains
resistant to P-lactams and the fluoroquinolones [13][14]. The
development of cellular resistance is generally the result of endogenous
genes mutations, or is due to the transfer of resistance determinants
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from other microorganisms [15][16][17][18]. Involved genes, collectively
known as the resistome [19], act through different molecular
mechanisms, such as inactivation of drugs via hydrolysis (e.g., via B-
lactamase) or modification (e.g., aminoglycoside resistance), alteration
of cellular targets (e.g., by DNA gyrase mutation in fluoroquinolone
resistance), development of permeation barriers, thus preventing drug
access to the target (e.g., the Gram-negative outer membrane) or
activation of membrane-pumps specialized in drug efflux [20][21]
(Figure 1). Moreover, on human skin, 1x10%' microbial cells are
estimated to live in biofilm, in which microbes produce a matrix of
extracellular polymers that confer many advantages on their inhabitants
[22]. The treatment of SSTIs and wounds is challenging because most
of the pathogens form microbial biofilms [22]. As a mechanical shield,
the components of the biofilm matrix are able to inhibit the effect of the
antimicrobials [23] and make the pathogenic agents 1,000 times more
resistant to conventional drugs than the corresponding planktonic cells
[24]. Microorganisms growing in a biofilm state cause at least 65% of
all human infections, and are particularly prevalent in infections on body
surfaces (skin and soft tissue, lung, bladder, endocarditis, etc.), and in
chronic infections [22]. Although antibiotics were once capable of
treating most bacterial infections, in the last decades their excessive
and improper use have favored the fast development of resistant
bacterial strains [25]. Since the discovery, development, manufacture,
and marketing of novel antibiotics have significantly slowed down,
estimates claim that by 2050 worldwide 10 million people per year will
die from infections caused by drug-resistant bacteria and the World
Health Organization classifies the phenomenon of antibiotic resistance
as one of the biggest threats to human health [26].
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Figure 1. Mechanisms of antimicrobial action and resistance
development. Mechanisms of antimicrobials are described in left
section (indicated by the dashed yellow line) of the bacterial cell. Right
section of the bacterial cell shows resistance mechanisms [25].

1.2 Antimicrobial peptides (AMPS)

The emergence of antibiotic resistance is leading to the design of novel
antimicrobials less susceptible to resistance mechanisms than
conventional antibiotics. In this context, innovative molecules as
antimicrobial peptides (AMPS) represent a promising alternative to the
old generations of antibiotics, since the evolution of resistance against
these compounds is demonstrated to be less probable with respect to
other antimicrobials [27][28][25]. AMPs are a group of evolutionarily
conserved small proteins of the innate immune system, present in all
complex living organisms. They work by disrupting bacterial cell
membranes, modulating the immune response, and regulating
inflammation [25] [29]. Natural AMPs have a size ranging from 12 to 50
amino acids, are mostly cationic owing to the presence of a high content
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in lysine and arginine residues, and contain over 50% hydrophobic
amino acids [30][31][32]. Despite the huge diversity in amino acid
composition and cellular targets, AMPs are unified by their affinity for
negatively charged prokaryotic membranes with strong electrical
potential gradients [30]. Indeed, AMPs interaction with prokaryotic
membranes represent a prerequisites for their entry into the cells or to
direct disruption of the bacterial cell membrane [25][33][34]. The
mechanism at the basis of their interaction with membranes has been
extensively studied by experimental efforts. In the classical models, the
peptides disintegrate the membrane after reaching a threshold
concentration and inserting themselves across the phospholipids
bilayer to form either peptide-lined pores in the barrel-stave model,
solubilize the membrane into micellar structures in the carpet model,
or form peptide-and-lipid-lined pores in the toroidal pore model. In the
revised disordered toroidal pore model, pore formation is more
stochastic and involves fewer peptides [35]. Other studies explained
that the peptides can act by thickening the membrane or forming non-
bilayer intermediates, or the membrane itself can be remodeled by
clusters of anionic lipids surrounding the peptides. In others models, the
peptides can dissipate the membrane potential without others
damages, adsorb to the membrane by targeting oxidized phospholipids
or, in the molecular electroporation model, they can increase the
membrane potential, thus making the membrane transiently permeable
[35]. Although membrane permeabilization is widely accepted as one of
the possible mechanisms, interference with cell wall biogenesis, protein
synthesis, protein folding, enzymatic activity and targeting intracellular
components including DNA have also been proposed [25][35] (Figure
2). Recent structure to function relationship studies classified the AMPs
in three major classes: a-helical peptides, B-sheet peptides and
extended peptides [35]. The a-helical AMPs, such as LL-37,
magainins, mellitin, temporin L and B, are among the most studied. The
lengths and properties of the a-helical influence the depth of membrane
insertion and the thickness of the bilayer. Interestingly, the a-helical
AMPs temporin B and L intercalate more efficiently into membrane
containing an oxidized phosphatidylcholine lipid [35]. The B-sheet
AMPs, as human a and 8 defensins, can also include several B-hairpin
often stabilized by disulfide bridges between Cys residues. Many of
these peptides seem to act by toroidal pore formation, others, instead,
form oligomeric transmembrane barrels in anionic membranes [35].
Extended AMPs, as indolicidin, are peptides which do not fold into
regular secondary structure elements and often contain high content of
certain amino acids, specifically Arg, Trp or Pro residues. Many of these
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peptides are not membrane active, but they exert antimicrobial activity
by interacting with intracellular targets, such as heat-shock proteins or
DNA [35].

Pathogenic agents have been exposed to antimicrobial peptides
presumably for millions of years and no widespread resistance has
been reported [36]. Since they act by targeting hydrophobic and/or
polyanionic compounds of the membrane, the development of
resistance against AMPs has occurred to a much lesser degree than
the traditional antibiotics, whose targets, often essential bacterial
proteins, are subjected to severe and growing resistance problems [36].
Thus, changing the architecture and/or compositions of membrane
lipids is probably a “costly” solution for most microbial species [30].

To date, numerous natural and synthetic AMPs have been investigated
because of their versatility, and many therapeutic fields have focused
on them [37][38]. They display antimicrobial and anti-biofilm activity
against both Gram-negative and Gram-positive bacterial strains, and
can be used in combination with traditional antibiotics to improve the
therapeutic effects, and even to broaden antibacterial spectrum
[39][40]. Renalexin peptide, for example, was reported to potentiate the
activity of polymyxin E, doxycycline, and clarithromycin. Magainin 2 also
elicit synergistic effects when combined with ceftriaxone, amoxicillin—
clavulanate and piperacillin, and the proline-rich antibacterial peptide
A3-APO in combination with imipenem was found to increase survival
in a murine model [25]. AMPs have also been found to display activity
against fungi and yeasts, and to exert inhibitory effects on various DNA
and RNA viruses including HIV, influenza virus, and hepatitis B virus
[37][40]. Moreover, many AMPs are able to modulate host immunity by
activating immunocytes, and modulating inflammation, alternatively by
promoting or suppressing it. To emphasize their pleiotropic nature, they
are often referred to as Host Defence Peptides (HDPs), or, more
specifically, as Innate Defense Regulatory (IDR) peptides, since reports
on their immunomodulatory activities have mostly been confirmed at
the level of innate immunity [41]. Human a- and [B-defensins, for
example, can recruit leukocytes by direct chemotaxis or induce the
expression of chemokines or cytokines including interleukin 8 (IL-8),
monocyte chemoattractant protein (MCP-1) and interferon a (IFN-a) by
indirect chemotaxis [42][43][44]. Furthermore, several AMPs act as
anti-inflammatory agents protecting the host by bacterial endotoxins,
such as lipopolysaccharide (LPS) and lipoteichoic acid (LTA) of Gram-
negative and Gram-positive bacteria, respectively [42][45]. Indeed,
many well-known AMPs, as LL-37 and protegrin-39, display their anti-
inflammatories properties by neutralizing endotoxins [46].
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Figure 2. Mechanisms for interaction of AMPs with bacterial cell
membranes. Schematic representation of events that occur at the
bacterial cell membrane following interaction with AMPs [25].

1.3 Cryptic antimicrobial peptides

Many well-known proteins were found to hide multiple and unpredicted
functions, that come out only following proteolytic cleavage. Peptides
derived from hemoglobin, lactoferrin, lysozyme, collagen, histone-like
proteins and ribonucleases were demonstrated to be involved in the
regulation of several cellular processes as neuronal signaling,
inflammatory response, adaptive immune response, differentiation, cell
proliferation, wound healing and angiogenesis [47][48][49][50]. The
presence of these activities, buried within a protein sequence, could
reflect an evolutionary mechanism to increase the functionality of
macromolecules [51]. In 2006, the term “cryptome” was introduced to
describe a unique subset of proteins with the ability to generate
bioactive peptides and proteins, known respectively as “cryptides” and
‘crypteins”, which may have related or increased properties with
respect to precursor proteins or possess completely unrelated
biological functions [52]. For these reasons, the cryptic peptides were
classified in type 1 or 2 when the protein fragments have in vivo novel
or the same bioactivity of the parent molecule, respectively, and in type
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3 when they are generated in vitro and display novel biological
properties [52]. The first cryptides were reported in 1960-70 when
proteolytic products with antibacterial and antiviral activities were
identified in human and mammals milk [53][54]. Since then, the number
of putative cryptic peptides enormously expanded with the development
of modern high throughput proteomic platforms [55][56]. In multicellular
eukaryotes, several proteins were found to act as sources of “cryptic”
antimicrobial peptides. These proteins, whose functions are not
necessarily related to host defense, release bioactive peptides after
proteolytic processing by bacterial and/or host proteases [57].

Several approaches were developed to discover novel cryptides, such
as high-throughput diagnostic screening, mass spectrometry-based
proteomic analyses, and computational biology techniques [58]. Many
cryptic antimicrobial peptides were identified in a mixture of peptides
generated by the digestion of the parent protein with one or more
proteases, as the AMP released by neuthrophil elastase at the C-
terminus of human thrombin [59]. Instead, other cryptic AMPs were
discovered by homology to already known antimicrobial peptides, as
the AMP from the C-terminus of S1 proteinases [60], or on the basis of
structural and functional hypotheses, as in the case of COG133 peptide
found in the receptor binding region of human apolipoprotein E [ApoE-
(133-149)] [61][62]. Recently, in silico methods were also set up to
localize AMP-like regions inside protein sequences performing the
screening of protein databases [63][64][65][66]. Pane and co-workers
have developed a scoring method, which allows to localize cryptic
antimicrobial peptides within protein sequences by estimating their
theoretical antimicrobial potency [67]. The algorithm is based on the
finding that the antimicrobial potency of AMPs is directly proportional to
a score — named “absolute score” (AS) — depending on the net charge
(©), hydrophobicity (H) and length (L) of the peptide sequence. Indeed,
AS =L x [(Cm x HNn)/Smax] where Smax is the maximum value of product
(Cm x Hn) and “m” and “n” are strain dependent variables, which define
the relative contribution of charge and hydrophobicity to antimicrobial
activity [67]. A simple sliding window strategy, using windows of any
desired protein and sequence length, can be easily performed by this
method [58]. Thus, the interesting evidence is that these “hidden”
peptides can offer new opportunities for protein-based therapies
because of their unexpected biological activities [51][47].
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1.4 Antimicrobial peptidomimetics

Over the last decades, peptides emerged as an extraordinary class of
molecules in drug development, as they combine versatility and
potency [68]. Moreover, advances in peptides chemical synthesis allow
to decrease manufacturing costs, making them more attractive in the
industrial field [68]. Despite their bioactivity and biocompatibility, most
of the bioactive peptides discovered present limitations. For example,
they can be degraded into fragments, thereby losing any function
imparted by the sequence and their structure [69]. The design of more
stable molecules which mimic structurally and functionally the bioactive
peptides has become an established methodology to improve the
pharmacokinetic drawbacks of these innovative drugs [70]. Thus, the
so-called peptidomimetics, which arise from the modulation or chemical
modification of peptides by using non-canonical amino acids or non-
peptide scaffolds, emerge as potential therapeutic agents able to
overcome the limitations of the natural peptides [70]. Peptidomimetic
drug research has progressed to become a multidisciplinary research
field engaging synthetic, computational, and biophysical chemists,
biochemists, pharmacologists, and drug development scientists
worldwide [71]. The evolution of peptidomimetic drug discovery has
been led by countless academic, industrial, and government companies
to achieve the rational transformation of the first-generation peptide
compounds to highly modified analogs [71].

The peptidomimetics are generally divided into three categories: i) type
| mimetics are defined as short peptides with the same secondary
structure of the lead peptide but minor alterations of the sequence; ii)
type Il mimetics are non-peptide molecules based on a scaffold that
does not mimic the peptide secondary structure; iii) type Il mimetics
are also defined as non-peptide molecules that match the spatial
topology of key interaction motifs of the lead peptide. However, these
categories were recently subdivided into four different classes: classes
A-D, where class A mimetics are the most identical to the lead peptide
and class D mimetics display the least similarities [72] (Figure 3).
Many antimicrobial peptidomimetics were demonstrated to be effective
towards several pathogenic agents including drug resistant bacteria
and are currently in Phase Il clinical trials [73]. The pharmaceutical
company Lytix Biopharma AS (Tromsg, Norway) has commenced
Phase I/lla clinical trials with an antimicrobial peptidomimetic known as
Lytixar TM (also known as LTX-109) displaying a combination of high
antibacterial activity against methicillin-resistant Staphylococci and
Staphylococcal biofilms [73]. Another antimicrobial peptidomimetic,
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known as POL7080, was developed by the company Polyphor, and was
found to be highly active on a panel of clinical isolates, including drug
resistant Pseudomonas bacteria, and with a potent bactericidal activity
in a mouse septicemia infection model [74]. At present, Phase | clinical
studies of POL7080 have been completed in healthy individuals in
Europe, demonstrating the clinical safety and tolerability of this
peptidomimetic [74]. Antimicrobial peptidomimetics hold vast
potentialities as excellent anti-infective drugs due to their wide range of
biological activities, low costs of production when compared with those
of proteins and antibodies, ease of structural modifications and stability
improvements, and promising pharmacokinetic profiles [75].

Peptides

natural peptide sequences

Class A - modified peptides

peptides mainly formed by a-amino acids
with minor side chain or backbone alterations

Class B - modified peptides/ foldamers

peptides with various backbone and side N
chain alterations also including foldamers ;

peptidic character

Class C - structural mimetics
small molecule-like scaffolds that project M
substituents in analogy to peptide side chains

Class D - mechanistic mimetics

molecules that mimic the mode of action of
peptide without a direct link to its side chains

small molecules

Figure 3. Classification of peptidomimetics. Classes A-D, where
class A mimetics share much of the lead peptide and class D
mimetics display the least similarities.
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1.5 Topical dermatological formulations

Topical formulations are a class of compounds used to deliver a
therapeutically effective concentration of a specific drug at the target
site [76]. Many types of formulations are available and are specifically
designed to exert a local effect on the skin or into the deeper cutaneous
layers [76]. Advantages related to these products include the possibility
to increase the dose of drug where it is needed and the reduction of
side effects to other organs compared to systemic therapeutics [77].
Topical formulations contain an active ingredient and a vehicle, which
usually consists of water, oil, alcohol, or propylene glycol mixed with
preservatives, emulsifiers, absorption promoters, and fragrances [77].

There are three major categories of topical dosage forms (liquid, semi-
solid, and solid), and different formulations can classified as solutions,
lotions, creams, ointments, gels, pastes, aerosol foams or spray,
powders, and transdermal patches [78]. The appropriate formulation
depends on many factors, including the sites involved, the action
desired, the nature, bioavailability and stability of the drug to be
incorporated, the required shelf-life of the final product, the disease
severity, and the host profile [79].

Bacterial skin and soft tissue infections, as dermatitis, acne vulgaris,
psoriasis, decubitus ulcers and chronic wounds, pose a great clinical
challenge for the topical administration of antimicrobial peptides.
Several studies have been carried out to develop different AMPs
formulations, which include nanoparticles, hydrogels, creams,
ointments, and patches [80]. Nanoparticles improve the peptides
stability and activity. In some cases, they can even enhance the
peptides solubility. However, the major disadvantage of nanoparticle-
based formulations is their residence time at the site of application. A
potentially effective formulation for AMPs topical delivery is also
represented by the hydrogels. They are able to control drug release by
various mechanisms, e.g., electrostatic, covalent conjugation, and
degradation profiles, and provide moisture at the target site (Figure 4).
However, it has to be highlighted that it is necessary to modify and to
optimize the hydrogel network to avoid possible negative effects on
peptide efficacy. Recent advances are focused on AMPs loaded
nanoparticles and hydrogels based on natural polymers (e.g., collagen
and hyaluronic acid), which prevent peptides degradation and enhance
their residence time in wound sites. On the other hand, creams and
ointments are topical formulations widely used and approved for their
safety and suitability, but they present the limit to be easily removed
from the site, with consequent negative effects on the amount of AMP
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reaching the wound. Other strategies are represented by patches,
which provide an interesting approach to deliver AMPs. However, it is
necessary that the peptides are sufficiently flexible to preserve their
antimicrobial activity [80]. Although, by using these delivery systems,
the peptides are less subjected to be degraded and/or neutralized with
respect to oral or systemic administration, different factors arising from
the wound microenvironment or the skin spots might destabilize them.
Therefore, the optimization of opical formulations suitable for AMPs is
a requirement to overcome the stability issues and to promote the
wound-healing processes [80].

A
Macroscopic scale Microscopic scale Nanoscopic scale
- dru,
.. 1
e, .
"~.,._' linkage P
1cm 1um 1nm
B - -
Diffusion

Figure 4. Schematic representation of a hydrogel-based
formulation. (A) Size and porous structure of the hydrogel loaded with
the bioactive drug. (B) Drug release from the polymeric matrix of the
hydrogel [81].
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1.6 Aims of the Thesis

The overall aim of the present Thesis project is the characterization of
three cryptic peptides identified in human apolipoprotein B by using an
algorithmic approach [82], in order to evaluate their applicability in the
treatment of skin and soft tissue infections. Following this Chapter 1
comprising a general introduction to the experimental part, Chapters 2-
6 will report a detailed experimental characterization of peptides
structures, bioactivities in vitro and in vivo, and applicability. A summary
of the main chapters is reported below:

Chapter 2 describes the antimicrobial activity of ApoB-derived
encrypted peptides towards common skin pathogens by
highlighting their ability to act in synergism with conventional
antibiotics while not determining the insurance of resistance
phenotype even after a prolonged incubation with bacterial cells;
peptides’ anti-biofilm effects on the main three stages of biofilm
development are described.;

Chapter 3 describes the biocompatibility of ApoB-derived
encrypted peptides on eukaryotic cell cultures and on skin
microbiome as well as their anti-inflammatory effects on co-
cultures of human fibroblasts infected with S. aureus;

Chapter 4 mainly focuses on the design and characterization of
a retro-inverso variant of the leads encrypted peptide by
demonstrating increased stability and anti-infective properties in
Vivo;

Chapter 5 depicts the development of a hydrogel-based
formulation loaded with the selected antimicrobial
peptidomimetics as well as the analysis of its chemical and
biological properties;

Chapter 6 comprises a general discussion on the main findings
and conclusions derived from the present research.
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ApoB encrypted peptides as novel antimicrobial and anti-biofilm
agents against common skin pathogens

1. Introduction

In 2019, more than 2.8 million people suffered from antibiotic-resistant
infections and over 35,000 individuals died in the U.S. [1] ESKAPE
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species) are of particular concern as they are resistant to
most available antibiotics [2]. Further, it has been recently estimated
that, at the current rate of antibiotic resistance coupled with the lack of
antibiotic discovery, by 2050 worldwide 10 million people will die
annually from infections caused by drug-resistant bacteria. The World
Health Organization has described this global problem as one of the
biggest threats to human health [3].

Therefore, alternatives to conventional antibiotics are urgently needed
to treat such drug-resistant infections. Recently our research group has
developed and used an algorithmic approach to systematically explore
the human proteome searching for encrypted peptides with antibiotic
properties, an effort that yielded thousands of previously unexplored
molecules [4][5]. This innovative algorithm is able to highlight cryptic
bioactive peptides inside a protein sequence and to provide a prediction
of their antimicrobial activity by a quantitative score [4]. These proteins,
whose biological function is 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 [6]. The presence of these peptide fragments, hidden within
proteins, may reflect an evolutionary mechanism to increase the range
of functionalities of proteins [7]. By this innovative bioinformatic
approach, three encrypted peptides have been identified in plasma
protein human apolipoprotein B [5]. 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
[4][5][8]. Indeed, Apolipoprotein B is responsible for carrying lipids,
including cholesterol, around the body to cells within all tissues, and
high levels of apolipoprotein B are related to heart disease [9]. The
encrypted peptides identified represent a novel and previously
untapped class of potential antibiotics and may be fascinatingly seen
as a great opportunity to develop protein-based therapies to be
employed in the treatment of skin infections [7][10].
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2. Methods

Materials. All the reagents were purchase from Sigma-Merck (Milan,
Italy), unless specified otherwise.

Bacterial strains and growth conditions. Five bacterial strains were
used in the present study, i.e. S. epidermidis ATCC 35984, S. aureus
ATCC 12600, S. aureus ATCC 29213, A. baumannii ATCC 19606, K.
pneumoniae ATCC 70603 and Pseudomonas aeruginosa PAO1. All
bacterial strains were grown in Muller Hinton Broth (MHB, Becton
Dickinson Difco, Franklin Lakes, NJ) 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.

Peptides. Expression and isolation of recombinant peptides was
carried out as previously described [5] with the only exception of a final
gel-filtration step, that was added in order to remove salts used along
the purification process and that tend to attach to the peptides, as
previously reported [11]. CATH-2 and (ri)-r(P)ApoBsP™ peptides were
obtained from CPC Scientific Inc. (Sunnyvale, USA) and CASLO ApS
(Kongens Lyngby, Denmark), respectively.

Antimicrobial activity. The antimicrobial activity of ApoB-derived
peptides was assayed on a panel of skin pathogens, such as S.
epidermidis ATCC 35984, S. aureus ATCC 12600, S. aureus ATCC
29213, A. baumannii ATCC 19606, K. pneumoniae ATCC 70603 and
P. aeruginosa PAOL1 by using broth microdilution method [12]. Bacteria
were grown to mid-logarithmic phase in MHB at 37 °C. Then, cells have
been diluted to 4x10% CFU/mL in Difco 0.5X Nutrient Broth (Becton-
Dickenson, Franklin Lakes, NJ) and mixed 1:1 v/v with two-fold serial
dilutions peptides (0-40 umol L1). Following over-night incubation, each
sample was diluted, plated on TSA and incubated at 37 °C for 24 h to
count the number of colonies. All the experiments were carried out in
three independent replicates.

DiSC3(5) assay. A cytoplasmic membrane depolarization assay was
performed on S. epidermidis ATCC 35984, S. aureus ATCC 12600, S.
aureus ATCC 29213, A. baumannii ATCC 19606 and K. pneumoniae
ATCC 70603 using the membrane potential-sensitive dye 3,3'-
dipropylthiadicarbocyanine iodide (diSCs-5 - TCI America) [13].
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Bacterial cells in the mid-logarithmic phase were washed and
resuspended in 5 mmol L't HEPES buffer (pH 7.2) containing 20 mmol
L glucose and 0.1 mol L* KCI at a density corresponding to an optical
value at 600 nm of 0.06-0.03. Cell suspension was incubated with 1
umol L DiSCs(5) for 45 min to stabilize the fluorescence, and then the
peptides were added to bacterial suspensions at concentrations
corresponding to their MICio0 values. Changes in fluorescence intensity
were continuously recorded by using GloMax® Discover System
(Promega, Madison, Wisconsin, USA), with excitation and emission
wavelengths of 620 nm and 670 nm, respectively. Cytoplasmic
membrane depolarization assays were independently performed three
times.

Checkerboard assay and definition of fractional inhibitory
concentration (FIC) index. Combinations of ApoB-derived peptides
and antimicrobial agents were tested on S. epidermidis ATCC 35984,
S. aureus ATCC 12600, A. baumannii ATCC 19606, K. pneumoniae
ATCC 70603 by the so-called “checkboard” assay to determine
Fractional Inhibitory Concentration (FIC) indexes. To this purpose, two-
fold serial dilutions of each peptide were tested in combination with two-
fold serial dilutions of 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 were calculated as follows: FICa + FICg, where
MIC of drug A in combination MIC of drug B in combination
FICa= ~—100 2" 08 , and FlCg= ——100>" S8

MIC4 4 of drug A alone MIC4 of drug B alone
FIC indexes < 0.5 were classified as synergism, FIC indexes between
0.5 and 1 or 1 and 4 were associated with additive and indifferent
effects, respectively [5].

Scanning electron microscopy analyses. To perform scanning
electron microscopy (SEM) analyses, K. pneumoniae ATCC 70603
(2x10% CFU/mL) was incubated with 0.58 pmol L r(P)ApoBsP™ in
combination with 0.36 pmol mL™ colistin for 3 h at 37 °C. Following
incubation, bacterial cells were centrifuged at 10,000 rpm at 4 °C and
fixed in 2.5% glutaraldehyde. Following over-night incubation, the
samples were washed three times in distilled water (dH20) and
dehydrated with a graded ethanol series: 25% ethanol (1 x 10 min);
50% ethanol (1 x 10 min); 75% ethanol (1 x 10 min); 95% ethanol (1 x
10 min); 100% anhydrous ethanol (3 x 30 min). Bacterial cells deposited
into glass substrate were first sputter-coated with a thin layer of Au-Pd
(Sputter Coater Denton Vacuum DeskV) to allow subsequent
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morphological characterization using a FEI Nova NanoSEM 450 at an
accelerating voltage of 5 kV with Everhart Thornley Detector (ETD) and
Through Lens Detector (TLD) at high magnification.

Killing kinetic studies. To kinetically analyze bacterial killing by
combinations of ApoB-derived peptides and conventional antibiotics, as
colistin and polymyxin B, experiments were performed on K.
pneumoniae ATCC 70603 treated with a combination of both
antimicrobials or with the single agents at concentrations corresponding
to their MIC1o00 values. Bacterial cells were diluted to 4x10% CFU/mL in
Difco 0.5X Nutrient Broth and mixed 1:1 v/v with the peptide, the
antibiotic or both. At defined time intervals, 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 and A. baumannii ATCC 19606 bacterial strains were subjected
to a prolonged exposure to colistin, gentamicin, r(P)ApoB."",
r(P)ApoBLA2or r(P)ApoBsP™. Antimicrobial assays were then performed
as previously described [12]. Following treatment with peptide or
antibiotic, bacterial cells, corresponding to treatment with sub-MIC
concentrations of peptide or antibiotic, were collected and subjected to
a further treatment over time. Strains that developed resistance to
antibiotics were isolated and stored to be characterized.

Anti-biofilm activity assays. Anti-biofilm activity assays were
performed on S. epidermidis ATCC 35984, S. aureus ATCC 12600, A.
baumannii ATCC 19606, and K. pneumoniae ATCC 70603. Bacteria
were grown over-night at 37 °C and then diluted to 4x108 CFU/mL in
0.5x MHB medium. Incubations with increasing concentrations of each
peptide (0-40 umol L) were carried out either for 4 h, in order to test
peptide effects on cells attachment, or for 24 h, in order to test peptide
effects on biofilm formation, as previously described [5]. When the
effects of peptides on preformed biofilm were evaluated, bacterial
biofilm was formed for 24 h at 37 °C, and then treated with peptides
under test. In the case of crystal violet assays, bacterial biofilm was
washed with phosphate buffer (PBS 1X) and then incubated with the
dye (0.04%) for 20 min at room temperature. At the end of the
incubation, samples were washed with PBS and then the dye bound to
cells was dissolved in acetic acid 33%. Spectrophotometric analyses
were then carried out at a wavelength of 600 nm. Confocal laser
scanning microscopy analyses in static conditions were performed by
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using Thermo Scientific™ Nunc™ Lab-Tek™ Chambered Coverglass
systems (Thermo Fisher Scientific, Waltham, MA, USA). The viability of
the cells embedded into biofilm structure was evaluated by sample
staining with LIVE/DEAD® Bacterial Viability kit (Molecular Probes
Thermo Fisher Scientific, Waltham, MA, USA). Staining was performed
accordingly to manufacturer instructions. Biofilm images were captured
by using a confocal laser scanning microscope (Zeiss LSM 710, Zeiss,
Germany) and a 63X objective oil-immersion system. Biofilm
architecture was analyzed by using the Zen Lite 2.3 software package.
Each experiment was performed in triplicate. All images were taken
under identical conditions.

3. Results

Antimicrobial properties of ApoB-derived peptides

Plasma lipoproteins or apolipoproteins, such as human apolipoprotein
B (ApoB-100), are water-soluble complexes composed of lipids and one
or more proteins [14]. The concentration of ApoB in normal plasma is
approximately 1.1 mg mL?* [15]. Plasma ApoB, in addition to its
physiological role, seems to play an important role in bacterial
neutralization [16]. By an algorithmic approach using physicochemical
features as a scoring function [17], encrypted peptides within the
sequence of ApoB (amino acids 882-929) were identified (Figure 1A).
According to the amino acid composition of two ApoB-100 isoforms and
their corresponding computational scores associated to the protein
sequence, we recombinantly produced in Escherichia coli cells three
versions of the encrypted peptide identified in human ApoB-100
[r(P)ApoBLP™, r(P)ApoBsP™® and r(P)ApoB.A?]. The sequences present
a Pro residue at the N-terminal extremity because of the excision
method used where peptides were released after the acidic cleavage
of an Asp-Pro bond [5][8][18][11][6]. The ApoB peptide variants were
labeled with Pro and Ala indicating the amino acid residue in position 7,
which is the mutation that differentiates the two isoforms. The labels L
and S indicate a longer or a shorter version of the same amino acid
sequence identified and corresponding to the relative and absolute
scores, respectively, generated by the algorithm [5].

Firstly, we assessed the antimicrobial activity of ApoB-derived peptides
against the following bacterial pathogens: S. epidermidis ATCC 35984,
S. aureus ATCC 12600, A. baumannii ATCC 17878, and K.
pneumoniae ATCC 70603, using broth microdilution assays [12] to
determine the minimal inhibitory concentration (MIC) values. The
peptides were found to exert significant antibacterial effects (MIC1o00
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values ranging from 2.5 to 20 pmol L™') against all the bacterial strains
tested. In particular, S. epidermidis ATCC 35984, and S. aureus ATCC
12600 were found to be susceptible to the encrypted peptides at 10 -
20 ymol L. The peptides were even more active against A. baumannii
ATCC 17878 and K. pneumoniae ATCC 70603 with MIC100 values
ranging from 2.5 to 5 ymol L™, thus indicating the increased ability of
the peptides to target Gram-negative bacteria (Figure 1B).
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Figure 1. Antimicrobial activity of ApoB-derived peptides. (A)
Schematic representation of the proteolytic release of ApoB-derived
peptides from precursor human plasma apolipoprotein B. (B)
Antimicrobial activity of ApoB-derived peptides against four bacterial
strains; reported data refer to assays performed in triplicate and heat
maps show averaged log (CFU mL) values.

To gain insights into the antibacterial mechanism of action of ApoB-
derived peptides, we evaluated their ability to depolarize bacterial
membranes by using the voltage-sensitive dye DiSCs(5) in the
presence of live bacterial cells. DiISCs(5) is a cationic membrane-
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permeable fluorescent dye that penetrates lipid bilayers and
accumulates in polarized cells [19]. The aggregation of DiSC3(5)
molecules led 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 [13]. CATH-2 peptide was used as a
positive control, since it is known to exert antimicrobial activity by
depolarizing bacterial cytoplasmic membranes [20][21]. We
demonstrated that, upon treatment of bacteria with ApoB-derived
peptides in the presence of the voltage-sensitive dye DiSCz(5), an
increase in fluorescence intensity indicating depolarization of the
bacterial membrane was observed for all the pathogens tested (Figure
2). Hence, our data demonstrate that the peptides induced membrane
depolarization, thus leading to variations in electrochemical potential
and eventually to cell death.
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Figure 2. Mechanism of action. Analysis of fluorescence intensity
variation upon bacterial treatment with ApoB-derived peptides and
CATH-2 peptide (positive control) in the presence of DiSC3(5) dye.

We also assessed the ability of ApoB-derived peptides to potentiate the
activity of conventional antibiotics via synergistic interactions. Indeed,
through synergistic or additive interactions, it is possible to significantly
reduce the therapeutic doses of antimicrobial agents, thus minimizing
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undesired side effects, such as the selection of resistance phenotypes
[22][23]. To assess this phenomenon, we performed checkerboard
assays and determined the Fractional Inhibitory Concentration (FIC)
index in each case [24]. Firstly, we determined the antimicrobial activity
of each peptide when used as a monotherapy (Figure 3A).
Checkerboard assays revealed widespread additive or partial
synergistic effects (0.5>FIC index>1; light purple color in Figure 3B)
when peptides were combined with conventional antimicrobials, such
as vancomycin, erythromycin, gentamicin, clindamycin and EDTA.
Importantly, peptides r(P)ApoBL"™ and r(P)ApoBsP™ synergized with
the LPS binders polymyxin B and colistin against the Gram-negative
pathogen K. pneumoniae ATCC 70603 (FIC index <0.5; purple signals
in Figure 3C), thus significantly reducing the doses of both peptide and
antibiotic needed to eradicate infections associated with this bacterium.
Interestingly, synergistic effects were detected when ApoB-derived
peptides were tested in combination with antibiotics active on bacterial
membranes (e.g., polymyxin B and colistin), whereas additive
interactions were observed for combinations with antibiotics inhibiting
protein synthesis (e.g., erythromycin, clindamycin and gentamicin) and
targeting the bacterial cell wall (e.g., vancomycin). r(P)ApoBs"™ was
found to potentiate the activity of almost every antibiotic selected, thus
highlighting its potentiality for the future development of therapeutic
options .
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Figure 3. Antimicrobial effects of ApoB-derived peptides alone or
in combinations. Antimicrobial activity of (A) ApoB-derived peptides
and (B) conventional antimicrobial agents against S. epidermidis ATCC
35984, S. aureus ATCC 12600, A. baumannii ATCC 17878 and K.
pneumoniae ATCC 70603 strains. Black cells indicate bacterial
resistance. (C) Synergistic interactions (expressed as FIC values) of
each peptide in combination with conventional antimicrobials against
four bacterial strains. In the heat map, synergistic effects are reported in
purple, additive effects in light purple and indifferent interactions in

white.

The synergistic effects between ApoB-derived peptides and
conventional antibiotics were further confirmed by changes in cell
morphology observed by scanning electron microscopy (SEM) assays
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(Figure 4). Combinations of r(P)ApoBsF™ (0.093xMIC100 = 0.46 pmol
L) and colistin (0.127xMIC100 = 0.34 ymol L™?) altered the morphology
of K. pneumoniae ATCC 70603 and substantially decreased bacterial
viability (Figure 4) when tested at concentrations found to be ineffective
when each agent was administered alone (Figure 4).

K. pneumoniae ATCC 70603

0.46 pmol L r(P)ApoB, 0.46 pmol L™ 0.34 pmol L
+0.34 pmol L colistin r(P)ApoB " colistin

Figure 4. Morphological analyses by SEM. Antimicrobial effects of
r(P)ApoBs™ peptide in combinations with colistin on K. pneumoniae
ATCC70603. Red arrows indicate morphological alterations of bacterial
membranes caused by peptide treatment.

We also performed kinetic analyses to evaluate the efficacy over time
of the most promising combinations of antimicrobials. A longer
exposure to antimicrobials is generally associated with an increased
likelihood of selecting for bacterial resistance [25]. Kinetic killing curves
were obtained by concomitantly treating bacteria with combinations of
ApoB-derived peptides and colistin or polymyxin B. Again, significant
antimicrobial effects were observed at concentrations much lower than
those required when these agents were administered alone (Figure 5).
In addition, combination therapy killed bacteria much more rapidly (10
min) than in monotherapy (60 or 180 min) (Figure 5).
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Figure 5. Time killing curves obtained by incubating K. pneumoniae
ATCC 70603 with the lead combinations of ApoB-derived peptides and
antibiotics; curves have been compared with those obtained by
incubating cells with single agents at bactericidal concentrations. Data
represent the mean (xstandard deviation, SD) of three independent
experiments.

We also performed experiments to assess whether prolonged exposure
to ApoB-derived peptides led to the evolution of resistance phenotypes,
since it is known that classical AMPs are less likely to trigger bacterial
resistance than standard antibiotics [26]. A. baumannii ATCC 17878
and S. epidermidis ATCC 35984 were selected as representatives of
Gram-negative and Gram-positive organisms, respectively. They were
longitudinally treated with r(P)ApoBL"", r(P)ApoB.A'2 and r(P)ApoBs™.
Control sample groups were treated with the antibiotics colistin and
gentamicin, selected on the basis of their distinct mechanisms of action,
the former destabilizing the bacterial extracellular membrane and the
latter acting on intracellular targets. A. baumannii cells acquired
resistance to colistin after one day of treatment. After seven days of
treatment with colistin, the MIC100 of this antibiotic against A. baumannii
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increased from 3.12 to 25 ug mL* (2.7 to 21.6 umol mL1). On the other
hand, the MICi00 of gentamicin and ApoB-derived peptides did not
change over the seven-day-long experiment, thus indicating that A.
baumannii did not develop resistance mechanisms against these
agents. Conversely, when S. epidermidis cells were exposed to
gentamicin, MIC100 values increased from 2 to 8 ug mL*(1.3t0 5.2 ymol
mL1). No resistance development was observed for S. epidermidis
throughout the experiment when treated with ApoB-derived peptides or
colistin (Figure 6A). A. baumannii resistance towards colistin increased
by up to 10-fold, whereas S. epidermidis resistance to gentamicin
increased by up to 4-fold (Figure 6A). Importantly, neither A. baumannii
nor S. epidermidis developed resistance to the encrypted peptides, thus
underlining their promise. SEM results also revealed that those strains
that evolved resistance during the experiment displayed different
morphologies than the original antibiotic-susceptible bacteria. For
example, both colistin-resistant A. baumannii ATCC 17878 and
gentamicin-resistant S. epidermidis ATCC 35984 presented wrinkled
borders as opposed to the smooth colonies of bacteria at the beginning
of the experiment (Figure 6B).
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Figure 6. Resistance development studies. (A) Evaluation of
resistance phenotype development upon prolonged treatment of A.
baumannii ATCC 17878 and S. epidermidis ATCC 35984 with colistin,
gentamicin, r(P)ApoB."°, r(P)ApoB/A? and r(P)ApoBs™. (B)
Morphological analyses of wild-type and selected resistant A. baumannii
ATCC 17878 and S. epidermidis ATCC 35984 strains by SEM.

Effects of ApoB-derived peptides on biofilm adhesion and
formation

To verify whether ApoB-derived peptides aree able to prevent 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 70603, we firstly performed crystal violet assays.
By this way, the effects of peptides on the three main stages of biofilm
development, i.e. adhesion, formation and detachment [27], were
analyzed. Sub-MICi00 peptide concentrations, ranging from 1.25 to 5
umol mL2, led to significant inhibition (30-40%) of biofilm adhesion and
formation of Gram-negative strains A. baumannii ATCC 17878 and K.
pneumoniae ATCC 70603, and of Gram-positive bacterium S.
epidermidis ATCC 35984. Conversely, no significant effects were
detected against S. aureus ATCC 12600 (Figure 7).
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Figure 7. Antibiofilm activity of ApoB-derived peptides. Anti-biofilm
activity of ApoB-derived peptides on S. epidermidis ATCC 35984, S.
aureus ATCC 12600, A. baumannii ATCC 17878 and K. pneumoniae
ATCC 70603 strains. The effects of increasing concentrations of
r(P)ApoB."® (blue), r(P)ApoB A2 (pink), and r(P)ApoBsF™® (orange)
peptides were evaluated on cells attachment, biofilm formation, or on
preformed biofilm. Biofilm was stained with crystal violet and measured
at 600 nm. Data represent the mean (xstandard deviation, SD) of at
least three independent experiments, each one carried out with triplicate
determinations. Significant differences were indicated as *(P<0.05),
**(P<0.01), ***(P<0.001) for treated versus control samples.

Afterwards, we performed confocal laser scanning microscopy (CLSM)
analyses 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 the case of both strains. Peptide r(P)ApoB.""™ was found to exert the
strongest effect (biovolume reduced by 3-fold compared to the
untreated control) on A. baumannii ATCC 17878 biofilm attachment,
whereas r(P)ApoB.”2 and r(P)ApoBsP triggered cell filamentation in A.
baumannii, thus suggesting they might interfere with cell division
mechanisms by blocking septation [8], in agreement with the high
percentage of dead cells observed (Figure 8A). No significant anti-
biofilm effects for any of the peptides were observed on A. baumannii
biofilm formation (Figure 8A). The three ApoB-derived peptides
disrupted the biofilm matrix and reduced biofilm biovolume of S.
epidermidis ATCC 35984 at sub-MIC100 concentrations (5 umol mL™?).
Peptides r(P)ApoB.P° and r(P)ApoB.A2 further affected biofilm
formation by inducing cell death (i.e., red cell aggregates in Figure 8B).
Overall, our data suggest that ApoB-derived peptides exert their anti-
biofilm activity against S. epidermidis ATCC 35984 through multiple
mechanisms (Figure 8B).
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Fig. 3. Antibiofilm activity of ApoB-derived peptides. Schematic
representation of two stages of bacterial biofilm development. Effects of
ApoB-derived peptides on cells attachment and biofilm formation in the
case of (A) A. baumannii ATCC17878 and (B) S. epidermidis
ATCC35984 by CLSM imaging. Biofilm cells were stained by
LIVE/DEAD BacLight bacterial viability kit (Molecular Probes, Eugene,
OR) containing a 1:1 ratio of SYTO-9 (green fluorescence, all cells) and
propidium iodide (PI; red fluorescence, dead cells). Two dimensional
structures of the biofilms were obtained by confocal z-stack using Zen
Lite 2.3 software. All the images were taken under identical conditions.
Biovolume (um?® um) and fluorescence intensity were calculated by
using Zen Lite 2.3 software. Significant differences were indicated as
(*P<0.05), (***P<0.001) or (****P<0.0001) for treated versus control
samples, each experiment was carried out in triplicate.

4. Discussion

Numerous proteins encoding encrypted peptides with biological
functions that are unrelated to those of the parent protein have been
recently found throughout the human body, thus opening new avenues
for antibiotic discovery [7]. Encrypted peptides represent an
underexplored source of novel antimicrobials [3]. Here, we
characterized in detail the antimicrobial, antibiofilm, and the resistance
development of encrypted peptides identified via an algorithmic
approach, in the human apolipoprotein B-100 (residues 887-922) [5].
The antimicrobial activity of these peptides (2.5-20 umol L) is similar
to that of another peptide identified in human apolipoprotein E [4] and
other antimicrobial peptides, such as TsAP-2, HM2 & HM5, ranalexin
and stylisin 2 [28].

We demonstrate that ApoB-derived peptides target bacteria by rapidly
depolarizing the cytoplasmic membrane, a mechanism that is shared
with other peptides including several cathelicidins, melittin and the ion
channel-forming gramicidin D [29][30][31]. We also show that the
peptides potentiate the activity of conventional antibiotics against
bacteria [23], thus revealing a role for these agents as adjuvants in
conjunction with classical therapies. Importantly, contrary to existing
antibiotics, the encrypted peptides did not readily select for bacterial
resistance in the experimental conditions tested.

The encrypted peptides displayed significant anti-biofilm activity against
a range of pathogenic strains, including those responsible for numerous
skin infections [32][33]. The peptides reduced biofilm biovolume,
altered biofilm architecture, and induced cell death. Hence, the anti-

50



biofilm 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 umol L%, is capable of reducing the extracellular
matrix mass, altering biofilm architecture, and targeting polysaccharide
intercellular adhesin in S. epidermidis [34]. These results are significant
as biofilms display increased resistance to antibiotic treatment and are
associated with numerous human infections [35][36]. We provide
experimental evidence that these peptides exhibit antimicrobial and
anti-biofilm properties, target bacteria by depolarizing their cytoplasmic
membrane, and potentiate the activity of conventional antibiotics.
Importantly, these peptides do not select for bacterial resistance
mechanisms, which traditionally hinder antibiotic efficacy.
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Biocompatibility assessment of ApoB-derived peptides
1. Introduction

The adverse drug reactions associated with antimicrobials have
become an important and concern topic to be considered. Although the
role of an antimicrobial is to kill or prevent the growth of pathogenic
agents, these drugs may also impact the host in an injurious manner
[1]. Antimicrobial toxicity is induced by different factors and range from
transient to life-threatening events, such as seizures or cardiac
arrhythmias [2]. Generally, the toxicity occurs when the drug interacts
with specific tissues, thus altering physiological pathways, as the
aplastic anemia due to the chloramphenicol, the neuromuscular
blockade or the nephrotoxicity related to aminoglycoside and the
hepatitis caused by the isoniazid. Many of these side effects are based
on damage to host mitochondria, which share homology with
prokaryote [1]. Instead, other side effects are associated with toxic
compounds released upon microbial lysis, as components inducing
inflammatory responses [3]. For example, the Jarisch-Herxheimer
reaction (JHR) occurs in patients with syphilis treated with penicillin.
Causes of inflammation in the JHR are related to spirochetal
inflammatory substances including lipoproteins and pyrogens, which
promote the release of cytokines [4]. Moreover, peptide-based
therapies can induce immune responses and cause allergies, although
the peptides are less immunogenic than recombinant proteins and
antibodies. Indeed, patients often describe a response as an allergy or
hypersensitivity, as adverse drug reactions. In general, the
subcutaneous route of administration has the highest risk to induce an
immune response, followed by intramuscular, intranasal, and
intravenous routes. Immunogenicity of peptides or proteins can
potentially affect their efficacy and lead to adverse reactions by inducing
secretion of pro-inflammatory cytokines [5]. The effects of peptides on
the immune system depend on the physicochemical properties and
amino-acid sequence, but their immunogenicity and risk of inducing
allergy are difficult to predict without appropriate tests [5].

Topical antimicrobial treatments, particularly of broad-spectrum agents,
can also alter resident skin bacterial communities. In fact, cutaneous
microbial populations display changes for multiple days post antibiotics
treatment [6]. This effect makes the host more susceptible to the risk of
colonization by other pathogens, since commensal microorganisms
exert essential roles in the host protection and in the immune system
stimulation [7]. Several studies have demonstrated -correlations
between psoriasis and alterations in skin microbial communities.
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Similarly, dysbiosis of the skin microbiome has been found to be
related to diseases as atopic dermatitis and vitiligo [8]. A high
biocompatibility index towards both host and commensals is a
fundamental prerequisite in the development and marketing of novel
antimicrobials. For these reasons, the biocompatibility of ApoB-derived
peptides under study has been evaluated by using multiple
experimental approaches.

2. Methods

Materials. All the reagents were purchase from Sigma-Merck (Milan,
Italy), unless specified otherwise.

Peptides. Expression and isolation of recombinant peptides was
carried out as previously described [9] with the only exception of a final
gel-filtration step, that was added in order to remove salts used along
the purification process and that tend to attach to the peptides, as
previously reported [10]. CATH-2 peptide was obtained from CPC
Scientific Inc. (Sunnyvale, USA).

Eukaryotic cell culture and cytotoxicity assays. Immortalized
human keratinocytes (HaCaT), human epidermoid carcinoma cells
(A431), 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 were obtained from ATCC (American Type
Culture Collection: TIB-202) and cultured in suspension in RPMI
containing Glutamax supplemented with 10% (v/v) FBS. All the cell
lines have been grown at 37 °C in a humidified atmosphere containing
5% COs2. Cells have been seeded into 96-well plates at a density of
3x10° cells/well in 100 pL of complete DMEM 24 h prior to the
treatment. They were then incubated in the presence of increasing
peptide concentrations (0-20 umol L) for 24, 48 and 72 h. Following
treatment with peptides, MTT assays were performed as previously
described [9][11]. Briefly, cell culture supernatants were replaced with
0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) reagent dissolved in DMEM medium without red phenol (100
puL/well). After 4 h of incubation at 37 °C, the resulting insoluble
formazan salts were solubilized in 0.04 M HCI in anhydrous isopropanol
and quantified by measuring the absorbance at A = 570 nm using an
automatic plate reader spectrophotometer (Synergy™ H4 Hybrid
Microplate Reader, BioTek Instruments, Inc., Winooski, Vermont,
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USA). Cell survival was expressed as means of the percentage values
compared to control untreated cells.

Lactate dehydrogenase secretion in culture medium was measured by
using Lactate Dehydrogenase Activity Assay Kit (MAKO066; 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 1.5x10% cells per well. After 24 h, culture
medium was replaced by fresh DMEM (negative control) or by S.
aureus culture at multiplicity of infection (MOI) of 0.01 and the samples
were treated with 10 umol L of each ApoB-derived cryptide or with 2.5
umol Lt of CATH-2. Total RNA was extracted by using Trizol (Ambion,
Carlsbad, CA) reagent according to the manufacturer's instructions.
RNA was reverse transcribed by using the iScript cDNA synthesis kit
(Bio-Rad, Veenendaal, the Netherlands) according to the
manufacturer's instructions. Quantitative real-time PCR (gRT-PCR)
was then performed to evaluate mRNA expression by using
manufacturer's protocol (iQ SYBR Green Supermix - Bio-Rad).
Reactions were performed by using the following primer sequences: for
IL-8, 5-  CTGGCCGTGGCTCTCTTG (sense) and 5'-
CCTTGGCAAAACTGCACCTT-3' (antisense); for IL-6, 5-

TGCAATAACCACCCCTGACC-% (sense) and 5-
TGCGCAGAATGAGATGAGTTG-3’ (antisense); and for B-actin, 5'-
ATGTGGATCAGCAAGCAGGAGTA-3' (sense) and 5'-

GCATTTGCGGTGGACGAT-3' (antisense). Quantification of target
gene expression was normalized using B-actin mRNA as an internal
control gene.

Enzyme-Linked Immunosorbent Assay (ELISA). In order to evaluate
possible pro-inflammatory effects exerted by ApoB-derived peptides,
THP-1 cells, upon treatment with 100 pmol L* phorbol 12-myristate 13-
acetate (PMA) for 3 days, were plated into 96-well plates at a density
of 3x102 cells in 100 pL of medium per well. Following incubation with
peptide under test, medium was collected to quantify cytokines levels.
IL-8, TNF-a and MCP-1 levels in collected supernatants were
determined by using human immunoassay kits (DuoSet ELISA Kkits,
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R&D Systems, Minneapolis, MN) according to the manufacturer’s
instructions. Samples optical density was measured by using an ELISA
reader set to 450 nm with a wavelength correction set to 540 nm. All
the experiments were performed in triplicate.

Histone deacetylase enzyme (HDAC) assay. Human keratinocytes
were treated with 20 umol L of each ApoB-derived cryptide or with 50
nmol L of Tricostatin A for 30 min. Effects on Histone DeAcetylase
enzyme (HDAC) activity were then evaluated by using HDAC-Glo™ /I
Assays and Screening System (Promega) according to the
manufacturer’s instructions.

Bacterial strains and growth conditions. Five bacterial strains were
used in the present study, i.e. S. epidermidis, S. capitis, S. hominis, S.
warneri, S. haemolyticus, M. luteus, C. auricosum, and C. xenosis. All
bacterial strains were grown in Tryptic Soy Broth (TSB; Oxoid Ltd.,
Hampshire, UK) and on Tryptic Soy Agar (TSA; Oxoid Ltd., Hampshire,
UK). In all the experiments, bacteria were inoculated and grown
overnight in TSB at 37 °C. The next day, bacteria were transferred to a
fresh TSB tube and grown to mid-logarithmic phase.

Antimicrobial activity. The antimicrobial activity of ApoB-derived
peptides was assayed on a panel of skin pathogens, such as S.
epidermidis, S. capitis, S. hominis, S. warneri, S. haemolyticus, M.
luteus, C. auricosum, and C. xenosis by using broth microdilution
method [12]. Bacteria were grown to mid-logarithmic phase in TSB at
37 °C. Then, cells have been diluted to 4x10%® CFU/mL in Difco 0.5X
Nutrient Broth (Becton-Dickenson, Franklin Lakes, NJ) and mixed 1:1
v/iv with two-fold serial dilutions peptides (0-40 pumol L*). Following
over-night incubation, each sample was diluted, plated on TSA and
incubated at 37 °C for 24 h to count the number of colonies. All the
experiments were carried out in three independent replicates.

3. Results

Biocompatibility and anti-inflammatory effects of encrypted
peptides

To determine whether the peptides exerted toxic effects against
eukaryotic cells and verify their biocompatibility towards skin cell
cultures, we performed dose-response and time-course 3-(4, 5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) and lactate
dehydrogenase (LDH) cytotoxicity assays against both human dermal
fibroblasts (HDF) and human epidermoid carcinoma cell (A431) lines.
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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 on the
external surface of normal human cell membranes are at the basis of
AMPs selective toxicity towards prokaryotic cells [13]. Conversely, the
net negative charge of tumor cell membranes conferred by
modifications in phospholipid composition promotes the anticancer
activity of several AMPs [14]. When incubated with normal human
fibroblasts, ApoB-derived peptides exhibited only slight toxicity after 72
h of treatment at the highest peptide concentrations tested (20 ymol L
1). Instead, peptides led to 30-40% decrease of cell viability in the case
of carcinoma cells at 10-20 ymol L after 48-72 h (Figure 1).
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Figure 1. Biocompatibility of ApoB-derived peptides. (A) Schematic
representation of the skin barrier. (B) Cytotoxic effects of increasing
concentrations of r(P)ApoB."™ (blue), r(P)ApoBs™ (orange) and
r(P)ApoB A2 (pink) on HDF (human dermal fibroblasts) and A431
(human epidermoid carcinoma cells) cell lines over time. Cell viability
was assessed by MTT assays and expressed as the percentage of
viable cells compared to untreated cells (control).



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 [15]. Human dermal
fibroblasts (HDF) and human epidermoid carcinoma cells (A431) were
treated with each peptide at a concentration of 10 and 20 umol L for
72 h prior to analyze the presence of released LDH. No significant LDH
release was detected, thus indicating no damage to eukaryotic cell
membranes caused by cell exposure to peptides under the
experimental conditions tested (Figure 2).
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Figure 2. Biocompatibility of ApoB-derived peptides. LDH release
upon treatment of HDF and A431 cells with ApoB-derived peptides. The
positive control was obtained by treating cells with lysis buffer.

Enzyme-linked immunosorbent (ELISA) assays were also performed to
exclude any potential inflammatory response induced by the treatment
of human differentiated monocytes (THP-1) with ApoB-derived
peptides. We evaluated the levels of interleukin 8 (IL-8), tumor necrosis
factor (TNFa) and monocyte chemoattractant protein-1 (MCP-1) in
differentiated THP-1 cells upon treatment with each peptide tested at 5
or 20 umol L for 24 h. No significant release of the pro-inflammatory
cytokines IL-8, of TNFa and of the chemokine involved in the leukocyte
activation and migration MCP-1was detected in peptide treated groups
compared to positive control samples incubated with 10 ng mL* of
lipopolysaccharide (LPS from P. aeruginosa PAO1) [16] (Figure 3).
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Figure 3. Immunomodulatory effects induced on THP-1. Induction
of IL-8, TNFa and MCP-1 in THP-1 cells treated with ApoB-derived
peptides with respect to the control group stimulated with LPS from P.
aeruginosa PAOL1.

We also evaluated the effects of ApoB-derived peptides on HDFs
infected with S. aureus ATCC 29213, the primary pathogen infecting
skin and soft tissues [17]. In particular, we assessed the effects of
ApoB-derived peptides (10 umol L") and of the positive control peptide
CATH-2 (2.5 umol L") on the expression of pro-inflammatory cytokines
IL-8 and IL-6 by RT-gPCR (Figure 4). Peptide r(P)ApoBsP™ was found
to reduce the inflammatory response triggered by S. aureus ATCC
29213 infection in HDFs (Figure 4).
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Figure 4. Anti-inflammatory properties of ApoB-derived peptides.
ApoB-derived peptides effects on IL-8 and IL-6 expression in HDF cells
infected with S. aureus ATCC 29213 by RT-gPCR. In all the cases, data
represent the average (xstandard deviation, SD) of at least three
independent experiments, each one carried out in triplicate. Significant
differences were indicated as (*P<0.05) for treated versus control
samples.
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Effects of ApoB-derived peptides on skin microbiome

Histone deacetylase enzymes, encoded by the HDAC genes, play a
key role in integrating commensal bacteria-derived signals to calibrate
epithelial cell responses [18]. As a consequence, a decrease in HDAC
activity in skin keratinocytes correlates with imbalances in physiological
host-commensal interactions. Thus, in order to rule out any potential
side effects of the peptides against skin cells, we assessed whether
r(P)ApoBLP®, r(P)ApoB.A'2, and r(P)ApoBsF™ affected the activity of
HDAC enzymes. Briefly, HaCaT human keratinocytes were treated for
30 min with 20 pmol L* of each peptide and 50 nmol L of the selective
HDAC inhibitor trichostatin A, which was used as a positive control.
ApoB-derived peptides did not affect HDAC activity, indicating that they
might not influence the balance between skin microbiota and epithelial
cells (Figure 5). We also assessed the antimicrobial activity of ApoB
encrypted peptides on common skin commensals, i.e. S. epidermidis,
S. capitis, S. hominis, S. warneri, S. haemolyticus, M. luteus, C.
auricosum, and C. xenosis. In 70% of the cases, peptides were found
to be not active or active only at the highest concentrations tested (10 -
20 umol L), what is indicative of a weak antimicrobial activity against
these bacterial strains (Figure 5).
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Figure 5. Skin microbiome biocompatibility. (A) Effects of ApoB-
derived peptides on HDAC activity in HaCaT cells. HDAC activity is
expressed as a percentage of the activity determined in untreated
control cells. (B) Antimicrobial activity (umolL™) of ApoB encrypted
peptides against eight bacterial strains. Assays were performed in three
independent replicates and heat map Log(CFUmL™) values are the
arithmetic mean of the replicates in each experimental condition.
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4. Discussion

Cytokine-mediated immunogenicity is one of the potential side effects
of peptide-based therapeutic approaches as it can lead to cytotoxic
effects and allergic responses [19][20]. Human ApoB-derived peptides
did not exert toxicity against normal human skin cells and did not induce
inflammatory responses in human monocytes. A slight toxicity was
observed in human fibroblasts only 72 h post-treatment at the highest
concentrations tested of r(P)ApoBL"® and r(P)ApoBs™™ (20 umol L1),
thus indicating a higher degree of biocompatibility in the case of
r(P)ApoBLA'2 compared to r(P)ApoBLP™. Interestingly, the peptides were
more toxic against cancer cells, consistent with data reported in the
literature for several antimicrobial peptides endowed with anticancer
properties [14]. Clinical studies have revealed that several skin
diseases are associated with an increased inflammatory response
induced by endogenous AMPs. This is the case of defensins and of
cathelicidin LL-37, both of which trigger secretion of several cytokines
at the injury site [21]. ApoB-derived peptides operate differently, as they
don’t induce an increase of cytokine release.

Skin infections caused by opportunistic bacteria, such as
Staphylococci, Pseudomonas, and Acinetobacter strains are
accompanied by the activation of a significant immune response in the
underlying skin cells [22]. In particular, recent studies demonstrated that
S. aureus contributes to long-lasting cutaneous inflammation and local
immunosuppression [23]. The ability of peptides to modulate the
immune response makes them promising and innovative alternatives
for the treatment of SSTIs. Peptide r(P)ApoBsP™ was found to be able
to repress the expression of pro-inflammatory cytokines IL-8 and IL-6
in a co-culture model of infected skin wounds containing human cells
and bacteria. Our results are in line with previous studies describing the
role of ApoB in controlling S. aureus virulence [24]. It is worth noting
that patients with psoriasis, a skin disorder associated with infections
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 [25]. However, ApoB-derived peptides
did not inhibit histone-acetylation activity, which plays a key role in the
calibration of host-commensal balance [18][26][27], thus underscoring
the potential of these peptides for treating topical infections. Alterations
in skin commensals composition are responsible for pathologic states
of numerous dermatological diseases, including atopic dermatitis,
psoriasis, and acne [8]. Environmental factors and, in particular, the
common antimicrobial therapies are the main causes of this issue [6].
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ApoB encrypted peptides demonstrated slight antimicrobial effects
towards skin commensal population, thus representing a promising
strategy to treat skin and soft tissue infections without significantly
affecting commensal bacterial strains.
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Design and characterization of a novel peptidomimetic with
improved properties with respect to encrypted peptide identified
in human ApoB

1. Introduction

Despite their numerous properties, antimicrobial peptides have a
natural structural conformation, which makes them extremely sensitive
to endo- and exopeptidases present in biological systems [1]. A
powerful tool to transform proteolytically unstable peptides into
compounds with improved bioactivities and pharmacokinetic profiles is
represented by the development of peptidomimetics. Peptidomimetics
are defined as “compounds whose essential elements mimic a natural
peptide and that retain the ability to interact with the biological target by
producing the same biological effect ” [2]. Many different approaches
are used to generate peptidomimetics and the selection of the right
design strategy depends on what is known about the parental peptide
in terms of structure, sequence and function [2].

Several synthetic tools have been developed to improve peptide
stability, including chemical alteration and modification, use of non-
natural amino acids and addition of stabilizing agents [3]. Chemical
modifications, such as C-terminal amidation, N-terminal acetylation,
cyclization via disulfide bonds or conjugation of agents, such as PEG,
to the N- or C-termini was found to improve peptide proteolytic profiles.
Similarly, the incorporation of non-natural amino acids or
phosphorylated amino acids were demonstrated to increase peptide
stability both in vitro and in vivo [3]. Other promising approaches involve
the synthesis of new molecules without any apparent structural
analogies with the lead peptide, but that interact with the same target
or that display the interacting elements in the same spatial orientation
[2]. However, obtained modified peptides need to be retested for their
binding affinity and activities. Indeed, since every modification might
alter the lead peptide efficacy, further changes might be required to
restore original biological properties [3].

To ensure peptide translatability, we modified the primary structure of
the naturally occurring ApoB-derived peptide by designing a retro-
inverso sequence composed entirely of D-enantiomeric amino acids. In
this Chapter, we investigate and characterize the biological activities,
biocompatibility and proteolytic stability of a peptidomimetic designed
from the encrypted antimicrobial sequence identified in human
Apolipoprotein B.
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2. Methods

Materials. All the reagents were purchase from Sigma-Merck (Milan,
Italy), unless specified otherwise.

Peptides. Expression and isolation of recombinant peptides was
carried out as previously described [4] with the only exception of a final
gel-filtration step, that was added in order to remove salts used along
the purification process and that tend to attach to the peptides, as
previously reported [5]. CATH-2 and (ri)-r(P)ApoBsP™ peptides were
obtained from CPC Scientific Inc. (Sunnyvale, USA) and CASLO ApS
(Kongens Lyngby, Denmark), respectively.

Bacterial strains and growth conditions. Five bacterial strains were
used in the present study, i.e. S. epidermidis ATCC 35984, S. aureus
ATCC 12600, A. baumannii ATCC 19606, K. pneumoniae ATCC
70603, P. aeruginosa PAOL, P. aeruginosa ATCC 27853, methicillin-
resistant S. aureus (MRSA WKZ-2) and E. coli ATCC 25922. All
bacterial strains were grown in Muller Hinton Broth (MHB, Becton
Dickinson Difco, Franklin Lakes, NJ) 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.

Antimicrobial activity. The antimicrobial activity of (ri)-r(P)ApoBsP™
was assayed on a panel of pathogens, such as S. epidermidis ATCC
35984, S. aureus ATCC 12600, A. baumannii ATCC 19606, K.
pneumoniae ATCC 70603, P. aeruginosa PAO1, P. aeruginosa ATCC
27853, methicillin-resistant S. aureus (MRSA WKZ-2) and E. coli ATCC
25922 by using broth microdilution method [6]. Bacteria were grown to
mid-logarithmic phase in MHB at 37 °C. Then, cells have been diluted
to 4x10° CFU/mL in Difco 0.5X Nutrient Broth (Becton-Dickenson,
Franklin Lakes, NJ) and mixed 1:1 v/v with two-fold serial dilutions
peptides (0-40 pmol L1). Following over-night incubation, each sample
was diluted, plated on TSA and incubated at 37 °C for 24 h to count the
number of colonies. All the experiments were carried out in three
independent replicates.

Antimicrobial activity of peptides upon pre-incubation in 10%

serum. The antimicrobial activity of r(P)ApoBs"™® and (ri)-r(P)ApoBs™™
was evaluated against four bacterial strains upon pre-incubation in 10%
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FBS (fetal bovine serum, Microgem Lab, Cat. S1860, Italy). According
to Oliva et al. [7], all the peptides were incubated in serum for 1 h or 16
h at 37 °C (water bath) prior to MIC100 values determination by standard
protocols. Experiments were performed in triplicate for each peptide.

Stability assay. The resistance to enzymatic degradation was
evaluated accordingly to the method described by Powell et al. [8].
Briefly, peptides at a concentration of 2 mg mL* were exposed to a
solution of 25% fetal bovine serum in water. Aliquots were collected
after 0.5, 1, 2, and 4 h. Upon collection, 10 pL of trifluoroacetic acid
were added to samples that were kept on ice for 10 min. Enzymatic
degradation of peptides was followed by reverse-phase high
performance liquid chromatography coupled to mass spectrometry
(RP-HPLC/ESI-MS). The percentage of remaining intact peptide was
calculated by integrating the area under the curve related to the peptide
at time point zero. Experiments were performed on a Model 6130
Infinity mass spectrometer coupled to a Model 1260 HPLC system
(Agilent), using a Phenomenex Gemini Cis column (2.0 mm x 150 mm,
3.0 um particles, 110 A pores). Solvent A was 0.1 % TFA in water, and
solvent B was 90 % acetonitrile in solvent A. Elution was obtained with
a 5-95 % solvent B gradient performed over 20 min at 0.2 mL min™’
flow. Peptides elution was monitored at 220 nm. Mass measurements
were performed in a positive mode with the following conditions: mass
range between 100 to 2500 m/z, ion energy of 5.0 V, nitrogen gas flow
of 12 L min™", solvent heater of 250 °C, multiplier of 1.0, capillary of 3.0
kV and cone voltage of 35 V. All the experiments were done in three
independent replicates.

Anti-biofilm activity assays. Anti-biofilm activity assays were
performed on S. epidermidis ATCC 35984 and A. baumannii ATCC
19606. Bacteria were grown over-night at 37 °C and then diluted to
4x10%8 CFU/mL in 0.5x MHB medium. Incubations with increasing
concentrations of each peptide (0-40 pmol L) were carried out either
for 4 h, in order to test peptide effects on cells attachment, or for 24 h,
in order to test peptide effects on biofilm formation, as previously
described [4]. In the case of crystal violet assays, bacterial biofilm was
washed with phosphate buffer (PBS 1X) and then incubated with the
dye (0.04%) for 20 min at room temperature. At the end of the
incubation, samples were washed with PBS and then the dye bound to
cells was dissolved in acetic acid 33%. Spectrophotometric analyses
were then carried out at a wavelength of 600 nm.
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Circular dichroism spectroscopy. CD experiments were performed
on a Jasco J-815 circular dichroism spectropolarimeter. The cell path
length was 0.1 cm or 1 cm in the case of more diluted titration points.
CD spectra were collected at 25 °C in the 190-260 nm (far-UV) at 0.2
nm intervals, with a 50 nm/min scan rate, 1.0 nm bandwidth and a 4 sec
response. Either 4 or 16 accumulations were performed during titration
experiments. Each spectrum was corrected by subtracting the
background, and reported with a FFT filter. Lyophilized peptides were
dissolved in ultra-pure water (Romil, Waterbeach, Cambridge, GB) at a
concentration of 1,600 umol L, determined on the basis of peptide dry
weight and BCA assay (ThermoFisher Scientific, Waltham, MA). CD
spectra of the peptides were collected in buffer alone (2.5 mM
phosphate buffer, pH 7.4) or in the presence of 50% v/v trifluoroethanol
(TFE, Sigma-Merck, Milan, Italy), lipopolysaccharide (LPS) from E.coli
0111:B4 strain (Sigma-Merck, Milan, Italy), or lipoteichoic acid (LTA)
from S. aureus (Sigma-Merck, Milan, Italy). Inverse titration
experiments were performed by addition known amounts of peptide in
either 0.2 mg/mL LPS or LTA. After addition, samples were equilibrated
with a magnetic stirrer for 3 min prior to acquisition. CD spectra were
corrected by subtracting every time the contribution of the compound
under test at any given concentration. CD spectra deconvolution was
performed by using a Microsoft Excel-ported version of the PEPFIT
program that is based on peptide-derived reference spectra, in order to
estimate secondary structure contents after specular inversion of the
raw data [9].

Eukaryotic cell culture and cytotoxicity assays. Immortalized
human keratinocytes (HaCaT) 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. All the cell lines have been
grown at 37 °C in a humidified atmosphere containing 5% CO2. Cells
have been seeded into 96-well plates at a density of 3x10° cells/well in
100 pL of complete DMEM 24 h prior to the treatment. They were then
incubated in the presence of increasing peptide concentrations (0-20
umol L) for 24, 48 and 72 hours. Following treatment with peptides,
MTT assays were performed as previously described [4][10]. Briefly,
cell culture supernatants were replaced with 0.5 mg/mL MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent
dissolved in DMEM medium without red phenol (100 pL/well). After 4 h
of incubation at 37 °C, the resulting insoluble formazan salts were
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solubilized in 0.04 M HCI in anhydrous isopropanol and quantified by
measuring the absorbance at A = 570 nm using an automatic plate
reader spectrophotometer (Synergy™ H4 Hybrid Microplate Reader,
BioTek Instruments, Inc., Winooski, Vermont, USA). Cell survival was
expressed as mean of the percentage values compared to control
untreated cells.

Hemolytic activity. The release of hemoglobin from human
erythrocytes was used as a measure for the hemolytic activity of (ri)-
r(P)ApoBsP. Briefly, human red blood cells (RBCs) were collected from
EDTA anti-coagulated blood, washed three times by centrifugation at
800 g for 10 minutes and 200-fold diluted in PBS pH 7.4. Aliquots of
diluted erythrocytes (75 pL) were added to peptide solution (0-40 pmol
L1; 75 pL) in 96-well microtiter plates, and the mixture was incubated
for 1 h at room temperature. Following the incubation, the plate was
centrifuged for 10 min at 1,300g, and 100 uL of supernatant from each
well were transferred to a new 96-well plate. Absorbance values were
determined at 405 nm by using an automatic plate reader (Synergy™
H4 Hybrid Microplate Reader, BioTek Instruments, Inc., Winooski,
Vermont, USA). The percentage of hemolysis was determined by
comparison with the control samples containing PBS (negative control)

or 1% (v/v) SDS in PBS solution (positive control, complete lysis).

Hemolysis (%) - (Abs405 nm peptide — Abs405 nm negative control) 100.

(Abs405 nm positive control — Abs405 nm negative control)

Cell infection assay. Immortalized human keratinocytes (HaCaT)
were seeded into 24-well plates at a density of 3x10° cells/well, and
allowed to attach for 24 h at 37 °C in a humidified atmosphere
containing 5% CO..

Following incubation, cells were washed three time with PBS and
infected with E. coli ATCC 25922 at multiplicity of infection (MOI) of 2
in the presence or not of (ri)-r(P)ApoBsP™® 10 umol L*. To measure the
number of bacteria in the wells, keratinocytes were washed three times
with PBS and 500 ul of 1% Triton X-100 were added, in order to detach
and lyse the cells. Samples containing the detached keratinocytes were
serially diluted, plated onto TSA agar plates, and incubated over-night
at 37°C to count the number of colonies. The number of bacteria
present in the samples was followed over time (0-2-4 h).

Scarification skin infection mouse model. The anti-infective activity
of ApoB-derived peptides against P. aeruginosa strain PAO1 in a
mouse model was assessed accordingly to Pane et al. [11]. Briefly, P.
aeruginosa strain PAO1 was grown in tryptic soy broth medium
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overnight at 37 °C (250 rpm). The next day, bacteria were grown to mid-
logarithmic phase, subsequently washed twice with sterile PBS (pH 7.4,
13,000 rpm for 1 min) and resuspended to a final concentration of 5.5
x 108 CFU/20 uL. To generate skin infection, female CD-1 mice (5-6
weeks old) were anesthetized with isoflurane and their backs shaved.
To damage the stratum corneum and the upper layer of the epidermis,
a superficial linear skin abrasion was made with a needle. Five minutes
after wounding, an aliquot of 20 pL containing 5.5 x 10° CFU of bacteria
in PBS was inoculated over each defined area containing the scratch.
Peptide solutions (20 or 200 pmol L/20 uL) were administered to the
infected area 1 h after the infection. Animals were euthanized at day 2
or 4 and the area of scarified skin was excised 2-4 days post-infection,
homogenized using a bead beater for 20 min (25 Hz), and serially
diluted for CFU quantification. Two independent experiments were
performed with 4 mice per group. Statistical significance was assessed
using a one-way ANOVA test.

3. Results

In vitro antimicrobial and anti-biofilm activity of synthetic retro-
inverso r(P)ApoBsP

An approach to overcome proteolytic degradation of peptides involves
the use of the enantiomeric form [12]. The engineering of retro-
derivatives is an alternative strategy able to guarantee high
topochemical similarities with their precursors. It is performed by
reversing the (D)-peptide sequence while flipping its termini, thus
restoring the (L)-amino side chain angles [13][14][15]. The peptide
r(P)ApoBsP™ was selected as our lead peptide derived from ApoB100
because of its shorter length and excellent anti-infective and cytotoxic
profiles. We proceeded to synthesize the retro-inverso version of
r(P)ApoBsP®, here named (ri)-r(P)ApoBsP™®, by reversing its peptide
sequence and replacing all (L) amino acids with their (D) counterparts
(Figure 1A).

Firstly, we evaluated the antimicrobial activity of (ri)-r(P)ApoBsP™, that
was found to display a higher activity against Gram-negative rather than
Gram-positive bacterial strains, as previously reported for its parental
peptide r(P)ApoBsP™ (Figure 1B). MIC100 values determined for (ri)-
r(P)ApoBsP™ were found to range from 2.5 to 5 ymol L™ against A.
baumannii ATCC 17878, K. pneumoniae ATCC 70603, P. aeruginosa
PAO1, P. aeruginosa ATCC 27853, and E. coli ATCC 25922, whereas
the peptide was found to be active at 10 ymol L™ and 20 ymol L™
against S. epidermidis ATCC 35984, S. aureus ATCC 12600 and
methicillin-resistant S. aureus (MRSA WKZ-2), respectively, thus
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demonstrating that introduced modifications did not alter the
antimicrobial profile of the peptide (Figure 1B). Furthermore, similarly
to the lead peptide, (ri)-r(P)ApoBs™™ was found to significantly inhibit
(40-50%) the biofilm in preliminary stages of biofilm growth when
assayed on the Gram-negative strain A. baumannii ATCC 17878 and
the Gram-positive bacterium S. epidermidis ATCC 35984 (Figure 1C).
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Figure 1. Antimicrobial and anti-biofilm activities of retro-inverso
synthetic peptide. (A) Schematic representation of retro-inverso
peptide design leading to (ri)-r(P)ApoBsP™. (B) Antimicrobial activity of
(ri)-r(P)ApoBsP™® (umol L) against four bacterial strains; reported data
refer to assays performed in triplicate and heat maps show averaged
log10(CFU mL?) values. (C) Anti-biofilm activity of (ri)-r(P)ApoBs™ on S.
epidermidis ATCC 35984 and A. baumannii ATCC 17878 strains. The
effects of increasing concentrations of (ri)-r(P)ApoBs™ peptide were
evaluated on cells attachment and biofilm formation. Data represent the
mean (xstandard deviation, SD) of at least three independent
experiments, each one carried out with triplicate determinations.
Significant differences were indicated as *(P < 0.05), *(P < 0.01),
***(P<0.001), ****(P<0.0001) for treated versus control samples.
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Conformational analyses of (ri)-r(P)ApoBsP™® peptide by Far-UV
circular dichroism

Far-UV CD spectroscopy has been used to analyze peptides
antimicrobial activity from a structural point of view. The retro-inverso
peptide appeared largely unstructured in buffer (2.5 mM phosphate
buffer, pH 7.4) with a broad maximum centered at 199 nm (Figure 2A).
Nevertheless, molar residue ellipticity was found to be significantly
lower in absolute values with respect to that of its (L)-amino acid variant
[9] (~ 13 kdeg cm? dmol* res versus —30 kdeg cm? dmol? res for (ri)-
r(P)ApoBsP® and r(P)ApoBsF™, respectively), thus suggesting the
presence of some secondary structure elements.

Indeed, best deconvolution of the spectrum in buffer resulted in
approximately 34% of [ secondary structure content, whereas
previously characterized r(P)ApoBsF™ was found to assume a fully
random conformation [9]. We also found that, upon exposure to 50%
TFE, a widely-adopted secondary structure inducer [16][17], (ri)-
r(P)ApoBsP™ assumed partial (~10%) helical conformation (Figure 2A),
as evidenced by the presence of two broad minima at around 208 and
222 nm, and a maximum at <200 nm. This behavior was found to be
similar to that previously described for r(P)ApoBsP™ peptide [9].

More interestingly, contrarily to its parental (L)-peptide, the retro-
inverso variant secondary structure was found to be significantly altered
by incubation with lipopolysaccharide (LPS), the predominant glycolipid
in the outer membrane of Gram-negative bacteria. When increasing
amounts of peptide were incubated with 0.2 mg/mL LPS endotoxin, the
maximum wavelength shifted from 220 to 200 nm (Figure 2B),
suggesting a major switch towards p-strand conformation at higher
LPS:peptide ratios.

Considering the lower peptide antimicrobial activity towards Gram-
positive bacteria, we hypothesized a less pronounced effect induced by
lipoteichoic acid (LTA), an anionic glycerol phosphate polymer of cell
wall [18][19], on peptide conformation. When increasing amounts of
peptide were incubated with 0.2 mg/mL LTA from S. aureus, slighter
variations of peptide spectrum were observed (Figure 2C). In particular,
band maximum wavelength shifted only from 215 to 200 nm with a far
lower effect on the molar residue ellipticity, most probably due to only
minimal p-strand formation. CD spectra deconvolution are summarized
in Figure 2D.

84



MRE (kdeg cm? dmol”’ res")

Figure 2. Conformational analyses of (ri)-r(P)ApoBs"® peptide by
Far-UV circular dichroism. (A) CD spectra of peptide (ri)-r(P)ApoBsP™
20 umol L in the absence (black line) or in the presence (red dashed
line) of 50% (v/v) TFE. CD spectra at different concentrations of (ri)-
r(P)ApoBs™™ in the presence of constant amounts (0.2 mg/mL) of either
LPS (B) or LTA (C). CD spectra deconvolution percentages of (ri)-
r(P)ApoBs” peptide in 2.5 mM sodium phosphate pH 7.4 buffer and in
the presence of 50% TFE, 0.5 mg mL™ LPS or LTA. Secondary structure
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percentages were calculated using CDPRO software.
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Stability profile of (ri)-r(P)ApoBsPr

To determine synthetic peptide proteolytic stability, we verified (ri)-
r(P)ApoBsP® susceptibility to serum proteases compared to parental
peptide r(P)ApoBsF™. Peptides’ MIC100 values were measured upon
incubation in 10% fetal bovine serum for 1 and 16 h. While natural
r(P)ApoBsP™ peptide completely lost its activity upon incubation in
serum showing MICi00 values against S. aureus ATCC 12600, A.
baumannii ATCC 17878 and K. pneumoniae ATCC 70603 higher than
80 umol L, as opposed to 5-20 umol L%, the antimicrobial activity of
(ri)-r(P)ApoBsP' retro-inverso peptide remained unvaried even after 16
h pre-incubation in serum (Figure 3A). Obtained results are in line with
degradation profile data (Figure 3B). Indeed, parental peptide was
found to be degraded in a few minutes after exposure to serum
proteases, whereas (ri)-r(P)ApoBsP™ demonstrated higher stability by
persisting (~50% of initial concentration added) even 4 h post-exposure
to proteases in serum (Figure 3B).
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Figure 3. Stability profile of retro-inverso synthetic peptide. (A)
Antibacterial activity of (ri)-r(P)ApoBs™™ peptide after preincubation in
10% serum with proteases. Reported data refer to assays performed in
triplicate and the fold changes in antimicrobial activity are calculated as
ratio between peptide MIC values obtained after and before incubation
for 1 h and 16 h in the presence of 10% serum at 37 °C. (B) Resistance
to degradation of (ri)-r(P)ApoBsP™ exposed to fetal bovine serum (FBS)
proteases for 4 h.
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Biocompatibility of (ri)-r(P)ApoBsP towards human skin cells

We performed additional experiments to verify the biocompatibility of
(ri)-r(P)ApoBsP™ towards skin cell cultures and to exclude hemolytic
effects, since it has been reported that incorporation of D-amino acids
into peptide sequences might lead to toxic effects [20]. Peptide (ri)-
r(P)ApoBsP™ did not significantly affect cell viability when analysed by
MTT assays. Indeed, viability of immortalized human keratinocytes
(HaCaT) and normal human fibroblasts (HDFs) was not found to
significantly change upon exposure to increasing concentrations of the
peptide for different time intervals (Figure 4A). Moreover, when we
tested (ri)-r(P)ApoBsP™ on human red blood cells (RBCs), the peptide
showed a slight lytic effect only at the highest concentrations tested,
thus indicating a good profile of biocompatibility (Figure 4B). Skin and
soft tissue infections occur when bacteria adhere to host cells. The
ability of the peptide to prevent the adhesion of pathogens to skin cells
is an interesting aspect to be considered. Hence, we assessed the
effects of (ri)-r(P)ApoBs”™ on human keratinocytes infected with E. coli
ATCC 25922 cells. After 4 h of incubation, the synthetic retro-inverso
peptide was found to be able to reduce by 50% the number of bacterial
cells infecting keratinocytes with respect to control untreated cells

(Figure 4C).
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Figure 4. Effects of retro-inverso synthetic peptide on human
eukaryotic cell lines (A) Cytotoxic effects of increasing concentrations
of (ri)-r(P)ApoBs"™ on HaCaT (Immortalized human keratinocytes) and
HDF (human dermal fibroblasts) cells. Cell viability was assessed by
MTT assays and expressed as the percentage of viable cells compared
to untreated cells (control). (B) Hemolytic activity of (ri)-r(P)ApoBs™™
towards human red blood cells (RBCs) after 1 h of incubation at 37 °C.
Data represent the mean (xstandard deviation, SD) of at least three
independent experiments, each one carried out with triplicate
determinations. (C) E. coli bacterial cells adhesion on HaCaT cells in the
presence of (ri)-r(P)ApoBs”™ peptide. Experiments were performed
three times in duplicate. Error bars represent the standard deviation of
the mean. Significant differences were indicated as *(P < 0.05) or **(P
< 0.01) for treated versus control samples.

In vivo antimicrobial activity of synthetic retro-inverso
r(P)ApoBsP

To assess peptides applicability, we tested ApoB-derived peptides in a
murine abscess infection model (Figure 5A). The Gram-negative
bacterium P. aeruginosa PAO1, responsible for dangerous skin wounds
[21] and found to be susceptible to ApoB encrypted peptides, was used
to induce the infection in mice (Figure 5B). Upon induction of skin
infections in mice, a single dose of either (ri)-r(P)ApoBs”™ (20 and 200
umol L™) or of each of the three natural ApoB-derived peptides (200
umol L™1) was administered. Treatment with r(P)ApoBLP™, r(P)ApoB A2,
or r(P)ApoBsP™ significantly reduced P. aeruginosa CFU/mL counts by
~3 to 4 orders of magnitude after four days of treatment. Similar results
were obtained with our control peptide CATH-2. It has to be highlithed
that treatment with (ri)-r(P)ApoBsF™ at a significantly lower dose (20
umol L) reduced bacterial load by ~3 orders of magnitude, while
treatment with a higher peptide concentration (200 umol L™!) completely
sterilized the infection four days post-treatment (Figure 5C). No
significant weight changes or any obvious inflammation event were
detected during the treatment period, thus confirming the lack of toxicity
of these peptides in the murine model (Figure 5D). Altogether, our data
demonstrate the promising anti-infective activity of (ri)-r(P)ApoBsP™ in
a pre-clinical mouse model.
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Figure 5. 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 mice was shaved, and an
abrasion was generated to damage the stratum corneum and the upper
layer of the epidermis. Subsequently, an aliquot of 50 pyL containing 106
CFU of P. aeruginosa PAQOL1 in phosphate buffer was inoculated over
each defined area. One hour after the infection, peptides at 20 or 200
umol L™ were administered to the infected area. Four animals per group
were euthanized at day 2 or 4 post-infection and the area of scarified
skin was excised and homogenized for 20 min (25 Hz). (B) Effects of
natural and synthetic encrypted peptides derived from human ApoB on
P. aeruginosa PAO1. (C) Homogenized samples were serially diluted
for CFU quantification (statistical significance was determined using
two-way ANOVA followed by Dunnett’s test, *** P < 0.001). (D) Mouse
body weight measurements were performed throughout the experiment
and normalized by the body weight at the beginning of the experiment.
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4. Discussion

One of the main limitations to the development of peptide therapeutics
is their low stability in complex biological environments that contain
proteolytic enzymes [12]. Linear peptides are sensitive to proteolysis,
drastically reducing their biological activity and their application as
antimicrobial agents [22]. By rational design and molecular modeling, it
is possible to introduce many structural modifications to improve
stability profiles and pharmacokinetic properties of antimicrobial
peptides [23].

An approach to overcome proteolytic degradation of peptides involves
the use of the enantiomeric form [12]. Many studies demonstrated that
(D)-amino acids AMP analogues present improvements in the
degradation profiles and have activities similar to their parental (L)-
peptides found in nature. Due to their resistance to enzymatic
degradation, (D)-amino-acid-containing peptides are molecules
functionally attractive to be applied in medical devices and in the
development of inhalants, oral or systemic drugs [13]. Simple
replacement of (L) with (D)-amino acids is generally ineffective, since
side-chain orientation is completely altered with respect to the target
[14]. To guarantee structural stability, spatial orientation, side-chain
topology, and overall peptide bioactivity, an alternative approach is
represented by the design of retro-inverso derivatives obtained by
reversing the peptide sequence [13][14][15]. Retro-inverso variants are
known to present high topochemical similarities with their precursors
and equivalent bioactivities [13]. The synthetic retro-inverso peptide
r(P)ApoBsP™®, here designed and characterized, has been found to
share many of the features of the parental (L)-peptide. Indeed, no
significant changes in antimicrobial activity were observed. Moreover,
the presence of serum proteases was found not to alter peptide
antimicrobial efficacy, thus indicating that the introduced modifications
were responsible for a significant improvement in peptide stability. This
was confirmed by the analysis of degradation profiles that indicated a
longer half-life of (ri)-r(P)ApoBsP™ peptide compared to r(P)ApoBs™™,
From a structural point of view, the retro-inverso peptide showed some
differences with respect to the parental (L)-peptide, as indicated by Far
UV-CD analyses. Indeed, while r(P)ApoBs”® was found to be
unstructured in aqueous buffer [9], (ri)-r(P)ApoBsP™ peptide showed
approximately 34% of B secondary structure content. Furthermore, in
the presence of LPS or LTA, the B-strand content of the retro-inverso
derivative increased, even if the effect was found to be more
pronounced in the presence of LPS, in agreement with peptide higher
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antimicrobial activity towards Gram-negative bacteria. These effects
were not observed in the case of the natural (L)-peptide characterized
by a higher susceptibility to proteases.

We also evaluated the effects of the synthetic retro-inverso peptide on
a panel of human eukaryotic cells. Peptide biocompatibility and its
ability to protect human keratinocytes from infections make (ri)-
r(P)ApoBsP® an excellent candidate to be employed in the future
development of antimicrobial therapies. ApoB-derived peptides were
also found to exert significant anti-infective properties in a pre-clinical
mouse model. It has to be highlithed that the retro-inverso variant
showed anti-infective activity at concentrations ten times lower than
those required to have the same effect with natural peptides.
Altogether, obtained data demonstrate that the synthetic version of the
lead peptide is characterized by higher stability and effectiveness both
in vitro and in vivo.
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Development of an innovative cosmeceutical formulations to
encapsulate ApoB-derived peptidomimetic

1. Introduction

Several formulations, including suspensions, micro/nanoparticles,
patches, and hydrogels have been proposed to control topical drug
delivery. Among different alternatives, hydrogel-based systems have
been found to offer many advantages in the treatment of skin wounds
and infections [1]. According to the definition, hydrogel-based systems
are networks of natural or synthetic crosslinked polymers with a three-
dimensional configuration able to imbibe high amounts of water [2]. The
hydrogel swelling ability is the result of the hydrophilic moieties in the
structure, which is resistant to water dissolution thanks to the presence
of cross-linkers between polymeric chains [3]. The presence of water
has the ability to provide a shooting effect by cooling the wound surface,
whereas the presence of natural polymers improves the
biocompatibility profile of the formulation [4]. Several polymers have
been chemically modified to develop synthetic hydrogels with improved
properties [3]. These delivery systems are classified on the basis of
their origin, physical properties, nature of swelling, method of
preparation, ionic charges, rate of biodegradation and kind of
crosslinking [5]. Recently, hydrogels based on hyaluronic acid (HA)
confirmed their interesting properties not only as scaffolds, but also as
suitable carriers of biologically active substances [2]. HA is an essential
component of the natural extracellular matrix where it plays an
important role in many biological processes, including wound healing.
HA is biocompatible, biodegradable, non-immunogenic and has unique
viscoelastic and rheological properties that make it an excellent polymer
to build hydrogel systems with desired morphology and bioactivity [6].
Here, we developed and characterized a HA-based hydrogel system
loaded with the peptidomimetic (ri)-r(P)ApoBsP™ with the main aim to
specifically deliver this antimicrobial peptide to the site of infection. The
combination of hyaluronic acid biological properties, of hydrogel
systems swelling and hydrating capabilities, and of the efficacy of the
selected antimicrobial peptide represents a promising starting point to
develop a strategy able to target skin disorders and infections, thus
opening interesting perspectives to the future applicability of ApoB-
derived peptides in the dermatological field.
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2. Methods

Materials. All the reagents were purchase from Sigma-Merck (Milan,
Italy), unless specified otherwise. HA crosslinked with 2.5% 1,4-
butanediol diglycidyl ether (BDDE) was provided from Altergon ltalia
s.r.l.

Peptides. (ri)-r(P)ApoBsF™ peptide was obtained from CASLO ApS
(Kongens Lyngby, Denmark).

Preparation of HA-BDDE hydrogel loaded with (ri)-r(P)ApoBsP™
peptide. Peptide (ri)-r(P)ApoBs™™® was added to hyaluronic acid
hydrogel crosslinked with 2.5% 1,4-butanediol diglycidyl ether (HA-
BDDE) at a ratio of 4:1 (v/v). A solution of peptide at a concentration of
80 or 320 ymol L was stirred with HA-BDDE and then lyophilized for
24 h, in order to obtain white spongy samples. Control samples were
prepared under the same experimental conditions, but in the absence
of the peptide. Prior to all the characterizations, dried hydrogels were
rehydrated and sterilized by exposure to UV light for 20 min.

Swelling properties characterization. Hydrogels swelling properties
were characterized by measuring the gravimetric change over time as
described by Jie Zhu et al. [7]. Briefly, the freeze-dried hydrogels were
weighed (So) and then immersed into distillated water. To obtain the
swelling ratio, hydrogels samples were weighed (S1) at different time
intervals until swelling equilibrium was reached. Each sample was
measured in three replicates. Hydrogels swelling ratio was calculated
as follows:

S1—50

So

Swelling ratio (%) = X 100

Degradation analyses. Swollen hydrogels were weighed (Wo) and
degradation performances were evaluated by incubating the samples
with 300 U mL* of hyaluronidase (ref. H3506, Sigma-Merck) solubilized
in 0.02 M sodium phosphate pH 7.4 containing 0.01 % bovine serum
albumin and 77 mM NaCl, as described by Wanxu Cao et al. [8]. The
mixtures were placed at 37 °C (water bath) and the weight loss
percentage was calculated by weighing samples (W1) at defined time
intervals. Every sample was measured in three replicates. Degradation
behavior was expressed as the percentage of weight loss and was
calculated as follows:

Weight change (%) = % x 100
0
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In vitro peptide release from hydrogel system

To determine peptide release, HA-BDDE hydrogels loaded with 80 or
320 pmol Lt (ri)-r(P)ApoBsP™ were immersed in distilled water and
incubated at 37 °C over time. At defined time points, aliquots of 100 pyL
were collected and 100 pL of water were added, in order to maintain
volume constant. The amounts of released (ri)-r(P)ApoBsP™ were
measured by HPLC analyses on a Shimadzu LC-20 Prominence
(Shimadzu Corporation, Japan), mounted with a thermostated PDA
detector (SPD-M20A). Samples were eluted on a Phenomenex Aeris
Peptide XB-C18 3.6 um column (150x4.6 mm), with a linear gradient of
ultra-pure water (A) and acetonitrile (B) (UpS solvent, Romil) from 15%
to 95% of solvent B over 20 minutes. TFA was added to both eluents
(0.1% v/v). A five-points calibration curve was used. Each calibration
standard solution was prepared by dilution in the working buffer (ultra-
pure water) of the primary standard (1600 umol L in ultra-pure water
sample, determined on the basis of peptide dry weight), in order to
obtain the following concentrations: 2.5, 5, 10, 20, and 40 pumol L2,
Linear regression was used to fit the peak areas as integrated from the
220 nm chromatogram (R?=0.997). In each calibration curve, a blank
sample was included. Two separate analyses of peptide release were
performed on a blind and randomized basis, by injecting all the
collected solutions at different time intervals (0, 0.5, 1, 2, 3, 24, 48, 72
h). For quality controls, blank, zero and spiked samples (5, 10 and 40
umol L) were injected, the latter being found within 10% deviation of
the nominal concentration.

Bacterial strains and growth conditions. Two bacterial strains were
used in the present study, i.e. methicillin-resistant S. aureus (MRSA
WKZ-2) and E. coli ATCC 25922. Both bacterial strains were grown in
Muller Hinton Broth (MHB, Becton Dickinson Difco, Franklin Lakes, NJ)
and on Tryptic Soy Agar (TSA; Oxoid Ltd., Hampshire, UK). In all the
experiments, bacteria were inoculated and grown over-night in MHB at
37 °C. The next day, bacteria were transferred to a fresh MHB tube and
grown to mid-logarithmic phase.

Antimicrobial activity. The antimicrobial activity of HA-BDDE hydrogel
loaded with (ri)-r(P)ApoBsF™ was assayed on methicillin-resistant S.
aureus (MRSA WKZ-2) and E. coli ATCC 25922. Bacteria were grown
to mid-logarithmic phase in MHB at 37 °C. Then, cells were diluted to
4x10% CFU/mL in Difco 0.5X Nutrient Broth (Becton-Dickenson,
Franklin Lakes, NJ) and mixed 1:1 v/v with HA-BDDE hydrogel loaded
with peptide at a final concentration of 80 or 320 umol L. Following
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over-night incubation, each sample was diluted, plated on TSA and
incubated at 37 °C for 24 h to count the number of colonies. All the
experiments were carried out in three independent replicates.

Migration assay

To examine bacteria migration across the hydrogel, the upper
chambers of a transwell plate (Costar 3422®, Corning Corporation,
USA) were coated with control saline solution, HA-BDDE hydrogel or
HA-BDDE hydrogel loaded with (ri)-r(P)ApoBsP®, as described by
Xiaojuan Li et al. [9]. Following coating, methicillin-resistant S. aureus
(MRSA WKZ-2) and E. coli ATCC 25922 bacterial cells were diluted to
4x10% CFU/mL in Difco 0.5X Nutrient Broth (Becton-Dickenson,
Franklin Lakes, NJ), and added to previously coated upper chambers.
Medium in the lower wells was then analyzed at defined time intervals
to monitor bacterial cells migration from upper to lower wells. Migrated
bacteria were quantified by diluting and plating each sample on TSA.
Following incubation at 37 °C for 24 h, the number of colonies was
counted. The experiment was performed in three independent
replicates.

Eukaryotic cell cultures and cytotoxicity assays. Immortalized
human keratinocytes (HaCaT) 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. All the cell lines were grown
at 37 °C in a humidified atmosphere containing 5% CO:2. Cells were
seeded into 96-well plates at a density of 6x102 cells/well in 100 pL of
complete DMEM 24 h prior to the treatment. They were then incubated
for 24 h in the presence of HA-BDDE hydrogel hydrated with cell culture
medium and previously loaded with the peptide at a final concentration
of 80 or 320 umol L. Following treatment, cells were washed three
times with PBS to remove hydrogel residues and cell supernatants were
replaced with 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) reagent dissolved in DMEM medium
without red phenol (100 pL/well). After 4 h of incubation at 37 °C, the
resulting insoluble formazan salts were solubilized in 0.04 M HCI in
anhydrous isopropanol and quantified by measuring the absorbance at
A = 570 nm using an automatic plate reader spectrophotometer
(Synergy™ H4 Hybrid Microplate Reader, BioTek Instruments, Inc.,
Winooski, Vermont, USA). Cell survival was expressed as means of the
percentage values compared to control untreated cells.
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3. Results

Swelling and degradation profiles of HA hydrogel systems

The ability to retain a high amount of water is one of the key properties
of hydrogel-based systems. Indeed, they can swell in water under
physiological conditions without dissolving. Swelling capability plays a
key role in keeping the injured site moist and in controlling bleeding.
Moreover, this mechanical characteristic is fundamental to allow
molecules to diffuse into or to be released from the hydrogels [7]. In
order to verify whether the presence of the peptide could affect swelling
and degradation profiles of HA-BDDE hydrogels under test, analyses
were performed. As shown in Figure 1 A, HA-BDDE hydrogels loaded
with peptide under test at different concentrations retained a swelling
behavior similar to that of control sample, thus indicating that the
presence of the peptide doesn’t affect the ability of the system to absorb
water and to expand. Similarly, the degradation profile was found not to
be affected by the presence of the peptide, since the activity of
hyaluronidase enzyme that acts by cleaving the (1->4)-linkages
between N-acetylglucosamine and glucuronate was found to be
unchanged (Figure 1B).
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Figure 1. Swelling (A) and degradation (B) profile of HA-BDDE alone
and loaded with different concentrations of (ri)-r(P)ApoBs™™ peptide.

Peptide release from the hydrogel system

After peptide loading into the hydrogel, samples were analyzed to verify
whether peptide is released over time. To this purpose, HA-BDDE
hydrogel system loaded with 80 or 320 umol L™ (ri)-r(P)ApoBsP™ were
immersed in water and aliquots were collected at defined time intervals,
in order to estimate the amount of the released peptide by HPLC
analyses. Obtained data indicate that peptide release is proportional to
the amount of initially loaded peptide, being always released 15% of the
initial amount after 24 h (Figures 2A and 2B).
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Figure 2. In vitro release profile. (A) Evaluation of peptide amount
released from HA-BDDE Iloaded with two different peptide
concentrations, i.e. 80 or 320 umol L* (B) Cumulative release of (ri)-
r(P)ApoBs™® expressed as percentage with respect to the total initial
amount of peptide filled into gel.
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Antimicrobial properties of HA-BDDE loaded with (ri)-r(P)ApoBsPr°
In order to evaluate whether the newly developed hydrogel-based
system is able to preserve the bioactivity of (ri)-r(P)ApoBsP™, we
assessed the antimicrobial efficacy of HA-BDDE hydrogels loaded with
synthetic peptide against methicillin-resistant S. aureus (MRSA WKZ-
2) and E. coli ATCC 25922, as representatives of Gram-negative and
Gram-positive bacterial strains. We determined the minimal inhibitory
concentration (MIC) values by counting the number of bacterial colonies
obtained after an over-night incubation in the presence or in the
absence of peptide. HA-BDDE hydrogels loaded with (ri)-r(P)ApoBsP™
were found to exert significant antibacterial effects against both
bacterial strains tested. In detail, methicillin-resistant S. aureus (MRSA
WKZ-2) was found to be susceptible to the hydrogel system loaded with
the highest concentration of peptide (MICs = 320 ymol L™). The
hydrogel-based formulations were even more active against E. coli
ATCC 25922 with MICg value corresponding to 80 pmol L™ and a
complete growth inhibition (MIC100) obtained at a concentration of
peptide of 320 umol L. These data further confirm a higher
susceptibility of Gram-negative bacterial strains to (ri)-r(P)ApoBsP™
antimicrobial peptide (Figure 3A). In order to investigate the ability of
hydrogel to counteract bacterial migration across surfaces, we coated
upper chambers of a transwell plate with HA-BDDE functionalized with
(ri)-r(P)ApoBsP™. Transwell experiments were performed to examine
the ability of the hydrogel-based system to counteract bacterial
migration across surfaces. Bacterial cells were plated into the upper
chambers, the undersurfaces of which were coated with PBS, HA-
BDDE hydrogel or HA-BDDE hydrogel functionalized with peptide
under test. As shown in Figure 3B, the hydrogel loaded with 320 umol
L™! peptide demonstrated to attenuate or prevent the migration of S.
aureus and E. coli strains, respectively.
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Figure 1. Antimicrobial activity of HA-BDDE hydrogel
functionalized with the peptide. (A) Antimicrobial efficacy of HA-
BDDE hydrogel loaded with (ri)-r(P)ApoBs™™ against methicillin-
resistant S. aureus (MRSA WKZ-2) and E. coli ATCC 25922 bacterial
strains; reported data refer to assays performed in triplicate. (B)
Bacterial migration across surfaces coated with HA-BDDE hydrogel
functionalized with (ri)-r(P)ApoBs"™. Significant differences were
indicated as *(P < 0.05), **(P < 0.01) and ****(P < 0.0001) for treated
versus control samples.
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Effects of HA-BDDE hydrogel loaded with (ri)-r(P)ApoBsP™© on
human skin cells cultures

To evaluate the biocompatibility of hyaluronic-based hydrogel loaded
with (ri)-r(P)ApoBsP™ peptide towards skin cell cultures, MTT assays
were performed on immortalized human keratinocytes (HaCaT) and
normal human fibroblasts (HDFs). HA-BDDE hydrogels loaded with 80
or 320 ymol L™ of (ri)-r(P)ApoBsF™ were found not to affect the viability
of HaCaT and HDFs cell lines (Figure 4). On the contrary, HA-BDDE
hydrogel system was found to significantly improve cell viability in the
absence of the peptide as well as in the presence of 320 ymol L™
peptide when tested on human keratinocytes (Figure 4).
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Figure 4. Effects of HA-BDDE hydrogel functionalized with the
peptide on human eukaryotic cell lines (A) Cytotoxic effects of HA-
BDDE hydrogel loaded with different concentrations of (ri)-r(P)ApoBsP™
on HaCaT (Immortalized human keratinocytes) and HDF (human
dermal fibroblasts) cells. Cell viability was assessed by MTT assays and
expressed as the percentage of viable cells compared to untreated cells
(control). Experiments were performed three times. Error bars represent
the standard deviation of the mean. Significant differences were
indicated as *(P < 0.05) or **(P < 0.01), for treated versus control
samples.

105



4. Discussion

The incessant spreading of drug-resistant bacteria prompts to search
for novel antibiotics, and for novel materials able to efficiently deliver
antimicrobial agents to the target site. Several approaches were
developed to release bioactive drugs into the infected sites, such as
nanoparticles, hydrogels, creams, ointments, and patches [10].
Hydrogel-based systems were demonstrated to be excellent
candidates as drug formulations because of their high biocompatibility,
their capability to easily encapsulate hydrophilic drugs, and their
swelling behavior [11]. A hyaluronic acid (HA)-based hydrogel was here
selected to develop a suitable system to topically deliver a promising
antimicrobial peptide. Besides contributing to viscoelasticity and
lubrication of tissues, HA also plays an important role in physiological
processes, such as inflammation, wound healing, and tissue
development [12]. These HA properties combined with antimicrobial
features of the peptide of interest might allow to produce a promising
formulation to be employed in dermatological field [13]. This was the
main aim of this research work that allowed to functionalize a
crosslinked HA-hydrogel with the synthetic (ri)-r(P)ApoBsP™® peptide
derived from a sequence encrypted in human apolipoprotein B. The
presence of high amounts of the peptide into the hydrogel system was
found not to affect its swelling properties and degradation profile. At the
same time, the anti-infective efficacy of HA-hydrogel loaded with (ri)-
r(P)ApoBsP™ was confirmed on both Gram-negative and Gram-positive
bacterial strains, including strains characterized by resistance
phenotype. The hydrogel functionalized with the peptide under test was
also found to be able to counteract bacterial migration across surfaces,
a property that opens interesting perspectives in the treatment of
dermal and epidermal infections. Furthermore, the hydrogel-based
system was found to be able to release the bioactive peptide with a
fast kinetic, even if only 15% of the total initially loaded peptide was
found to be released after a prolonged incubation. This could be enough
to provide the therapeutic doses required to kill pathogens and preserve
cell integrity. However, further analyses should be conducted to deepen
this aspect. Importantly, no toxic effects were detected on human skin
cell lines, and the presence of hyaluronic acid was found to increase
the viability of keratinocytes, thus highlighting positive effects in wound
healing. Altogether, these findings open new perspectives to the
applicability of (ri)-r(P)ApoBsP™ in the treatment of skin infections and
injures.
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General discussion and concluding remarks

The global expansion of antibiotic resistance has significantly
decreased the effectiveness of conventional antibiotics [1]. Indeed,
according to the Global Burden of Disease (GBD) study, skin and soft
tissue infections (SSTIs) are the fourth leading cause of mortality and
disability worldwide [2]. The so-called red-alert or ESKAPE pathogens
(Enterococcus  faecium,  Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species), which are resistant and recalcitrant to many
front-line antimicrobials, are involved in several skin infections and
diseases, such as dermatitis, acne vulgaris, psoriasis, pyoderma,
cellulitis, and decubitus ulcers [3]. The bases of antibiotic resistance are
defined by the bacterial response to the treatment. Consequently, the
clinical definition of resistance depends on breakpoints of the minimal
inhibitory concentrations (MICs), that determine therapeutic failure
upon antibiotic treatment [4]. Antibiotics have a significant role in
dermatologic field, being able to treat a wide range of diseases.
Because of their excessive availability, they are susceptible to overuse
within the medical practice, thus leading to the spreading of multidrug-
resistant pathogens [5]. Three different types of antimicrobial resistance
have been identified in the case of bacteria: intrinsic, acquired and
phenotypic [1]. The activity of genes encoding antibiotic-inactivating
enzymes, the lack of target, and the reduction in antibiotic permeability
represent key elements mediating intrinsic resistance. This set of
mechanisms diffuses among microbial populations by horizontal gene
transfer and/or mutations, thus increasing the acquired resistance
phenomenon. It has been also reported that bacterial strains usually
susceptible may become transiently resistant upon a variation of
physiological conditions, such as biofilm formation. This phenomenon
has been defined as phenotypic resistant [4]. In this scenario, the
design and discovery of novel antimicrobials less prone to induce the
development of resistance phenotype are urgently needed.
Antimicrobial peptides (AMPs) are small molecules involved in the
body’s first line of defense. They present evident advantages over
conventional antibiotics, including a lower probability to induce
resistance development, a broad-spectrum antimicrobial and antibiofilm
properties, and the ability to modulate host immune response [1]. For
this reason, the main aim of the present PhD thesis has been the design
and the characterization of antimicrobial peptides able to counteract
and treat resistant bacteria in skin and soft tissue infections.
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In Chapter 2, the effectiveness of three AMPs, previously identified in
human Apolipoprotein B100 (residues 887-922) via an algorithmic
approach [6], has been evaluated against common skin resistant
pathogens. Several mammalian proteins are reported to be a source of
bioactive peptides, thus opening a new field in the research of novel
antimicrobials [7]. Indeed, besides their physiological functions,
lipoproteins have been hypothesized to play a key role in preventing
bacterial infections, as key components of innate immunity [8]. ApoB
derived peptides demonstrated  significant  broad-spectrum
antimicrobial effects (2.5-20 umol L) on all the bacterial strains tested,
including K. pneumoniae, A. baumannii, P. aeruginosa and
Staphylococci strains. Interesting properties have been reported in the
literature also for peptides derived from apolipoprotein E, such as
apoEd, apoEdpL-F and rApoEpwm, that have been demonstrated to be
active on S. aureus, E. coli and P. aeruginosa strains in concentrations
ranging from 5 to 25 pmol L [9][10]. This further reinforces the concept
that AMPs encrypted in the human proteome represent an appealing
source of an attractive class of molecules [11]. Moreover, as previously
reported for several AMPs [12][13][14], the encrypted ApoB peptides
were found to display their antimicrobial effects through depolarization
of bacterial membranes, a presumed prerequisite for internalization into
the cell or for cell direct lysis.

Over the past decades, several studies have demonstrated synergism
between AMPs and conventional antibiotics. Indeed, renalexin was
found to improve the activity of polymyxin E, doxycycline, and
clarithromycin when drugs were tested in combination [1]. Similarly, the
antimicrobial properties of ceftriaxone, amoxicillin—clavulanate,
ceftazidime, meropenem, and piperacillin were found to increase by 4-
8 times when combined with magainin 2 [1]. Interestingly, ApoB-derived
peptides were found to potentiate the activity of conventional antibiotics
towards common skin pathogenis. In particular, r(P)ApoBL"™® and
r(P)ApoBsP™ were found to synergize with polymyxin B and colistin
against the Gram-negative pathogen K. pneumoniae ATCC 70603,
showing antimicrobial effects at concentrations significantly lower than
those required in monotherapy. These findings suggest an interesting
role of these peptides as adjuvants to be employed in the design of
novel antimicrobial therapies. To date, promising combinatorial
therapies have been clinically investigated in several trials involving
drug-resistant infections [1]. The benefits of the design of a successful
combination therapy based on AMPs and conventional antibiotics
include a reduction in effective administered doses and in
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hospitalization time, a shorter exposure time to antibiotics and, as a
consequence, a lower probability to induce resistance phenotypes.
Importantly, it was demonstrated that the encrypted peptides under test
did not select for bacterial resistance even when bacterial cells were
subjected to a prolonged exposure. Indeed, while MICi00 values of
gentamicin and colistin were found to increase by 4-10 folds, MICzo00
values of ApoB-derived cryptides resulted unchanged in the same
experimental conditions. Although no clear evidence exist about the
timeframe required for a bacterial population to become resistant to
AMPs [1], it has been extensively demonstrate that AMPs fast
bactericidal effects and their mechanism of action based on multiple
targets significantly decrease the probability to induce resistance
phenotype [15]. It has also to be highlighted that the treatment of skin
wounds and diseases is further complicated by the development of
microbial biofilms. In recent years, several anti-biofilm approaches,
such as quorum sensing antagonists, antibodies, anti-adhesion
strategies, and bacteriophages, have been proposed to treat the
resistance patterns of biofilm matrixes. A promising and effective
strategy is also represented by the employment of anti-biofilm peptides,
which act on specific targets, such as matrix components and/or highly
conserved regulatory mechanisms [16]. For this reason, in Chapter 2,
the anti-biofilm properties of ApoB-derived cryptides were investigated.
The encrypted peptides were found to display significant anti-biofilm
effects on the opportunistic skin pathogens A. baumannii ATCC 17878,
K. pneumoniae ATCC 70603 and S. epidermidis ATCC 35984 by
reducing biofilm biovolume, by altering matrix architecture and by
inducing cell death. These effects are comparable to those described
for several antibiofilm AMPs, such as the peptide P1 or human hepcidin
20 able to disrupt the architecture of Streptococcus and Staphylococcus
biofilm by significantly decreasing viable bacterial cells [17][18]. In the
case of ApoB-derived peptides, a strong deconstruction of biofilm
matrix has been also reported. Obtained results open interesting
perspectives to ApoB-derived peptides applicability in cosmeceutical
field, since biofilms display increased resistance to antibiotic treatment
and are associated with several human skin infections [19][20].

An important aspect to be considered in the development of a novel
antimicrobial therapy is the biocompatibility of developed drug. Peptide-
based therapeutics might exert cytotoxic effects by inducing allergic
responses or by eliciting immunogenicity enhancement through an
induction of cytokines activity [21][22]. In Chapter 3, multiple
experimental approaches have been carried out to evaluate the
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biocompatibility of ApoB-derived peptides on human skin cells and
microbiome.

Slight toxic effects on human dermal fibroblasts have been detected at
the highest peptide concentrations tested and only upon long exposure
times, thus indicating that encrypted peptides under test are endowed
with a satisfying cytotoxic profile. Interestingly, cancer cells were found
to be more susceptible than normal cells to ApoB-derived peptides even
if toxic effects were found not to be associated with cell membrane
damage. This is in line with data reported in the literature for many
anticancer AMPs [23], which exert their selective cytotoxicity towards
tumoral cells through alterations of intracellular mechanisms [23].
Importantly, we also demonstrated that no increase in cytokines
expression or release occurred when human macrophages were
exposed to peptides, thus excluding potential immune responses
induced by the treatment with peptides under test. Even more
importantly, AMPs have been found to be able to modulate the immune
response, a feature that makes them versatile drugs to be employed in
the treatment of skin infections. Indeed, several opportunistic
pathogens have been found to be able to activate the immune response
of underlying skin cells at the site of injuries [24]. For this reason, we
also evaluated the effects of ApoB-derived peptides on HDFs infected
with S. aureus. Peptide r(P)ApoBsP© demonstrated to be able to
decrease the expression levels of IL-8 and IL-6 pro-inflammatory
cytokines in a co-culture system of human cells and bacteria, thus
indicating that it is able to play an interesting role in host protection.
Side effects associated with antimicrobial therapies are also elicited by
alterations in resident skin bacterial communities and by changes in
host- commensals interactions [25]. Indeed, skin microbiota engages in
a mutualistic relationship with the host by up- and down-regulating
specific genes. Interestingly, ApoB-derived peptides have been found
not to affect the activity of histone deacetylase enzymes, which play a
key role in host-commensal calibration [26][27][28]. This suggests that
the treatment of skin infections with peptides under study might not alter
the crucial host-commensal balance. Furthermore, ApoB-derived
peptides were demonstrated to display slight antimicrobial effects
towards skin commensal population, thus revealing as a promising
strategy to treat skin infections without significantly affecting skin
microbial composition.

Despite their several advantages, antimicrobial peptides applicability
has been limited by several factors including their high sensitivity to
proteases present in biological systems [29]. Peptides susceptibility to
proteolysis and their consequent inactivation in biological matrixes
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make urgent the development of effective alternatives, such as modified
synthetic peptides [30]. To improve the pharmacokinetic profile of
AMPs, it is possible to design “peptidomimetics”, compounds endowed
with essential elements mimicking a natural peptide, but with improved
properties and stability with respect to the parental molecule [31]. To
date, the retro-inverso modification of a peptide is an approach widely
used to design novel and stable bioactive molecules [32]. As described
in Chapter 4, a retro-inverso variant [(ri)-r(P)ApoBsP®] of the shortest
antimicrobial peptide identified in human ApoB has been here designed
and characterized. The engineered peptidomimetic has been obtained
by reversing the sequence of r(P)ApoBsP™, in order to guarantee side-
chain topology, and by replacing (L) with (D)-amino acids, in order to
ensure structural stability. Similarly to RI1002, RIJK3, RIJK4 and
RI110108 retro-inverso peptides [33], (ri)-r(P)ApoBsP™ was found to
share many of the biological features of the parental (L)-peptide while
showing a higher stability in serum a stronger activity in an animal
model of skin infection.

As we hypothesized, the antimicrobial activity of the retro-inverso
peptidomimetic was found to be fully preserved upon exposure to
serum proteases and analyses of its degradation profile confirmed a
longer half-life with respect to that of the natural parental peptide.
Importantly, MIC100 values and anti-biofilm effects of the retro-inverso
peptidomimetic were found to be comparable to those of the lead
natural peptide. Moreover, the presence of the enantiomeric amino
acids was found not to alter peptide biocompatibility towards human
skin cell lines and erythrocytes. (ri)-r(P)ApoBs"™ was also found to be
able to protect keratinocytes from infections, thus indicating that it has
great potentialities to be employed as a novel antimicrobial drug in
dermatological field. Indeed, the modifications applied to (L)-ApoB-
derived peptide were found to significantly increase peptide stability
both in vitro and in vivo. In experiments on a pre-clinical mouse model
of skin infection, the retro-inverso peptidomimetic was found to display
stronger anti-infective effects at doses significantly lower than those
required to have the same effects in the case of the natural peptides.
Hence, the strategy to engineer a retro-inverso variant entirely
composed of D-enantiomeric amino acids was fundamental to
overcome susceptibility issues, which have traditionally hindered the
development of peptide and protein-based therapies [30], thus making
this molecule suitable for future preclinical and clinical studies.

Skin wounds and infections affect millions of people annually
worldwide. In this context, antimicrobial peptides have demonstrated
great potentialities in effectively killing responsible bacteria with minimal
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risks of resistance development [34]. It appears clear that the
development of an optimized topical formulation guaranteeing high
peptide stability and effective peptide release at the site of infection is
a key step towards the development of a therapeutic strategy to be
employed in dermatological field. For this purpose, in Chapter 5, it is
described the development and characterization of a hyaluronic acid
(HA)-based hydrogel functionalized with (ri)-r(P)ApoBsP™. Hyaluronic
acid polymer has several advantages, such as biocompatibility,
biodegradability, and non-immunogenicity [35]. Furthermore, it is a
component of the extracellular matrix, and plays an important role in
wound healing processes and tissue repair [36]. Besides, the presence
of hydrophilic groups and HA swelling ability are key elements
facilitating the encapsulation of antimicrobials [37]. As described in
Chapter 5, the hydrogel-based system demonstrated to encapsulate a
high amount of peptide without losing its mechanical properties.
Importantly, HA-based hydrogel loaded with (ri)-r(P)ApoBs"" was found
to display antimicrobial properties on both Gram-negative and Gram-
positive bacterial strains, including resistant ones. The newly developed
delivery system was also found to rapidly release peptide molecules
without affecting cell viability. When assayed on human skin cell lines,
HA-based hydrogel functionalized with (ri)-r(P)ApoBsP™ was rather
found to significantly improve the viability of keratinocytes, thus
suggesting that the system might exert promising positive effects in
wound healing processes.

In conclusion, the results collected in the present PhD thesis
demonstrated the anti-infective properties of ApoB-derived peptides
against common skin pathogens. In addition to their direct antimicrobial
and antibiofilm activities, the peptides were demonstrated to be able to
synergize with classical antibiotics by enhancing their activity. Peptides
also displayed excellent toxicity profiles while not selecting for bacterial
resistance. A hyper-stable retro-inverso variant of the lead peptide was
also designed and synthetized. It ensured efficacy in vivo and was
encapsulated in a hydrogel-based system to be delivered at the target
site. Altogether, these findings add an important step to the path leading
to the development of a therapeutic option to be employed in
dermatological field for the treatment of skin drug-resistant infections.

116



5. References

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

M. Magana et al., “The value of antimicrobial peptides in the age
of resistance,” Lancet Infect. Dis., vol. 20, no. 9, pp. e216—e230,
Sep. 2020, doi: 10.1016/S1473-3099(20)30327-3.

C. Karimkhani et al.,, “Global Skin Disease Morbidity and
Mortality,” JAMA Dermatology, vol. 153, no. 5, p. 406, May 2017,
doi: 10.1001/jamadermatol.2016.5538.

S. Santajit and N. Indrawattana, “Mechanisms of Antimicrobial
Resistance in ESKAPE Pathogens,” Biomed Res. Int., vol. 2016,
pp. 1-8, 2016, doi: 10.1155/2016/2475067.

J. Olivares, A. Bernardini, G. Garcia-Leon, F. Corona, M. B
Sanchez, and J. L. Martinez, “The intrinsic resistome of bacterial
pathogens.,” Front. Microbiol., vol. 4, p. 103, 2013, doi:
10.3389/fmicb.2013.00103.

S. Y. CHON, H. Q. DOAN, R. M. MAYS, S. M. SINGH, R. A.
GORDON, and S. K. TYRING, “Antibiotic overuse and resistance
in dermatology,” Dermatol. Ther., vol. 25, no. 1, pp. 55-69, Jan.
2012, doi: 10.1111/j.1529-8019.2012.01520.x.

R. Gaglione et al., “Novel human bioactive peptides identified in
Apolipoprotein B: Evaluation of their therapeutic potential,”
Biochem. Pharmacol., vol. 130, pp. 34-50, Apr. 2017, doi:
10.1016/j.bcp.2017.01.009.

D. J. Autelitano, A. Rajic, A. I. Smith, M. C. Berndt, L. L. llag, and
M. Vadas, “The cryptome: a subset of the proteome, comprising
cryptic peptides with distinct bioactivities,” Drug Discov. Today,
vol. 11, no. 7-8, pp. 306-314, Apr. 2006, doi:
10.1016/j.drudis.2006.02.003.

R. Han, “Plasma lipoproteins are important components of the
immune system,” Microbiol. Immunol., vol. 54, no. 4, pp. 246—
253, Apr. 2010, doi: 10.1111/j.1348-0421.2010.00203.X.

B. A. Kelly et al., “Apolipoprotein E-derived antimicrobial peptide
analogues with altered membrane affinity and increased potency
and breadth of activity,” FEBS J., vol. 274, no. 17, pp. 4511-4525,
Sep. 2007, doi: 10.1111/j.1742-4658.2007.05981.x.

K. Pane et al., “A new cryptic cationic antimicrobial peptide from
human apolipoprotein E with antibacterial activity and

117



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

immunomodulatory effects on human cells,” FEBS J., vol. 283,
no. 11, pp. 2115-2131, Jun. 2016, doi: 10.1111/febs.13725.

A. Pfalzgraff, K. Brandenburg, and G. Weindl, “Antimicrobial
Peptides and Their Therapeutic Potential for Bacterial Skin
Infections and Wounds,” Front. Pharmacol., vol. 9, Mar. 2018,
doi: 10.3389/fphar.2018.00281.

G. Boix-Lemonche, M. Lekka, and B. Skerlavaj, “A Rapid
Fluorescence-Based Microplate Assay to Investigate the
Interaction of Membrane Active Antimicrobial Peptides with
Whole Gram-Positive Bacteria,” Antibiotics, vol. 9, no. 2, p. 92,
Feb. 2020, doi: 10.3390/antibiotics9020092.

R. N. Murugan et al., “De Novo Design and Synthesis of Ultra-
Short Peptidomimetic Antibiotics Having Dual Antimicrobial and
Anti-Inflammatory Activities,” PLoS One, vol. 8, no. 11, p. e80025,
Nov. 2013, doi: 10.1371/journal.pone.0080025.

W. Gao et al., “Identification of a novel cathelicidin antimicrobial
peptide from ducks and determination of its functional activity and
antibacterial mechanism,” Sci. Rep., vol. 5, no. 1, p. 17260, Dec.
2015, doi: 10.1038/srepl17260.

R. Spohn et al, “Integrated evolutionary analysis reveals
antimicrobial peptides with limited resistance,” Nat. Commun.,
vol. 10, no. 1, p. 4538, Dec. 2019, doi: 10.1038/s41467-019-
12364-6.

R. E. W. Hancock and H.-G. Sahl, “Antimicrobial and host-
defense peptides as new anti-infective therapeutic strategies,”
Nat. Biotechnol., vol. 24, no. 12, pp. 1551-1557, Dec. 2006, doi:
10.1038/nbt1267.

J. A. Perry and G. D. Wright, “Forces shaping the antibiotic
resistome.,” Bioessays, vol. 36, no. 12, pp. 1179-84, Dec. 2014,
doi: 10.1002/bies.201400128.

J. M. Ansari, N. M. Abraham, J. Massaro, K. Murphy, J. Smith-
Carpenter, and E. Fikrig, “Anti-Biofilm Activity of a Self-
Aggregating Peptide against Streptococcus mutans,” Front.
Microbiol., vol. 8, Mar. 2017, doi: 10.3389/fmicb.2017.00488.

C. de la Fuente-Nuiez, F. Reffuveille, L. Fernandez, and R. E.
Hancock, “Bacterial biofilm development as a multicellular
adaptation: antibiotic resistance and new therapeutic strategies,”

118



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Curr. Opin. Microbiol., vol. 16, no. 5, pp. 580-589, Oct. 2013, doi:
10.1016/j.mib.2013.06.013.

C. de la Fuente-Nufiez, M. H. Cardoso, E. de Souza Candido, O.
L. Franco, and R. E. W. Hancock, “Synthetic antibiofilm peptides,”
Biochim. Biophys. Acta - Biomembr., vol. 1858, no. 5, pp. 1061—
1069, May 2016, doi: 10.1016/j.bbamem.2015.12.015.

M. Rahnamaeian and A. Vilcinskas, “Short antimicrobial peptides
as cosmetic ingredients to deter dermatological pathogens,”
Appl. Microbiol. Biotechnol., vol. 99, no. 21, pp. 8847—-8855, Nov.
2015, doi: 10.1007/s00253-015-6926-1.

Y. Fujita and H. Taguchi, “Current status of multiple antigen-
presenting peptide vaccine systems: Application of organic and
inorganic nanoparticles,” Chem. Cent. J., vol. 5, no. 1, p. 48, Dec.
2011, doi: 10.1186/1752-153X-5-48.

C. Wang et al.,, “Rapid Cytotoxicity of Antimicrobial Peptide
Tempoprin-1CEa in Breast Cancer Cells through Membrane
Destruction and Intracellular Calcium Mechanism,” PLoS One,
vol. 8, no. 4, p. e60462, Apr. 2013, doi:
10.1371/journal.pone.0060462.

E. M. Haisma, M. H. Rietveld, A. de Breij, J. T. van Dissel, A. El
Ghalbzouri, and P. H. Nibbering, “Inflammatory and Antimicrobial
Responses to Methicillin-Resistant Staphylococcus aureus in an
In Vitro Wound Infection Model,” PLoS One, vol. 8, no. 12, p.
82800, Dec. 2013, doi: 10.1371/journal.pone.0082800.

A. J. SanMiguel, J. S. Meisel, J. Horwinski, Q. Zheng, and E. A.
Grice, “Topical Antimicrobial Treatments Can Elicit Shifts to
Resident Skin Bacterial Communities and Reduce Colonization
by Staphylococcus aureus Competitors.,” Antimicrob. Agents
Chemaother., vol. 61, no. 9, Sep. 2017, doi: 10.1128/AAC.00774-
17.

M. Pernot, R. Vanderesse, C. Frochot, F. Guillemin, and M.
Barberi-Heyob, “Stability of peptides and therapeutic success in
cancer.,” Expert Opin. Drug Metab. Toxicol., vol. 7, no. 7, pp.
793-802, Jul. 2011, doi: 10.1517/17425255.2011.574126.

A. Schwarz, A. Bruhs, and T. Schwarz, “The Short-Chain Fatty
Acid Sodium Butyrate Functions as a Regulator of the Skin
Immune System,” J. Invest. Dermatol., vol. 137, no. 4, pp. 855-

119



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

864, Apr. 2017, doi: 10.1016/}.jid.2016.11.014.

P. Sittipo, J. Shim, and Y. Lee, “Microbial Metabolites Determine
Host Health and the Status of Some Diseases,” Int. J. Mol. Sci.,
vol. 20, no. 21, p. 5296, Oct. 2019, doi: 10.3390/ijms20215296.

M. Pernot, R. Vanderesse, C. Frochot, F. Guillemin, and M.
Barberi-Heyob, “Stability of peptides and therapeutic success in
cancer,” Expert Opin. Drug Metab. Toxicol., vol. 7, no. 7, pp. 793—
802, Jul. 2011, doi: 10.1517/17425255.2011.574126.

R. Serra et al.,, “Chronic wound infections: the role of
Pseudomonas aeruginosa and Staphylococcus aureus,” Expert
Rev. Anti. Infect. Ther., vol. 13, no. 5, pp. 605-613, May 2015,
doi: 10.1586/14787210.2015.1023291.

Y. A. Haggag, “Peptides as Drug Candidates: Limitations and
Recent Development Perspectives,” Biomed. J. Sci. Tech. Res.,
vol. 8, no. 4, Sep. 2018, doi: 10.26717/BJSTR.2018.08.001694.

M. Chorev and M. Goodman, “A dozen years of retro-inverso
peptidomimetics,” Acc. Chem. Res., vol. 26, no. 5, pp. 266-273,
May 1993, doi: 10.1021/ar00029a007.

C. de la Fuente-Nufez et al., “D-Enantiomeric Peptides that
Eradicate Wild-Type and Multidrug-Resistant Biofilms and
Protect against Lethal Pseudomonas aeruginosa Infections,”
Chem. Biol., vol. 22, no. 2, pp. 196-205, Feb. 2015, doi:
10.1016/j.chembiol.2015.01.002.

R. K. Thapa, D. B. Diep, and H. H. Tgnnesen, “Topical
antimicrobial peptide formulations for wound healing: Current
developments and future prospects,” Acta Biomater., vol. 103,
pp. 52-67, Feb. 2020, doi: 10.1016/j.actbio.2019.12.025.

X. Xu, A. K. Jha, D. A. Harrington, M. C. Farach-Carson, and X.
Jia, “Hyaluronic acid-based hydrogels: from a natural
polysaccharide to complex networks,” Soft Matter, vol. 8, no. 12,
p. 3280, 2012, doi: 10.1039/c2sm06463d.

S. Trombino, C. Servidio, F. Curcio, and R. Cassano, “Strategies
for Hyaluronic Acid-Based Hydrogel Design in Drug Delivery.,”
Pharmaceutics, vol. 11, no. 8, p. 407, Aug. 2019, doi:
10.3390/pharmaceutics11080407.

J. Li and D. J. Mooney, “Designing hydrogels for controlled drug

120



delivery,” Nat. Rev. Mater., vol. 1, no. 12, p. 16071, Dec. 2016,
doi: 10.1038/natrevmats.2016.71.

121



ABBREVIATIONS

SSTls: skin and soft tissue infections; MDR: multi-drug-resistant;
AMPs: antimicrobial peptides; HDPs: host defence peptides; IDR:
Innate Defense Regulatory; HDL, LDH and VLDH high-density, low-
density and very low-density lipoproteins; ApoB: Apolipoprotein B;
ATCC American Type Culture Collection; DiSCs-5 dye 3,3-
dipropylthiadicarbocyanine iodide; IL-8: interleukin 8, IL-6: interleukin
6; MCP-1: monocyte chemoattractant protein; IFN-a: interferon a; TNF-
a: tumor necrosis factor; LPS: lipopolysaccharide; LTA: lipoteichoic
acid; MRSA: methicillin-resistant Staphylococcus aureus; MIC: minimal
inhibitory concentration; TSA: Tryptic Soy Agar; MHB: Muller Hinton
Broth; NB: Nutrient Broth; SD: standard deviation; SDS: sodium
dodecyl sulfate; FIC: fractional inhibitory concentration; CATH-2:
cathelicidin-2; PBS: phosphate-buffered saline; CFU: colony forming
unit; CLSM: Confocal Laser Scanning Microscopy SEM: Scanning
Electron Microscopy; TKC: time killing curve; Pl: Propidium iodide;
TFA: trifluoroacetic acid; MTT: 3-(4,5-dimethylthiazol-2-yl)- 2,5-
diphenyltetrazolium  bromide; HaCaT: immortalized human
keratinocytes; A431: human epidermoid carcinoma cells; HDF: human
dermal fibroblasts; DMEM: Dulbecco’s modified Eagle’s medium; FBS:
fetal bovine serum; MOI: multiplicity of infection; gRT-PCR: quantitative
real-time PCR; PMA: phorbol 12-myristate 13-acetate; HDAC: histone
deacetylase enzyme; LDH: Lactate dehydrogenase; RP-HPLC/ESI-
MS: reverse-phase high performance liquid chromatography coupled to
mass spectrometry; CD: circular dichroism; TFE: trifluoroethanol
RBCs: human red blood cells; HA: hyaluronic acid; BDDE: butanediol
diglycidyl ether; HA-BDDE: hyaluronic acid hydrogel crosslinked with
2.5% 1,4-butanediol diglycidyl ether; GBD: Global Burden of Disease.
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Abstract

Therapeutic options to treat invasive fungal infections are still limited. This makes the development of novel antifungal agents
highly desirable. Naturally occurring antifungal peptides represent valid candidates, since they are not harmful for human cells
and are endowed with a wide range of activities and their mechanism of action is different from that of conventional antifungal
drugs. Here, we characterized for the first time the antifungal properties of novel peptides identified in human apolipoprotein B.
ApoB-derived peptides, here named r(P)ApoB; *™°, r(P)ApoB; *** and r(P)ApoBs’™, were found to have significant fungicidal
activity towards Candida albicans (C. albicans) cells. Peptides were also found to be able to slow down metabolic activity of
Aspergillus niger (A. niger) spores. In addition, experiments were carried out to clarify the mechanism of fungicidal activity of
ApoB-derived peptides. Peptides immediately interacted with C. albicans cell surfaces, as indicated by fluorescence live cell
imaging analyses, and induced severe membrane damage, as indicated by propidium iodide uptake induced upon treatment of
C. albicans cells with ApoB-derived peptides. ApoB-derived peptides were also tested on A. niger swollen spores, initial hyphae
and branched mycelium. The effects of peptides were found to be more severe on swollen spores and initial hyphae compared to
mycelium. Fluorescence live cell imaging analyses confirmed peptide internalization into swollen spores with a consequent
accumulation into hyphae. Altogether, these findings open interesting perspectives to the application of ApoB-derived peptides
as effective antifungal agents.

Key points

* Human cryptides identified in ApoB are effective antifungal agents.

» ApoB-derived cryptides exert fungicidal effects towards C. albicans cells.
* ApoB-derived cryptides affect different stages of growth of A. niger.

Keywords Antifungal peptides - Human cryptides - Fungal infections - Peptide therapeutics

Introduction

The emergence of fungal infections represents a worldwide
issue with a serious economic and social impact (Ciociola
et al. 2016). Since the 1980s, an increase in cases of serious
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invasive fungal infections is observed due to the growing
number of highly susceptible people, mainly immunocompro-
mised, elderly and transplanted subjects, cancer patients and
premature infants (Brown et al. 2012). Fungal pathogens as
Candida, Aspergillus, Pneumocystis, and Cryptococcus spp.
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are responsible for 1.4 million deaths each year (Brown et al.
2012; Sanglard 2016). The situation is even more complicated
because of the variety and non-specificity of symptoms
(Schmiedel and Zimmerli 2016), ranging from either mild
and superficial (e.g. cutaneous infections as dermatophytosis
and tinea versicolor) to life-threatening, systemic illness (e.g.
candidiasis, aspergillosis and mucomycosis).

Infections by Candida and Aspergillus species

Although C. albicans is a normal commensal for humans
(Hancock and Lehrer 1998; Bennett et al. 2014), it is respon-
sible for 75% of women vaginal candidiasis and for 90% of
oropharyngeal candidiasis in HIV-infected patients with
AIDS (Staab 1999; Sobel 2007). Indeed, C. albicans has been
found to be able to invade a local site (mucocutaneous or
cutaneous candidiasis, onychomycosis) or to cause systemic
infections (renal, liver abscess, lung and nervous central sys-
tem) (Badiee and Hashemizadeh 2014). It has also been re-
ported that Candida species are the most common pathogens
responsible for infections in hospitalized patients character-
ized by a high mortality rate (Strollo et al. 2017). Among
fungal species able to colonize humans, Aspergillus spp. have
been reported to be responsible for several types of infections
and allergic bronchopulmonary aspergillosis (Anaissie et al.
2002; Alastruey-Izquierdo et al. 2013; Badiee and
Hashemizadeh 2014). Indeed, Aspergillus ubiquitous spores
are able to reach the respiratory tract by inhalation, thus caus-
ing noninvasive and invasive pulmonary aspergillosis, the lat-
ter especially in immunocompromised hosts. Along with the
difficulties in the diagnosis, the narrow spectrum of available
antifungals leads to the rapid rise of resistance phenotypes
(Cowen et al. 2015; Fisher et al. 2018a). Indeed, the therapeu-
tic options for invasive fungal infections are limited to only
three structural classes of drugs, such as polyenes, azoles and
echinocandins (Morita and Nozawa 1985; Roemer and
Krysan 2014). Polyenes, including amphotericin B, exert sig-
nificant toxic effects that might be overcome by developing
awfully expensive formulations. For these reasons, the most
tolerated azoles or echinocandins are the preferred therapeutic
option (Bellmann and Smuszkiewicz 2017). Examples are
represented by fluconazole to treat Candida infections or
voriconazole to treat aspergillosis. Echinocandins are ef-
fective against several fungal strains, such as Candida
spp., including no-albicans strains, and have been re-
ported to exert fungistatic effects on Aspergillus spp.
(Bowman et al. 2002; Bellmann and Smuszkiewicz
2017). Unfortunately, many cases of resistant fungal
strains have been reported, due to the lower number
of antifungal drugs available and to delays in diagnosis
(Cowen et al. 2015; Fisher et al. 2018b). Hence, the
discovery and development of novel alternative strate-
gies is imperative.

@ Springer

Host defence peptides as antifungal peptides

Host defence peptides (HDPs), which comprise antifungal
peptides (AFPs), may represent valid candidates (Sun et al.
2018; Mookherjee et al. 2020) (Zasloff 2002; Thevissen et al.
2007; Lupetti et al. 2008) because of their unique properties,
such as their selectivity towards bacterial/fungal cells, their
mechanism of action, which is different from that of conven-
tional antifungal drugs and their moderate toxicity and immu-
nogenicity (Lupetti et al. 2008; Aoki and Ueda 2013; Ciociola
et al. 2016). Antifungal peptides represent a group of evolu-
tionarily conserved molecules of the innate immune system
present in all complex living organisms. They are character-
ized by common features, such as small size, positive net
charge and high hydrophobicity (Thery et al. 2019a). Based
on their mechanism of action, they can be classified into (i)
membrane traversing peptides, which are able to lead mem-
brane pore formation or to act on specific targets, such as f3-
glucan or chitin synthesis; and (ii) non-membrane traversing
peptides, which interact with cell membrane and consequently
cause cell lysis (Neelabh et al. 2016). Nowadays, more than
1200 antifungal peptides isolated from bacteria, other fungi,
plants and animals have been identified and listed in databases
(Essig et al. 2014; Thery et al. 2019a). Mammalian organisms
release a large amount of AFPs as components of the innate
immune system. Examples are «- and f-defensins,
cathelicidins and histatins (Ko$ciuczuk et al. 2012; Cuperus
et al. 2013; Bondaryk et al. 2017), which have been found to
be effective towards a wide range of fungal pathogens
(Mookherjee et al. 2020), including C. albicans and
Aspergillus spp.

ApoB-derived peptides as antifungal peptides

Here, we analysed for the first time the antifungal properties of
three recombinant peptides identified in human apolipoprotein
B (Gaglione et al. 2017; Gaglione et al. 2019b; Gaglione et al.
2019a), here named r(P)ApoB. "™, r(P)ApoB;*!* and
1(P)ApoBg™™, where (P) indicates the presence of an additional
Pro residue at the N-terminus of the peptides released by the
acidic cleavage of an Asp-Pro bond; superscripts “Pro” and
“Ala” stand for the amino acid residue at position 7 (Gaglione
et al. 2020), whereas subscripts “L” and “S” indicate a longer
and a shorter version of the identified peptide, respectively
(Gaglione et al. 2017; Gaglione et al. 2020). Peptides’ se-
quences, lengths, isoelectric points, experimental and theoreti-
cal molecular weights and net charges at neutral pH are reported
in Table 1. In the present study, we found that ApoB-derived
peptides exert significant fungicidal effects towards C. albicans
cells by affecting membrane permeability. ApoB-derived pep-
tides have been found to inhibit A. niger filamentous fungus
strongly also. Indeed, peptides were demonstrated to slow
down the metabolic activity of A. niger spores, hyphae and



Appl Microbiol Biotechnol

Peptides’ sequences, lengths, isoelectric points, experimental and theoretical molecular weights, and net charges at neutral pH

Table 1

Isoelectric point Net charge

Theoretical Mr

Experimental Mr

Length

Sequence

Peptide

at neutral pH

7.2

11.4

4074.96 Da
4048.92 Da
2821.54 Da
4468.28 Da

4076.96 Da
4044.75 Da

PHVALKPGKLKFIIPSPKRPVKLLSGGNTLHLVSTTKT 37

r(P)ApoB; '™

7.2
6.1

11.4

37

PHVALKAGKLKFIIPSPKRPVKLLSGGNTLHLVSTTKT
PHVALKPGKLKFIIPSPKRPVKLLSG

1(P)ApoB; A?

11.3

2820.85 Da
4465.64 Da

26

1(P)ApoBg ™

7.1

10.69

CHVALKPGKLKFIIPSPKRPVKLLSGGNTLHLVSTTKT 37

1(C)ApoB;

branched mycelium by internalization into germinating spores
and consequent accumulation into hyphae. Our results strongly
suggest that ApoB-derived peptides represent valid candidates
for the development of novel antifungal agents.

Materials and methods
Materials

All reagents were purchased from Merck (Milan, Italy), unless
specified otherwise. CATH-2 peptide was obtained from CPC
Scientific Inc. (Sunnyvale, USA).

Fungal strains and growth conditions

Cultures of C. albicans ATCC 10231 were grown on Yeast
Malt (YM) agar plates. For all the experiments, yeasts were
cultured at 30 °C in 10 mL yeast extract peptone dextrose broth
(YPD) until mid-logarithmic phase was reached. Growth rate
was monitored by measuring optical density (OD) values at 620
nm; when mid-logarithmic phase was reached, Candida cells
were collected and diluted to 2 x 10° CFU/mL in 1/100 YM
broth. To determine minimal fungicidal concentration (MFC)
values, tenfold dilutions of culture were plated into YM broth.
A. niger N402 was grown at 30 °C in 20-mL minimal medium
(MM) (De Vries et al. 2004) containing 2% glucose and 1.5%
agar. Conidia used to inoculate cultures were harvested from 4-
day-old colonies by using a solution containing 0.8% NaCl and
0.005% Tween-80.

Expression ad isolation of recombinant ApoB-derived
peptides

Expression and isolation of recombinant peptides were per-
formed as described previously (Gaglione et al. 2017; Pane
et al. 2018b; Gaglione et al. 2019b; Gaglione et al. 2020).
ApoB-derived peptides’ sequences are reported in Table 1.

Pro

Production of fluorescently labelled r(C)ApoB,

1(C)ApoB; "™ was obtained by chemical hydrolysis of puri-
fied ONC-DCless-H6-(C)-ApoB; "™ fusion protein in 5 M
guanidine-HCI containing 1 mM TCEP (tris(2-
carboxyethyl)phosphine) at pH 7.4. A chimeric construct
was expressed and purified as previously reported (Gaglione
etal. 2017; Pane et al. 2018b; Gaglione et al. 2019b; Gaglione
et al. 2020). Peptide release was monitored by reversed-phase
high-performance liquid chromatography (RP-HPLC) carried
out by using a Jasco LC-4000 system equipped with PU-4086
semipreparative pumps and MD-4010 photo diode array de-
tector. A Europa Protein 300 C18 column (5 pm, 25 x 1) from
Teknokroma (Barcelona, Spain) was used. Solvents were
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0.05% trifluoroacetic acid (TFA) in water (solvent A) and
0.05% TFA in acetonitrile (solvent B). Elution profiles were
recorded by a linear gradient as follows: from 5 to 25% sol-
vent B in 10 min, from 25 to 35% solvent B in 30 min, from
35 to 50% solvent B in 10 min, from 50 to 100% solvent B in
10 min, and isocratic elution at 100% solvent B for 10 min.
Elution was monitored at 214 nm at a flow rate of 2 mL/min.
1(C)ApoB; "™ peptide was then purified by a column-free pro-
cedure based on different solubilities of carrier and peptide at
pH 7.0 (Pane et al. 2018b). To this purpose, the hydrolysis
mixture was neutralized by adding a diluted ammonia solution
for 5 min at 28 °C under nitrogen atmosphere. Insoluble fu-
sion protein and carrier were then separated from soluble pep-
tide by 10-min centrifugation at 18,000 g at 4 °C. The soluble
fraction was analysed by RP-HPLC performed by using a
Europa Protein 300 C18 column (Teknokroma, Barcelona,
Spain) as previously described, in order to evaluate peptide
purity. Supernatant, containing soluble peptide, was subjected
to the labelling reaction.

Labelling of purified peptide

r(C)ApoBLprO N-terminal cysteine reactive residue was la-
belled with the thiol-reactive probe 5-
iodoacetamidofluorescein (5’-IAF), in order to produce 5°-
IAF-r(C)ApoB, "™ labelled peptide. Purified r(C)ApoB; "™
peptide (9.6 mg, 60 uM final concentration) was incubated
with 5’-IAF (0.25 mM final concentration; 15 mM stock so-
lution in dimethyl formamide) in 15 mM sodium phosphate
buffer (NaP) pH 7.4 containing 2 M guanidine-HCI for 2 h at
25 °C in the dark under nitrogen atmosphere. Molar ratio of
5°-IAF over thiols was 4:1. 1(C)ApoB; "™ labelling reaction
was monitored by RP-HPLC performed on a Europa Protein
300 C18 column as reported above (Figure S2). To simplify
peptide purification by RP-HPLC, the reaction was quenched
by adding L-cysteine in a molar excess of 10:1 on 5’-IAF for
1 h at 37 °C in the dark. 5’ TAF-r(C)ApoB; "™ was purified by
RP-HPLC and lyophilized and resuspended in water. Labelled
peptide concentration was determined using the molar extinc-
tion coefficient reported in the literature (5’-IAF €492 nm =
80,000-85,000 M ! cmﬁl) and by BCA colorimetric assay.
Purity of labelled peptide was evaluated by RP-HPLC per-
formed on Europa Protein 300 C18 column.

Determination of minimal fungicidal concentration
values

MFC (minimum fungicidal concentration) values were
assessed by colony counting assays, as previously described
(Van Dijk et al. 2007), with few modifications. Briefly, 50 uL.
ofa 2 x 10° CFU/mL suspension of C. albicans ATCC 10231
cells in 1/100 YM broth were incubated for 3 h at 37 °C with
an equal volume of peptide (040 uM). Tenfold dilutions in
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YM broth were then plated onto YPD agar plates and incu-
bated overnight at 37 °C. Finally, colonies of surviving yeast
cells were counted.

Killing kinetic studies

To kinetically analyse fungicidal activity of ApoB-derived
peptides, experiments on C. albicans ATCC 10231 cells were
performed. Yeast cells grown overnight in YM (Yeast Malt)
medium were diluted in fresh YM medium and then incubated
at 37 °C until logarithmic phase of growth was reached.
Y easts were then diluted to 2 x 10° CFU/mL in a final volume
of 500 puL in 1/100 YM broth and mixed with the peptides
(1:1 v/v). Increasing concentrations of peptide were analysed
(ranging from 0 to 20 uM). At defined time intervals, samples
(20 uL) were serially diluted (from 10- to 10,000-fold), and
100 pL of each dilution was plated on YPD Agar. Following
an incubation of 16 h at 37 °C, yeast colonies were counted.

Pl uptake assay

Propidium iodide uptake was monitored as previously
described (Stone et al. 2003) with some modifications.
Briefly, 45 uL of 1 x 107 CFU/mL of C. albicans
ATCC 10231 cells were plated into 96-well plates,
treated with 45 pL of peptides with increasing concen-
trations (0-20 puM) and incubated for 1 h at 37 °C.
After that, 10 pL of PI at a final concentration of
5 uM was added. After 10 min of incubation, PI fluo-
rescence was measured by using a microtiter plate read-
er (FLUOstar Omega, BMG LABTECH, Germany) at
an excitation wavelength of 485 nm and an emission
wavelength of 650 nm. The percentage of PI uptake
was calculated as follows: [F(sample)-F(CTRL)/
F(100%) — F(CTRL)] x 100, where F(CTRL) is the
fluorescence of untreated sample and F(100%) is the
fluorescence of heat-treated samples (15 min at 95 °C).

ATP release assay

ATP released by cells exposed to peptides was measured by
using an ATP determination kit from Molecular Probes (Life
Sciences, Bleiswijk, The Netherlands). Briefly, a suspension
of 1 x 10’ CFU/mL C. albicans ATCC 10231 cells in 1:100
YM was incubated with increasing concentrations of each
peptide for 10 and 60 min at 37 °C. Samples were then cen-
trifuged for 1 min at 1200xg and the supernatant was stored on
ice for ATP determination, performed as described by the
manufacturer. ATP concentration in control samples was
found to be lower than 10 nM (data not shown).
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Localization of 5’-IAF-r(C)ApoB, " by confocal laser
scanning live imaging microscopy

Experiments were performed as previously described by Jang
and co-workers with some modifications (Jang et al. 2010).
For all the experiments, 35-mm culture dishes (FluoroDish™,
WPI, Sarasota, FL) were coated with 0.5 mg/mL
Concanavalin A in water. A suspension (100 pL) of 1 x 10’
CFU/mL C. albicans ATCC 10231 in 1:100 YM medium was
then added. Fluorescently labelled peptide (50 uL) was added
in the medium containing 5 uM PL In the case of A. niger
N402 hyphae, 100 uL of a solution of 1 x 107 spores/mL were
incubated at 37 °C for 24 h in the presence of peptides. At
defined time points (0, 16 and 24 h), analyses were performed.
Images were acquired by using a Leica SPE-II and a 63x
objective at the Centre for Cell Imaging (CCI)—Utrecht
University. A 488-nm argon laser and a 561-nm DPSS laser
were used for simultaneous detection of 5’-IAF-r(C)ApoB; "™
and PI, respectively.

Metabolic activity analyses

The effects of ApoB-derived peptides on A. niger N402 met-
abolic activity were analysed by using cell proliferator reagent
WST-1 (Roche Applied Science, Mannheim, Germany).
Briefly, 45 uL of a 1 x 10° spores/mL suspension in MM
were incubated for 24 h at 30 °C with an equal volume of
peptide (040 uM). In each well, 10 pL. of WST-1 10x were
added. At defined time intervals, sample absorbance values
were measured at 450 nm by using 650 nm as reference wave-
length at a microtiter plate reader (FLUOstar Omega, BMG
LABTECH, Germany). To investigate the effects of ApoB-
derived peptides on A. niger N402 swollen spores, hyphae,
and mycelium, these were incubated in MM containing 2%
glucose for 6, 16 and 24 h prior to treatment with peptides,
respectively.

Statistical analyses

Statistical analysis was performed using ANOVA or Student’s
t test. Significant differences were indicated as *(P < 0.05),
*#(P < 0.01), #*%(P < 0.001) or ****(P < 0.0001).

Results

Antifungal activity of r(P)ApoB, ", r(P)ApoBs’™ and
r(P)ApoB, "' peptides

The antifungal properties of recombinant ApoB-derived pep-
tides were tested. First of all, we evaluated purity and integrity
of the peptides by performing SDS-PAGE and mass spec-
trometry analyses, as shown in Supplementary Figures S1

and S2. We firstly investigated the effects of peptides on
C. albicans ATCC 10231. For this purpose, increasing
amounts of r(P)ApoB; "™, r(P)ApoBs"™ or r(P)ApoB; !
were incubated with the fungal cells for 3 h and the chicken
CATH-2 peptide was used as positive control. As shown in
Fig. 1, ApoB-derived peptides were found to exert a strong
fungicidal activity towards C. albicans ATCC 10231 at
10 uM of r(P)ApoB; "™ and r(P)ApoB; ' and at 20 uM for
the shorter version of the peptide. MFC, oo (minimal fungicid-
al concentrations) values determined when peptides were test-
ed on C. albicans ATCC 10231 are reported in
Supplementary Table S1.

In order to analyse the antifungal effects of ApoB-derived
HDPs over time, kinetic killing curves were obtained by
treating C. albicans ATCC 10231 with increasing concentra-
tions of each peptide and for different time intervals. At the
highest peptide concentrations tested (5-10 uM), C. albicans
ATCC 10231 was killed within 10 min, whereas, at lower
concentrations (5 uM), the same effects were observed after
180 min (Fig. 2).

Effects of ApoB-derived peptides on yeast cell
membranes

In order to determine the mechanism of fungicidal activity of
ApoB-derived HDPs, propidium iodide uptake was analysed
upon treatment of C. albicans ATCC 10231 cells with pep-
tides. C. albicans ATCC 10231 cells were treated with ApoB-
derived peptides at concentrations corresponding to MFC
values for 1 h at 37 °C. A significant increase of propidium
iodide uptake was selectively observed in the case of cells
treated with ApoB-derived peptides (Fig. 3). This clearly sug-
gests that ApoB-derived peptides’ antifungal activity against

——(P)ApoB P® =A== r(P)ApoB A2 @+ r(P)ApoBsF© ——g - CATH-2
8

o

Log (CFU/mL)
£

0 5 10 15 20 25 30 35 40
Peptide (uM)

Fig. 1 Antifungal activity of r(P)ApoB. "™, r(P)ApoB,*"* and
1(P)ApoBs™™ peptides. Minimum fungicidal concentration (MFC)
values were assessed by colony count assays. Data represent the mean
(= SEM) of three independent experiments, each one carried out with
triplicate determinations. CATH-2 peptide was used as a positive
control. Point values below the black dashed line represent conditions
in which 0 colonies were counted
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Fig. 2 Time killing curves obtained by incubating C. albicans ATCC
10231 with increasing concentrations of r(P)ApoB; "™, r(P)ApoB; “* or
1(P)ApoBs™™ peptides for different time intervals. Data represent the

C. albicans ATCC 10231 cells was mediated by membrane
permeabilization. To support this finding, the effects of ApoB-
derived peptides on ATP leakage were also evaluated. To this
purpose, C. albicans ATCC 10231 cells were treated with
ApoB-derived peptides at concentrations corresponding to

120

Pl UPTAKE (%)

Fig. 3 Propidium iodide (PI) uptake into C. albicans ATCC 10231 cells
upon treatment with r(P)ApoB; ™, r(P)ApoB; ' or r(P)ApoBs™. PI
uptake was determined by a spectrofluorometric assay. Data represent
the mean (£ SEM) of at least three independent experiments, each one
carried out with triplicate determinations. Significant differences were
found to be ****P < 0.0001 for treated versus control samples. CATH-
2 peptide and the heat-treated cells were used as positive controls
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MEFC values for 10 and 60 min at 37 °C. Interestingly, it
was observed that r(P)ApoB. "™, r(P)ApoB,*'" and
1(P)ApoBs"™ peptides induce ATP release from C. albicans
ATCC 10231 cells after 10 min of incubation, with a slight
increase after 60-min incubation only in the case of
r(P)ApoB; "™ (Fig. 4). These results support propidium iodide
data reported in Fig. 4 and indicate that membrane perme-
abilization occurs upon peptide treatment. Altogether, these
findings allow us to hypothesize a fast interaction between
ApoB-derived peptides and C. albicans ATCC 10231 cell
membranes.

Intracellular localization of ApoB-derived peptides in
C. albicans ATCC 10231 cells

In order to further investigate the mechanism of action of
ApoB-derived peptides, live imaging analyses were carried
out. To this purpose, C. albicans ATCC 10231 cells were
treated with a fluorescent version of r(P)ApoB "™ peptide,
here named 5’-IAF-r(C)ApoB; "™ (see the “Materials and
methods” section for details) (Pane et al. 2018b; Pane et al.
2018a). The effects of 5’-IAF-r(C)ApoB. "™ on C. albicans
ATCC 10231 cells were found to be identical to those of
1(C)ApoB; "™, as reported in Supplementary Table S1 and in
Supplementary Figure S3, thus indicating that the labelling
procedure does not alter the peptide’s mechanism of action.
C. albicans ATCC 10231 cells were treated with 10 uM 5°-
IAF-r(C)ApoB. "™ for 30 min in the presence of propidium
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a Extracellular ATP

b Extracellular ATP

Fig. 4 ATP release from C. albicans ATCC 10231 cells upon treatment
with 1(P)ApoB; ™™, r(P)ApoB; ' or r(P)ApoBs™™. ATP release was
determined in the culture medium. Data represent the mean (= SEM) of
at least three independent experiments, each one carried out in duplicate,

iodide dye. Upon treatment, C. albicans ATCC 10231 cells
were analysed by confocal laser scanning live imaging mi-
croscopy. Interestingly, fluorescently labelled peptide (green
signal in Fig. 5) immediately appeared and localized at the
fungal surface, with a progressive increase of fluorescent sig-
nal intensity over time (Fig. 5). Real tracking of 5°-IAF-
1(C)ApoB; "™ is provided as a supplementary movie. In agree-
ment with this, a progressive uptake of propidium iodide in
treated cells was observed over time (red signals associated to
Candida cells). The phenomenon appears clearly evident even
if red spots, probably due to aggregation of PI in culture

upon an incubation of 10 (A) or 60 min (B) with each peptide. Significant
differences were found to be *P < 0.05 for treated versus control samples.
CATH-2 peptide was used as a positive control

medium, appear visible outside the cells. This suggests that
peptide interaction with yeast membranes is immediately re-
sponsible for severe membrane damages (Fig. 5).

Analysis of ApoB-derived peptides effects on A. niger
N402

The effects of ApoB-derived peptides were also tested on the
filamentous fungus A. niger N402. To this purpose, metabolic
activity of fungal spores in the absence or in the presence of
increasing concentrations of peptides was evaluated by

r(C)ApoB P (10 uM)

15 20 (min)

Fig.5 Localization of 5’-IAF-r(C)ApoB; "™ peptide (green signal) into C. albicans ATCC 10231 cells in the presence of propidium iodide (PI) dye (red
signal) analysed by confocal laser scanning live imaging microscopy. Movies are provided as Supplementary material. Scale barl0 pm
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Pro

performing WST-1 assays. Interestingly, r(P)ApoB. ™,
r(P)ApoB; 2, r(P)ApoBs™™ and CATH-2 peptides were
found to reduce A. niger N402 spores’ metabolic activity in
a dose-dependent manner (Fig. 6). On the basis of the results
of metabolic activity assays, MFCs, (minimal fungicidal con-
centrations) values were calculated for A. niger spores as the
peptide concentration required to inhibit the metabolic activity
of spores by 50%. Data are reported in Supplementary
Table S1. Filamentous fungi like A. niger reproduce asexually
and form spores (or conidia) which easily spread in the environ-
ment. Spores are metabolically dormant and germinate under
favourable environmental conditions (van Leeuwen et al.
2013). The switch from dormant spores to mycelium formation
is associated with a defined sequence of events. During this
process, fungi go through morphological changes associated
with cell wall reorganization (Wendland 2001). For this reason,
the effects of ApoB-derived peptides and CATH-2 were tested
on swollen spores, initial hyphae and branched mycelium. To
analyse the effects of peptides on swollen spores, spores were
incubated for 6 h in minimal medium (MM). Following incuba-
tion, peptides were added at different concentrations and meta-
bolic activity was analysed after a further 24-h incubation. It was
found that ApoB-derived peptides, as well as CATH-2, were able
to significantly affect the metabolic activity of swollen spores
(Fig. 6). The effects of the peptides on initial hyphae were also

r(P)ApoB,f°

Metabolic activity (%)
a ol a oo
n » -] © (=3 N » o
o o o o o o o o

10 15 20

Peptide (uM)

25 30 35

—e—Spores - Swelled spores ----Hyphae —e - Mycelia

r(P)ApoB¢

Metabolic activity (%)

40

10

15 20

Peptide (uM)

25 30 35

—e—Spores ~-e Swelled Spores --<--Hyphae - Mycelia

Pro

Fig. 6 Dose response curves reporting the effects of r(P)ApoB ™,
1(P)ApoB; *, r(P)ApoBs™™ and CATH-2 used as a positive control, on
the metabolic activity of A. niger N402 spores, swollen spores, initial
hyphae and mycelium. Data represent the mean (+ SEM) of at least
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analysed. To this purpose, A. niger N402 spores were incubated
for 16 h, in order to allow germination and hyphal outgrowth.
ApoB-derived HDPs were then added for a further 24 h and, at
the end of the incubation, the WST-1 assay was performed to test
the metabolic activity. Interestingly, all three ApoB-derived pep-
tides were found to significantly affect metabolic activity of new-
ly formed hyphae, while CATH-2 was effective only at the
highest concentration tested (Fig. 6). When branched mycelium
was analysed, r(P)ApoB; *** and r(P)ApoBs"™ were found to be
the most effective peptides, whereas r(P)ApoB; ™™ was found to
be able to significantly reduce metabolic activity only at the
highest concentration tested (40 uM). CATH-2 was, instead,
found to be ineffective (Fig. 6).

Analysis of fluorescently labelled r(C)ApoB, "™
internalization into A. niger N402

In order to further characterize the effects of ApoB-
derived peptides on A. niger N402, spores were incu-
bated with 10-uM fluorescently labelled r(C)ApoB; "™
for 24 h at 30 °C. Following incubation, confocal laser
scanning microscopy analyses highlighted the ability of
the 5’-IAF-r(C)ApoB "™ peptide to interact with swol-
len spores. Indeed, upon 16-h incubation, 5’-IAF-
r(C)ApoB. "™ was found to accumulate into initial
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three independent experiments, each one carried out in triplicate.
Statistical analyses revealed significant differences between treated and
control samples (*P < 0.05, ** for P < 0.01, ***P < 0.001 and ****P <
0.0001)
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hyphae, with a consequent accumulation into branched
mycelium upon 24-h incubation (Fig. 7).

Discussion

Yeasts and fungi are widespread organisms able to grow even
in harsh conditions (Gulis and Bérlocher 2017; Bahafid et al.
2017). It is increasingly acknowledged that the intensive and
increasing employment of antifungals in modern medicine,
agriculture, and animal production is responsible for the fast
development of resistance phenotypes (Kontoyiannis 2017).
Along with antifungals misuse, the restricted number of effec-
tive antifungal agents represents an urgent issue (Verweij et al.
2016). The development of novel effective antifungal strate-
gies based on yet unexplored molecules with alternative
mechanisms of action is imperative. In this scenario, HDPs
have attracted great attention because of their broad spectrum
of activities and peculiar mechanism of action (Hancock and
Lehrer 1998; Zasloff 2002; Brogden et al. 2003).

ApoB-derived peptides exert fungicidal activity on
C. albicans ATCC 10231

Here, the antifungal activity of ApoB-derived peptides has
been evaluated for the first time on C. albicans ATCC
10231 and on A. niger N402 filamentous fungus, selected as
prototypes of fungal species responsible for human infections

and food spoilage, respectively. Indeed, while Candida spe-
cies are the most common pathogens responsible for infec-
tions in hospitalized patients characterized by a high mortality
rate (Strollo et al. 2017), A. niger is a saprophytic and fila-
mentous fungus generally able to adapt to several habitats and
to produce mycotoxins, thus representing the main contami-
nant of several food samples, such as fruits, vegetables, ce-
reals and nuts leading to their discoloration, rotting and decay
(Morita and Nozawa 1985; Kim and Park 2012; Roemer and
Krysan 2014; Cowen et al. 2015; Prakash et al. 2015; Kumar
et al. 2017). Interestingly, r(P)ApoB; "™, r(P)ApoB; ** and
r(P)ApoBg"™ peptides were found to be able to exert signifi-
cant fungicidal activity when tested on C. albicans ATCC
10231. In particular, peptides were found to exploit their fun-
gicidal action towards C. albicans within 10 min when tested
at their MFC concentration values. Accordingly, membrane
permeabilization assays highlighted an almost immediate in-
teraction between ApoB-derived peptides and C. albicans
cells, resulting in damage and permeabilization of mem-
branes. In all cases, similar effects were observed for all three
ApoB-derived peptides.

ApoB-derived peptides immediately interact with

C. albicans ATCC 10231 cell surface

The production of fluorescently labelled r(C)ApoB; ™™ pep-
tide allowed us to analyse peptide mechanism of action by live
imaging confocal laser scanning microscopy. Fluorescently

r(C)ApoB P* 5 uM

16

Fig.7 Localization of 5’-IAF-r(C)ApoB; *™ peptide in A. niger N402 initial hyphae and branched mycelium. Images were acquired upon 0, 16 and 24 h
incubation of A. niger N402 with 5>-IAF-r(C)ApoB; ™ peptide. Scale bar 10 um
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labelled r(C)ApoB, "™ immediately localized on fungal cell
surfaces, with an almost concomitant uptake of propidium
iodide into the fungal cells. This phenomenon was found to
progressively increase over time. Similar observations have
been reported for different HDPs, such as astacidin 1 identi-
fied in hemocyanin of the freshwater crayfish Pacifastacus
leniusculus (Choi and Lee 2014). This peptide was found to
exert significant antifungal activity using a pore-forming
mechanism on C. albicans cell membranes (Choi and Lee
2014). A similar mechanism of action has also been reported
for HDPs CATH-2 and LL-37 (Ordonez et al. 2014). All these
peptides have been reported to induce ATP leakage after 5-
min incubation when tested on C. albicans cells. In earlier
studies, fluorescence microscopy analyses revealed that
CATH-2 is able to immediately interact with C. albicans cells,
while LL-37 requires about 3-min incubation prior to interac-
tion with membranes (Ordonez et al. 2014).

ApoB-derived peptides affect A. niger N402 metabolic
activity

Here, we also demonstrated that ApoB-derived peptides are
able to affect the metabolic activity of A. niger N402 filamen-
tous fungus. Interestingly, analyses on swollen spores, initial
hyphae and branched mycelium highlighted that ApoB-
derived peptides are able to interact more efficiently with
swollen spores and hyphae than with branched mycelium.
These observations are in agreement with previous findings
regarding the effects of Skh-AMP 1 peptide on Aspergillus
Sfumigatus (Khani et al. 2020). Indeed, Skh-AMP 1 was found
to be able to affect spores’ survival rate, although at concen-
trations significantly higher than those required in the case of
ApoB-derived peptides to exert significant effects. It has to be
noticed that, differently from ApoB-derived peptides, Skh-
AMP 1 was found to act on Aspergillus hyphae membranes
more efficiently than on spores (Khani et al. 2020). In the case
of KK14 de novo synthesized peptide and its analogues, a
significant inhibition of the growth of A. niger dormant spores
was demonstrated, even if all the peptide analogues were
found to lost their activity when tested on the germinat-
ing conidia (Thery et al. 2019b). However, these pep-
tides are characterized by a different mechanism of ac-
tion when compared to ApoB-derived HDPs, being able
to permeabilize the cell wall of Fusarium culmorum
(Thery et al. 2019b). In the case of ApoB-derived
HDPs, no significant PI uptake and ATP leakage were
detected upon incubation of A. niger incubation with
peptides (data not shown). Hence, the obtained findings
suggest that, even if ApoB-derived HDPs interact with
the A. niger cell wall, no permeabilization is induced
upon interaction. Consequently, peptide uptake might
occur during swelling of the spores. Indeed, during this
phase, water and nutrient uptake by spores is associated
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with a lower rigidity of the cell wall, an event that
might favour peptide uptake with a consequent inhibi-
tion of fungal metabolic activity.

ApoB-derived peptides affect different stages of
growth of A. niger N402

Our findings highlight the huge potentiality of ApoB-derived
peptides, which are able to act at low concentrations and even
on different fungal stages of growth, such as spores, generally
recalcitrant to the treatment with conventional antifungal
agents. Interestingly, confocal laser scanning microscopy
analyses, performed using fluorescently labelled
1(C)ApoB; "™ peptide, revealed peptide interaction with swol-
len spores and its subsequent accumulation into hyphae. In the
case of PepBiotics CR173 and CR183, the ability to inactivate
hyphae of A. fumigatus has been reported and correlated to a
putative effect on mitochondria (van Eijk et al. 2020). In the
literature, plant defensins, extracted from chopea seeds, have
been reported to exert strong antifungal effects on Fusarium
culmorum (Schmidt et al. 2019), although MFC values are
higher than those here described for ApoB-derived peptides.
In the case of chopea-thionin II, an initial interaction of the
peptide with fungal cells was reported (Schmidt et al. 2019),
with consequent membrane permeabilization and cell lysis or,
as demonstrated here for ApoB-derived peptides, with subse-
quent internalization into fungal swollen spores or initial hy-
phae. Peptides isolated from Leuconostoc mesenteroides
DU15 were, instead, found to be able to affect by 50% the
growth of A. niger by causing significant morphological
changes of branched mycelium, as evidenced by scanning
electron microscopy analyses, and a reduction in the number
of fungus cells (Muhialdin et al. 2015). Based on the obtained
results, ApoB-derived peptides are able to exert strong effects
on A. niger N402, and, even more importantly, they possess
additional properties with respect to previously identified an-
tifungal peptides, such as lower MFC values and the ability to
affect different stages of fungal growth. Further experiments
will be surely performed in the future to deepen on the mo-
lecular mechanism underlying the interesting properties dem-
onstrated in the case of ApoB-derived peptides.

Altogether, the obtained findings indicate that ApoB-
derived peptides represent novel antifungal agents suit-
able for the future development of effective strategies to
treat fungal infections generally recalcitrant to conven-
tional therapeutic approaches, also considering that they
have been previously demonstrated to be neither toxic
nor haemolytic for murine and human eukaryotic cell
lines (Gaglione et al. 2017).

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00253-021-11114-3.
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Abstract: Chronic respiratory infections are the main cause of morbidity and mortality in cystic fibrosis
(CF) patients, and are characterized by the development of multidrug resistance (MDR) phenotype
and biofilm formation, generally recalcitrant to treatment with conventional antibiotics. Hence, novel
effective strategies are urgently needed. Antimicrobial peptides represent new promising therapeutic
agents. Here, we analyze for the first time the efficacy of three versions of a cryptide identified in
human apolipoprotein B (ApoB, residues 887-922) towards bacterial strains clinically isolated from CF
patients. Antimicrobial and anti-biofilm properties of ApoB-derived cryptides have been analyzed by
broth microdilution assays, crystal violet assays, confocal laser scanning microscopy and scanning
electron microscopy. Cell proliferation assays have been performed to test cryptide effects on human
host cells. ApoB-derived cryptides have been found to be endowed with significant antimicrobial
and anti-biofilm properties towards Pseudomonas and Burkholderia strains clinically isolated from
CF patients. Peptides have been also found to be able to act in combination with the antibiotic
ciprofloxacin, and they are harmless when tested on human bronchial epithelial mesothelial cells.
These findings open interesting perspectives to cryptide applicability in the treatment of chronic lung
infections associated with CF disease.

Keywords: antibiotic resistance; cystic fibrosis; antimicrobial peptides; host defense peptides;
cryptides; anti-biofilm peptides; synergistic effects

1. Introduction

Cystic fibrosis (CF) is a rare autosomal recessive disease affecting 1 in 2500 newborns in Europe [1].
More than 2000 mutations have been identified in the Cystic Fibrosis Transmembrane conductance
Regulator (CFTR) gene and have been associated with the disease. CFTR gene encodes a chloride
ion channel whose malfunctioning causes the production of viscous secretions coating the airway
epithelia [2,3]. This phenomenon is responsible for the accumulation of trapped microbes, including
Pseudomonas aeruginosa, with consequent deterioration of lung tissue and impairment of respiratory
functions [4]. Indeed, chronic respiratory infections and inflammation are the main causes of death
in CF [5]. Despite aggressive antibiotic treatments, Pseudomonas strains often grow in CF lungs and
lead to chronic and recalcitrant infections characterized by a robust host inflammatory response [6,7].
Pulmonary infections due to the Gram-negative P. aeruginosa strain are the main cause of lung decline
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and death in patients suffering from CF [8-10]. P. aeruginosa colonization of host tissues is mediated by
an initial attachment of bacteria to epithelial cells [11,12], followed by internalization into cells [13-16].
This phenomenon protects bacteria from host defense mechanisms and from the killing action of
conventional antibiotics that hardly enter epithelial cells [17]. This is generally responsible for systemic
diffusion of bacteria and for the consequent chronic nature of P. aeruginosa lung infections [18]. Moreover,
chronic inflammation and mucus provide an environment favorable to the development of resistance
phenotype for bacteria in biofilms, thus hampering antibiotic efficacy [19]. Burkholderia species also
cause serious challenges in CF patients, even if infections associated with these strains are relatively
rare [20]. Indeed, a main post-transplant complication is represented by infections caused by multidrug
resistant (MDR) bacteria, with the Burkholderia species recognized as significant contributors to CF
morbidity and mortality associated with increased post-transplant death rate [21,22]. Conventional
antibiotics generally appear ineffective and their prolonged use is responsible for the development
of the MDR phenotype. The concomitant decrease in the pharmaceutical industry research pipeline
for novel antimicrobial agents during the last three decades has, thus, resulted in an urgent need
for the discovery of novel effective antimicrobial strategies [23]. In this scenario, naturally occurring
antimicrobial peptides (AMPs), or their derivatives, represent an appealing source for the generation
of new therapeutic agents able to treat chronic MDR bacterial infections [24,25]. AMPs are produced
by all living organisms as the first line of defense against invading microorganisms, and the majority of
them are characterized by net positive charge at neutral pH and by the tendency to form amphipathic
structures in a hydrophobic environment [26,27]. So far, hundreds of naturally occurring AMPs have
been isolated and characterized as highly efficacious, safe, and tolerable antimicrobials [28,29]. Being
able to selectively interact with bacterial cytoplasmic membranes in a manner not dependent upon
specific receptors, AMPs are generally endowed with broad-spectrum antimicrobial activity [30,31],
and several of them have been reported to combat biofilms because of their potent bactericidal activity
and their ability to first penetrate and then to disorganize biofilm structures [32]. Furthermore, AMPs
frequently synergize with antimicrobial compounds to repress molecular pathways leading to biofilm
development [32]. Here, we analyze for the first time the antimicrobial and anti-biofilm properties of
two recently characterized AMPs [33] towards Pseudomonas and Burkholderia strains clinically isolated
from CF patients. AMPs under test have been identified in human apolipoprotein B (ApoB) by using a
bioinformatic method developed by our research group [33-41]. Indeed, it is increasingly evident that
eukaryotic proteins, with functions not necessarily related to host defense, act as sources of “cryptic”
bioactive peptides released upon proteolytic processing by bacterial and/or host proteases [42-44]. We
previously characterized two variants of the cryptide identified in human ApoB (residues 887-922), i.e.,
peptides ApoB887-923 and ApoB887-911 [33]. These two host defense peptides (HDPs), recombinantly
produced in bacterial cells, have been here named r(P)ApoB; "™ and r(P)ApoBs"™ because of the
presence of a Pro residue becoming the N-terminus of the peptides released by the acidic cleavage of an
Asp-Probond [33,36]. Here, we also characterized a further peptide, i.e., a version of the longest peptide
characterized by the presence of an Ala residue instead of a Pro residue in position six of peptide
sequence, here named r(P)ApoBLAla. Peptides r(P)ApoBLPrO and r(P)ApoBsPrO have been previously
found to be endowed with antimicrobial, anti-biofilm, wound healing and immunomodulatory
properties, and are able to synergistically act in combination with either conventional antibiotics or
EDTA [33]. On the other hand, peptides have been found to be neither toxic nor hemolytic towards
mammalian cells [33]. It has been also demonstrated that electrostatic interactions between negatively
charged bacterial membranes and positively charged ApoB-derived AMPs play a key role in mediating
peptide toxicity, although they are strongly influenced by the composition of negatively charged
bacterial surfaces and by defined extracellular microenvironments [35]. Here, we demonstrate that
the three ApoB-derived cryptides exert significant antimicrobial and anti-biofilm effects towards
Pseudomonas and Burkholderia strains clinically isolated from CF patients and that they are able to act
in combination with the ciprofloxacin antibiotic, widely used to treat chronic lung infections in CF
patients [45]. Furthermore, ApoB-derived cryptides have been found to be not toxic when tested on
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human bronchial epithelial mesothelial cells. Altogether, these findings open interesting perspectives
to peptide applicability, suggesting the possibility to develop in the future successful combinatorial
therapeutic approaches, based on the concomitant administration of AMPs and conventional antibiotics,
with a consequently very low potential to induce a resistance phenotype.

2. Results

2.1. Evaluation of ApoB-Derived Peptide Effects on Clinically Isolated Baterial Strains

In order to evaluate the ApoB-derived peptide ability to counteract microbial infections in CF, their
effects were tested on six clinically isolated bacterial strains, i.e., P. aeruginosa RP 73, P. aeruginosa KK 27,
P. aeruginosa 14, P. aeruginosa AA2, Burkholderia multivorans LMG 17582, and Burkholderia cenocepacia
LMG 18863. To this purpose, the susceptibility of planktonic bacteria to ApoB-derived peptides
was examined by using broth microdilution method [33] that allows the measurement of minimum
inhibitory concentration (MIC) values. As reported in Table 1, the three ApoB-derived peptides under
test were found to exert antimicrobial effects on three out of six bacterial strains tested. In particular,
bacterial strains P. aeruginosa RP 73, P. aeruginosa KK 27, and B. multivorans LMG 17582 were found to
be susceptible to ApoB-derived peptide antimicrobial activity, with MIC1q values ranging from 5 to 40
uM (Table 1). Peptide r(P)ApoBLAla was found to be the most active in directly killing bacterial cells
(Table 1).

Table 1. Minimum inhibitory concentration (MIC) values determined for r(P)ApoBLPm, r(P)ApoBLAla
and r(P)ApoBs™ tested on clinically isolated bacterial strains.

MICygp (vM)

r(P)ApoBLPro r(P)ApoBLAla r(P)ApoBsPrO
P. aeruginosa RP 73 10-20 5-10 20-40
P. aeruginosa 14 >40 >40 >40
P. aeruginosa AA2 >40 >40 >40
P. aeruginosa KK 27 20-40 10-20 20-40
Burkholderia cenocepacia LMG 18863 >40 >40 >40
Burkholderia multivorans LMG 17582 10-20 10-20 20-40

2.2. Evaluation of ApoB-Derived Peptide Anti-biofilm Activity on Clinically Isolated Baterial Strains

2.2.1. Evaluation of ApoB-Derived Peptide Anti-Biofilm Activity by Microtiter Plate Assay

To evaluate whether recombinant ApoB-derived peptides are endowed with anti-biofilm activity,
analyses were performed on clinically isolated bacterial strains P. aeruginosa RP 73, P. aeruginosa KK 27,
P. aeruginosa 14, P. aeruginosa AA2, B. multivorans LMG 17582, and B. cenocepacia LMG 18863 in 0.5X
Mueller Hinton Broth (MHB). By following different experimental approaches, peptide effects were
tested on the three main stages of biofilm development, such as attachment, formation and detachment.
To test peptide effects on biofilm attachment, following overnight growth, a bacterial culture was
diluted into MHB medium containing increasing concentrations of the peptide under test (0-40 uM),
and incubated for 4 h at 37 °C [33]. When, instead, peptide effects were tested on biofilm formation,
the experimental procedure described above was followed with the only exception that bacterial cells
were incubated with increasing concentrations of peptides for 24 h at 37 °C [33]. Finally, the effects of
ApoB-derived peptides were tested on biofilm detachment [33]. In each case, following incubation with
peptides, biofilm was analyzed by staining with crystal violet. As shown in Figure 1, ApoB-derived
peptides have been found to be effective on biofilm attachment, with the greatest effects obtained in
the case of P. aeruginosa KK 27 and P. aeruginosa 14 bacterial strains for all the three peptides under test.
In the case of biofilm formation, the greatest effects were found to be exerted by r(P)ApoBr A1* and
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r(P)ApoBsPrO on P. aeruginosa 14 (~50% inhibition) (Figure 1). Even more interestingly, about 30%-40%
biofilm eradication was observed in the case of B. cenocepacia LMG 18863 upon treatment with 2.5 pM
r(P)ApoB A1 (Figure 1). A similar effect was obtained upon treatment of P. aeruginosa KK 27 preformed
biofilm with 2.5 uM r(P)ApoBsPro (Figure 1). Moreover, about 20% biofilm eradication was observed
upon treatment of P. aeruginosa RP 73 with very low concentrations (1.25 pM) of r(P)ApoBSPro.

Altogether, obtained data indicate that peptides exert anti-biofilm effects even on bacterial strains
not sensitive to their direct antimicrobial activity. In most of the cases, significant anti-biofilm effects
were detected at peptide concentrations (1.25-2.5 uM) lower than those required to directly kill
planktonic cells (Table 1 and Figure 1). Data reported in Figure 1 represent the mean + standard
deviation (SD) of at least three independent experiments.

2.2.2. Evaluation of ApoB-Derived Peptides Anti-Biofilm Activity by Laser Scanning
Confocal Microscopy

In order to further investigate anti-biofilm properties of ApoB-derived peptides, analyses were also
performed by confocal laser scanning microscopy (CLSM). For this approach, we selected two bacterial
strains not responsive to ApoB-derived peptides direct antimicrobial activity, such as B. cenocepacia
LMG 18863 and P. aeruginosa 14. Peptide effects on biofilm attachment, formation and detachment were
evaluated upon sample staining with LIVE/DEAD BacLight bacterial viability kit. Analyses revealed
that all three peptides are able to affect biofilm attachment and formation in the case of B. cenocepacia
LMG 18863 (Figure 2). Even more interestingly, peptides are able to affect pre-formed biofilm with
the strongest effects observed in the presence of r(P)ApoBy 412 (Figure 2). By staining bacterial biofilm
with SYPRO® ruby dye, which is able to specifically stain biofilm extracellular matrix, the appearance
of highly fluorescent aggregates is clearly evident upon treatment with peptides (Figure 2), thus
indicating that peptides induce strong alterations of biofilm matrix architecture, as previously reported
for different anti-biofilm agents [46]. Similar results were obtained also in the case of P. aeruginosa
14 (Figure 3). These findings are also supported by biofilm biovolume determinations by CLSM
reported in Figure 4, that indicate a strong and significant effect of r(P)ApoBs"™ peptide on biofilm
eradication in the case of both bacterial strains (Figure 4c,f). Furthermore, peptides have been found
to exert significant effects on biofilm biovolume when attachment is tested (Figure 4a,d), except for
r(P)ApoB A1 for which no significant reduction in biovolume is observed, although a disaggregating
effect is clearly evident (Figures 2 and 3). This might be due to the fact that, upon treatment with
r(P)ApoBy A1 peptide, planktonic cells escape from biofilm by floating, with a consequent significant
contribution to biovolume. Altogether, these findings confirm that peptides are able to exert significant
anti-biofilm effects even on bacterial strains not sensitive to their direct antimicrobial activity.

2.2.3. Evaluation of ApoB-Derived Peptides Anti-Biofilm Activity by Scanning Electron Microscopy

To analyze morphological modifications of bacterial biofilm upon treatment with peptides,
scanning electron microscopy (SEM) analyses were also performed on bacterial strains not responsive to
peptide direct antimicrobial activity, such as B. cenocepacia LMG 18863 and P. aeruginosa 14. In untreated
samples, bacteria present smooth and intact surfaces and appear embedded into the extracellular
biofilm matrix in the case of both bacterial strains (Figure 5). When bacteria are treated with peptides,
instead, a significant decrease or disappearance of biofilm matrix is clearly evident with a concomitant
decrease of cell density.
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Figure 1. Anti-biofilm activity of r(P)ApoBL'™, r(P)ApoB 22, and r(P)ApoBs"™ peptides on
P. aeruginosa RP 73, P. aeruginosa KK 27, P. aeruginosa 14, P. aeruginosa AA2, B. multivorans LMG

17582, and B. cenocepacia LMG 18863 in MHB medium.
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Figure 2. Effects of r(P)ApoB; "™, r(P)ApoB A2, and r(P)ApoBs™ peptides on B. cenocepacia LMG
18863 biofilm attachment, formation and detachment. Biofilm cells were stained by using LIVE/DEAD
BacLight bacterial viability kit (Molecular Probes, Eugene, OR, USA) containing 1:1 ratio of Syto-9
(green fluorescence, all cells) and propidium iodide (PI, red fluorescence, dead cells) and FilmTracer™
SYPRO® Ruby biofilm matrix staining (Invitrogen™, F10318). Images are 3D projections of biofilm
structure obtained by laser scanning confocal z-stack using Zen Lite 2.3 software. All images were
taken under identical conditions.



Int. J. Mol. Sci. 2020, 21, 2049 7 of 18

Untreated 5uM r(P)ApoB;*®  5pM r(P)ApoB A" 5 uM r(P)ApoBs™"*
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Figure 3. Effects of r(P)ApoBLPm, r(P)ApoBLAla and r(P)ApoBSP 0 peptides on P. aeruginosa 14 biofilm
attachment, formation and detachment. Biofilm cells were stained by using LIVE/DEAD BacLight
bacterial viability kit (Molecular Probes, Eugene, OR, USA) containing 1:1 ratio of Syto-9 (green
fluorescence, all cells) and propidium iodide (PI, red fluorescence, dead cells) and FilmTracer™
SYPRO® Ruby biofilm matrix staining (Invitrogen™, F10318). Images are 3D projections of biofilm
structure obtained by laser scanning confocal z-stack using Zen Lite 2.3 software. All images were
taken under identical conditions.
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Figure 4. Analysis of the effects of r(P)ApoBLPm, r(P)ApoE’vLAla and r(P)ApoBgPro peptides on biofilm
attachment (a,d), formation (b,e) and detachment (¢ f) in the case of B. cenocepacia LMG 18863 (a—c) and
P. aeruginosa 14 (d- f). Biovolume (um3/um?) was measured by using Zen Lite 2.3 software. Significant
differences were indicated as * p < 0.05 or ** p < 0.01 for treated versus control samples.

5 uM r(P)ApoB, P 5 uM r(P)ApoB; A"

Untreated 5 uM r(P)ApoBgFr

B. cenocepacia LMG 18863
A
AP A

P. aeruginosa 14

Figure 5. Morphological analyses of B. cenocepacia LMG 18863 (top panel) and P. aeruginosa 14 (lower
panel) preformed biofilms by SEM. Representative images are shown upon treatment of bacterial
biofilm with 5 uM r(P)ApoBLPm, r(P)ApoBLAla, and r(P)ApoBSPrO. Bars 5 pm.

2.3. Combinatorial Therapeutic Approach

To verify whether ApoB-derived peptides are able to synergistically act in combination with
conventional antibiotics to counteract bacterial infections associated with biofilm in CF, CLSM
analyses were performed to evaluate the effects of combinations of r(P)ApoB ™ or r(l’)ApoBLAla and
ciprofloxacin on preformed biofilm. Analyses were performed on B. cenocepacia LMG 18863 bacterial
strain, since chronic lung infections associated with this strain strongly contribute to CF morbidity and
mortality and are generally recalcitrant to conventional antibiotics [21,22]. Effects of r(P)ApoBL "™ or
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r(P)ApoBL A2 peptide in combination with ciprofloxacin were tested on preformed biofilm, in order to
better simulate clinical conditions.

As shown in Figure 6, by comparing the effects of combinations of r(P)ApoB P and ciprofloxacin
with the effects of single agents on preformed biofilm, a significantly greater reduction of biofilm
biovolume is observed in the case of the sample treated with the compound mixture together with
a concomitant increase of the number of dead cells embedded into the biofilm matrix (Figure 6).
Similarly, about the effects of combinations of r(P)ApoB; 412 and ciprofloxacin on preformed biofilm,
a significantly greater reduction of biofilm biovolume is observed in the presence of compounds
combination (Figure 7).

Untreated

5 uM r(P)ApoB; P 9.75 pg/mL Ciprofloxacin Combination
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Figure 6. Effects of r(P)ApoBy '™, ciprofloxacin and a combination of the two compounds on preformed
biofilm (a). Biofilm cells were stained by using LIVE/DEAD BacLight bacterial viability kit (Molecular
Probes, Eugene, OR) containing 1:1 ratio of Syto-9 (green fluorescence, all cells) and propidium iodide
(PI, red fluorescence, dead cells). Images are 3D projections of biofilm structure obtained by laser
scanning confocal z-stack using Zen Lite 2.3 software. All images were taken under identical conditions.
Biovolume (um3/um?) was measured by using Zen Lite 2.3 software. Significant differences were
indicated as * p < 0.05 for treated versus control samples (b). Numbers of live and dead cells were

evaluated by using Zen Lite 2.3 software (c).
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Figure 7. Effects of r(P)ApoBy 12, ciprofloxacin and a combination of the two compounds on preformed
biofilm (a). Biofilm cells were stained by using LIVE/DEAD BacLight bacterial viability kit (Molecular
Probes, Eugene, OR) containing 1:1 ratio of Syto-9 (green fluorescence, all cells) and propidium iodide
(PI, red fluorescence, dead cells). Images are 3D projections of biofilm structure obtained by laser
scanning confocal z-stack using Zen Lite 2.3 software. All images were taken under identical conditions.
Biovolume (um3/um?) was measured by using Zen Lite 2.3 software. Significant differences were
indicated as * p < 0.05 for treated versus control samples (b). Numbers of live and dead cells were
evaluated by using Zen Lite 2.3 software (c).

2.4. Evaluation of Peptide Biocompatibility

Peptide applicability in therapeutic approaches aimed at counteracting bacterial infections
associated with CF is strongly dependent on the absence of any toxic effect towards host cells. For this
reason, biocompatibility assays were performed to test ApoB-derived peptide effects on immortalized
human bronchial epithelial mesothelial (BEAS) cells. As shown in Figure 8, only slight toxic effects
were detected and the most biocompatible peptide was found to be r(P)ApoB; A2, Indeed, in the
presence of this peptide, only slight toxic effects were detected upon 72 h treatment and at the highest
peptide concentrations tested (Figure 8).
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Figure 8. Effects of r(P)ApoBLPrO, r(P)ApoBLAla and r(P)ApoBsPro peptides on the viability of BEAS
cells. Cell viability was assessed by MTT assays, 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. Significant differences
were indicated as * p < 0.05, ** p < 0.01 or *** p < 0.001 for treated versus control samples.

3. Discussion

AMPs represent novel promising effective alternative agents to counteract chronic bacterial
infections affecting CF patients. Indeed, as these infections are generally recalcitrant to conventional
antibiotics because of the development of the MDR phenotype and of biofilm formation, the
development of novel therapeutic strategies is strongly necessary. To this purpose, three versions of a
cryptide identified in human ApoB [33,35] have been here tested towards six bacterial strains clinically
isolated from CF patients, such as P. aeruginosa RP 73, P. aeruginosa KK 27, P. aeruginosa 14, P. aeruginosa
AA2, B. multivorans LMG 17582, and B. cenocepacia LMG 18863. ApoB-derived cryptides have been
found to exert direct antimicrobial activity towards three out of six bacterial strains tested. Indeed,
ApoB-derived AMPs have been found to be active on P. aeruginosa RP 73, P. aeruginosa KK 27, and B.
multivorans LMG 17582, with MIC;( values ranging from 5 to 40 uM. This is in agreement with recent
findings indicating that ApoB-derived cryptides direct antimicrobial activity, although mediated by
electrostatic interactions between cationic peptides and negatively charged bacterial membranes, is
strongly influenced by chemical composition of LPS molecules exposed on the surface of different strains
of P. aeruginosa [35]. Indeed, although several bacterial resistance components against antimicrobial
peptides have been reported [47], LPS chemical composition has been proposed to play a key role
in the case of ApoB-derived cryptide antimicrobial activity [35]. It has been reported that different
Burkholderia strains present different LPS chemotypes, such as rough, partial rough, or smooth [43].
In particular, in the case of B. cenocepacia LMG 18863, the LPS chemotype has been identified as
smooth [48]. These differences in LPS chemotype might be responsible for the different susceptibility of
Burkholderia strains to ApoB-derived cryptides’ direct antimicrobial activity. It also has to be highlighted
that several B. cenocepacia strains have been reported to be naturally resistant to different classes of
antibiotics and even to several antimicrobial peptides [49]. This is probably due to the ability of B.
cenocepacia strains to acquire a resistance phenotype by modifying the LPS chemical composition
by substituting a phosphate group with a cationic charged residue of 4-amino-4-deoxy-L-arabinose
(L-Ara4N), with a consequent reduction in membrane negative potential, that plays a key role in
the interaction between bacterial membranes and antimicrobial peptides [50,51]. Based on these
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observations, ApoB-derived cryptides direct antimicrobial activity towards B. multivorans LMG 17582
appears to be really interesting. It also has to be considered that, in the case of chronic infections
affecting CF patients, the mucus phenotype favors bacterial biofilm formation [20]. Bacteria embedded
into biofilm matrix are more resistant to conventional antibiotics for several reasons: i) low antibiotic
diffusion rate inside biofilm matrix; ii) bacteria metabolic changes due to nutrients missing, with a
consequently lower susceptibility to antibiotics; and iii) appearance of persisted cells recalcitrant to
conventional antibiotics and playing a key role in long-term infections [52]. Anti-biofilm cationic
amphipathic peptides represent an alternative promising approach to treat infections associated
with biofilm formation, since peptides act on biofilm specific targets, such as matrix components
and/or highly conserved regulatory mechanisms [53]. Here, we tested the ability of r(P)ApoB. "™,
1r(P)ApoBLAla and r(P)ApoBsP™ to affect the biofilm of bacterial strains clinically isolated from CF
patients. In particular, we analyzed the ability of ApoB-derived cryptides to interfere with the three
main stages of biofilm development, i.e., attachment, formation and detachment [33]. We found that
all the three ApoB-derived cryptides are able to exert significant effects on biofilm attachment and
formation. Even more interestingly, ApoB-derived cryptides have been found to exert significant
anti-biofilm effects even on bacterial strains not sensitive to their direct antimicrobial activity. In
particular, ApoB-derived AMPs have been found to affect P. aeruginosa 14 biofilm attachment and
formation and B. cenocepacia LMG 18863 preformed biofilm at a very low concentration (2.5 uM).
As reported for different AMPs, obtained data allow us to exclude any correlation between peptide
direct antimicrobial activity and their anti-biofilm properties. Indeed, peptide IDR-1018 has been
reported to be endowed with strong anti-biofilm activity towards a pool of P. aeruginosa and Burkholderia
strains in the absence of any direct antimicrobial effect [54]. To deeply characterize ApoB-derived
cryptides anti-biofilm activity, we also performed analyses by confocal laser scanning microscopy
(CLSM) and scanning electron microscopy (SEM) on P. aeruginosa 14 and B. cenocepacia LMG 18863, two
strains not sensitive to ApoB-derived AMP’s direct antimicrobial activity. CLSM analyses revealed
the ability of ApoB-derived cryptides to alter biofilm architecture, as indicated by the appearance
of highly fluorescent aggregates only in treated samples upon staining with SYPRO® Ruby, a dye
able to specifically label biofilm extracellular matrix. Accordingly, a significant reduction in biofilm
biovolume has been evaluated in the case of samples treated with ApoB-derived cryptides. Furthermore,
scanning electron microscopy analyses clearly indicate the ability of ApoB-derived cryptides to disrupt
the biofilm matrix of bacterial strains not responsive to the peptides’ direct antimicrobial activity.
These observations are in perfect agreement with data reported for peptide 6K-F17, which is able
to strongly affect P. aeruginosa biofilm by disrupting the extracellular matrix, thus determining a
significant decrease of biofilm biovolume [55]. However, CLSM and SEM analyses indicate only a
slight increase of bacterial cells death upon treatment with 6K-F17 [55]. Based on obtained results, we
also evaluated the possibility to set up effective combinatorial therapeutic approaches by concomitantly
administrating ApoB-derived cryptides and conventional antibiotics to bacterial cells. To this purpose,
we analyzed the anti-biofilm properties of combinations of r(P)ApoBy ™ or r(P)ApoBrA? and the
antibiotic ciprofloxacin, which is widely used to treat bacterial infections in CF patients [45]. The effects
of compound mixtures have been tested on P. aeruginosa 14 or B. cenocepacia LMG 18863 preformed
biofilm. Effects of combinations of r(P)ApoBLPro or lr(P)ApoBLAla and ciprofloxacin on preformed
biofilm have been found to be stronger than those of single agents, with more severe effects on
biofilm biovolume. It has been previously reported that, upon biofilm treatment with the ciprofloxacin
antibiotic, a deep alteration of the matrix structure and a strong decrease of biofilm biovolume are
immediately observed, probably associated with a high killing rate of bacterial cells embedded into
the biofilm matrix [56]. However, upon a prolonged exposure to ciprofloxacin, the activation of
specific mechanisms leading to a variation of biofilm phenotype makes the antibiotic ineffective [56].
This phenomenon might be overcome by the development of successful combinatorial therapeutic
approaches, which present several advantages over conventional therapeutic treatments based on the
administration of single agents. Indeed, several anti-biofilm peptides have been reported to be able to
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act in synergism with a broad range of conventional antibiotics [57]. This allows us to significantly
reduce the effective dose of antibiotics up to 64-fold, with a consequent lower possibility to induce
MDR phenotype and to simultaneously reduce effective peptide concentrations [57]. In the case of
CAMA peptides, synergism with the conventional antibiotics tobramycin, ciprofloxacin and colistin
has been demonstrated in the treatment of P. aeruginosa biofilm, with the consequent possibility of
reducing antibiotics doses up to 8-fold and peptide concentrations up to 10-fold [58]. Since one of the
bottlenecks for the development of successful peptide-based therapies is peptide cytotoxicity, we also
tested ApoB-derived cryptides effects on immortalized human bronchial epithelial mesothelial (BEAS)
cells, and found that peptides are biocompatible, since slight toxic effects are detected only upon 72 h
cell treatment and at the highest peptide concentrations tested. Altogether, obtained findings open
interesting perspectives to the applicability of ApoB-derived cryptides in the treatment of bacterial
chronic infections associated with biofilm formation and characterized by MDR phenotype, such as
those affecting CF patients, and to the development in the future of successful combinatorial therapeutic
approaches based on the concomitant administration of peptides and conventional antibiotics.

4. Materials and Methods

4.1. Materials

All the reagents were purchase from Sigma-Aldrich (Milan, Italy), unless differently specified.

4.2. Recombinant Production of ApoB-Derived Peptides

Expression and isolation of recombinant ApoB-derived peptides was carried out as
previously described [33,35]. Pro — Ala substitution in position six of the longest peptide
was obtained by QuikChange II site-directed mutagenesis performed by using the following
primers: primer forward 5-CATTTTACCCGCTTTCAGCGCAACATGCGGGTG-3" and primer reverse
5-GATCCGCATGTTGCGCTGAAAGCGGGTAAACTG-3'.

4.3. Bacterial Strains and Growth Conditions

Bacterial strains P. aeruginosa RP 73, P. aeruginosa KK 27, P. aeruginosa 14, P. aeruginosa AA2, B.
multivorans LMG 17582, and B. cenocepacia LMG 18863 were kindly provided by Dr. Alessandra
Bragonzi (Infection and CF Unit, San Raffaele Scientific Institute, Milan, Italy). Bacterial strains were
grown in MHB (Becton Dickinson Difco, Franklin Lakes, NJ, USA) 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.

4.4. Eukaryotic Cells and Growth Conditions

Immortalized human bronchial epithelial mesothelial cells (BEAS) were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37 °C in the presence of 5% carbon dioxide (CO,).

4.5. Cell Viability Assays

Peptide effects on eukaryotic cell viability was evaluated by seeding cells in 96-well plates (100
ul/well) at a density of 3x103 cells/well. Upon 24 h, cells were incubated with increasing peptide
concentrations (0—40 uM), for 24, 48 and 72 h. At the end of the treatment, cell viability was assessed by
the 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide (MTT) assay. MTT reagent, dissolved
in DMEM without phenol red, was added to the cells (100 pL/well) at a final concentration of 0.5
mg/mL. After 4 h at 37 °C, the culture medium was removed and the resulting formazan salts were
dissolved by the addition of isopropanol containing 0.1 N HCI (100 puL/well) [41]. Absorbance values of
blue formazan were determined at 570 nm by using an automatic plate reader (Synergy™ H4 Hybrid
Microplate Reader, BioTek Instruments, Inc., Winooski, VT, USA). Cell survival was expressed as the
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percentage of viable cells in the presence of the peptide under test, with respect to control cells grown
in the absence of the peptide.

4.6. Antimicrobial Activity Assays

To test the antimicrobial activity of ApoB-derived peptides, a previously described experimental
procedure was used [33]. MICjq values correspond to the lowest concentration of peptide associated
with no detectable bacterial growth.

4.7. Anti-Biofilm Activity by Crystal Violet Assay

ApoB-derived peptides effects on biofilm attachment, formation and detachment were evaluated
as previously described [33]. Optical densities at 595 nm of biofilm stained biomasses were measured
by using a microtiter plate reader (Synergy™ H4 Hybrid Microplate Reader, BioTek Instruments, Inc.,
Winooski, VT, USA).

4.8. Anti-Biofilm Activity by CLSM Analyses

Bacterial biofilm was grown on glass cover slips in 24-well plates in 0.5X MHB in static conditions.
In particular, bacterial cells from an overnight culture were diluted to about 1 x 108 CFU/mL and then
seeded into wells for 4 or 24 h at 37 °C in the presence of the peptide under test, in order to evaluate
biofilm attachment and formation, respectively. When effects on preformed biofilm were evaluated,
bacterial biofilms were formed for 24 h at 37 °C, and then treated with peptides under test for further
24 h to evaluate their ability to eradicate preformed biofilm. Afterwards, non-adherent bacteria were
removed by gently washing samples with sterile phosphate buffer and viability of cells embedded
into biofilm structure was determined by sample staining with LIVE/DEAD® BacLight™ Bacterial
Viability kit (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA), while FilmTracer™
SYPRO® Ruby biofilm matrix dye has been used to stain matrices of biofilms (Invitrogen, Carlsbad,
CA, USA). Staining was performed accordingly to manufacturer instructions. Biofilm images were
captured by using a confocal laser scanning microscopy (Zeiss LSM 710, Zeiss, Germany) and a 63X
objective oil immersion system. Biofilm architecture was analyzed by using the Zen Lite 2.3 software
package (Zeiss, Germany). Each experiment was performed in triplicate. All images were taken under
identical conditions.

4.9. Anti-Biofilm Activity by Scanning Electron Microscopy

To perform scanning electron microscopy (SEM) analyses, B. cenocepacia LMG 18863 and P.
aeruginosa 14 cells were incubated with 5 uM r(P)ApoBLPrO, r(P)ApoBLAla or r(P)ApoBgPro peptides for
24 h at 37 °C. Following incubation, bacterial biofilms were fixed in 2.5% glutaraldehyde. Following
overnight incubation, bacterial biofilms were washed three times in distilled water and then dehydrated
with a graded ethanol series: 25% ethanol (1 X 10 min); 50% ethanol (1 X 10 min); 75% ethanol (1 x 10
min); 95% ethanol (1 X 10 min); 100% anhydrous ethanol (3 X 30 min). Bacterial biofilms deposited
onto glass substrate were sputter coated with a thin layer of Au-Pd (Sputter Coater Denton Vacuum
DeskV) to allow subsequent morphological characterization using a FEI Nova NanoSEM 450 at an
accelerating voltage of 5 kV with Everhart Thornley Detector (ETD) and Through Lens Detector (TLD)
at high magnification.

4.10. Statistical Analysis

Statistical analysis was performed using a Student’s t-test. Significant differences were indicated
as*p < 0.05,* p < 0.01 or *p < 0.001.
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Abbreviations

CF Cystic Fibrosis

MDR Multidrug Resistance

ApoB Apolipoprotein B

HDPs Host Defense Peptides

CFTR Cystic fibrosis transmembrane conductance regulator

AMPs Antimicrobial peptides

MIC Minimum inhibitory concentration

MHB Mueller Hinton Broth

CLSM Confocal laser scanning microscopy

SEM Scanning electron microscopy

PI Propidium iodide

LPS Lipopolysaccharide
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Effects of human antimicrobial
cryptides identified in
“apolipoprotein B depend on specific
ey features of bacterial strains

Published online: 30 April 2019 . .
Hhlishied oniine Pr Rosa Gaglione?’, Angela Cesaro?, Eliana Dell’Olmo?, Bartolomeo Della Ventura?,

Angela Casillo?, Rocco Di Girolamo?, Raffaele Velotta?, Eugenio Notomista3,
Edwin J. A. Veldhuizen*, Maria Michela Corsaro®?, Claudio De Rosa(®* & Angela Arciello®*

Cationic Host Defense Peptides (HDPs) are endowed with a broad variety of activities, including direct
antimicrobial properties and modulatory roles in the innate immune response. Even if it has been
widely demonstrated that bacterial membrane represents the main target of peptide antimicrobial
activity, the molecular mechanisms underlying membrane perturbation by HDPs have not been fully
clarified yet. Recently, two cryptic HDPs have been identified in human apolipoprotein B and found

to be endowed with a broad-spectrum antimicrobial activity, and with anti-biofilm, wound healing
and immunomodulatory properties. Moreover, ApoB derived HDPs are able to synergistically actin
combination with conventional antibiotics, while being not toxic for eukaryotic cells. Here, by using

a multidisciplinary approach, including time killing curves, Zeta potential measurements, membrane
permeabilization assays, electron microscopy analyses, and isothermal titration calorimetry studies,
the antimicrobial effects of ApoB cryptides have been analysed on bacterial strains either susceptible
or resistant to peptide toxicity. Intriguingly, it emerged that even if electrostatic interactions between
negatively charged bacterial membranes and positively charged HDPs play a key role in mediating
peptide toxicity, they are strongly influenced by the composition of negatively charged bacterial
surfaces and by defined extracellular microenvironments.

Antimicrobial peptides (AMPs) are effectors of the innate immune system in a wide variety of species from the
plant and animal kingdoms, including humans'. Although structurally different, most of these peptides fold into
amphiphilic structures due to their short size (<50 amino acid residues), net positive charge and high content
of hydrophobic residues®. Their activity against a wide range of microorganisms combined with their unique
property of displaying few to no resistance effects® allowed AMPs to gain great attention as promising and effec-
tive alternatives to conventional antibiotics, also against strains resistant to approved antibacterial agents*. Since
these peptides are also able to modulate the immune response of host organisms, their efficiency is considerably
enhanced. Because of this extension of functionalities, they have been more properly named “host defence pep-
tides” (HDPs)*®. The key features that make HDPs antimicrobial are their cationic nature, their ability to bind
to bacterial membranes and to adopt specific secondary structures in membrane environments’, an essential
prerequisite to their attachment and insertion into bacterial membranes. HDPs have been found to kill bacteria
by first associating with their negatively charged cell surfaces and subsequently disrupt their cell membranes via
mechanisms that involve membrane thinning, formation of transient pores, or disruption of lipid matrix, which
impairs barrier function of bacterial membranes®. Some HDPs are also able to pass through the lipid bilayer of the
membrane to act on intracellular targets®. Furthermore, some HDPs preferentially attack septating bacterial cells
where peptides have been found to be associated to the septum and the curved regions of the outer membrane®.
Since most HDPs target the bacterial plasma membrane directly rather than through specific protein receptors'?,
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membrane phospholipid composition and net charge also play a key role in determining peptides antimicrobial
activity'!. Indeed, these parameters vary not only from bacterium to bacterium, but also as a response to chang-
ing environments'? and exposure to antimicrobial agents'®. Peptide concentration also represents a further key
parameter, with maximal antimicrobial activity reached only at peptide concentrations exceeding a threshold
value'®. Indeed, upon an initial electrostatic interaction between positively charged peptide molecules and nega-
tively charged lipids, peptides reach an appropriate local concentration, allowing their penetration into the hydro-
phobic core of the bilayer!>!®. Membrane bilayer thickness also appears to have an effect on the ability of a peptide
to bind to the membrane and, consequently, on the ability of a lipid bilayer to induce peptide secondary struc-
tures!”18. However, despite decades of research, novel structural and dynamic features of membrane-associated
HDPs are continuously being discovered!? and the exact molecular mechanism underlying HDPs ability to per-
turb bacterial membranes still remains controversial. Here, we analyse the antimicrobial activity of two recently
characterized HDPs?, identified in human apolipoprotin B by using a bioinformatics method developed by our
research group?'~%. It has been reported that several eukaryotic proteins, with functions not necessarily related
to host defence, act as sources of “cryptic” bioactive peptides released upon proteolytic processing by bacterial
and/or host proteases®*~?%. The two novel bioactive peptides analysed in the present study represent two variants
of the HDP identified in human apolipoprotein B (residues 887-922), i.e. peptides ApoB887-923 and ApoB887-
911. These two HDPs, recombinantly produced in bacterial cells, have been here named r(P)ApoB, and r(P)
ApoBg because of the presence of a Pro residue becoming the N-terminus of the peptides released by the acidic
cleavage of an Asp-Pro bond®. The primary structure of the two ApoB derived HDPs is reported in Fig. S1.
Both recombinant peptides have been found to be endowed with antimicrobial, anti-biofilm, wound healing and
immunomodulatory properties?’. On the other hand, they have been found to be neither toxic for mammalian
cells nor hemolytic towards murine red blood cells. Interestingly, ApoB derived peptides were also found to
exert significant synergistic effects in combination with either conventional antibiotics or EDTA*. Noteworthy,
bacterial strains found to be not responsive to ApoB derived peptides, such as S. aureus strains and P. aeruginosa
ATCC 27853, appeared highly susceptible to selected combinations of peptides and antibiotics or EDTA%, thus
opening interesting perspectives to the development of successful combination therapy approaches, that have a
very low potential to induce resistance phenotype. Since the definition of the molecular bases of ApoB derived
peptides biological activities could greatly contribute to the rational design of effective combinatorial therapeutic
approaches, in the present paper, time killing curves, Zeta potential measurements, membrane permeabilization
assays, isothermal titration calorimetry studies and morphological analyses by electron microscopy have been
performed.

Results

Killing kinetics studies. It has been previously reported that ApoB derived peptides are effective on B. glo-
bigii TNO BMO013 and P. aeruginosa PAO1 bacterial strains®, as shown in Table S1. Here, in order to analyse the
kinetic of peptides bactericidal activity, we obtained kinetic killing curves by treating bacterial cells with increas-
ing concentrations of either r(P)ApoB; or r(P)ApoB;s for different time intervals (0-180 min). The two bacterial
strains have been selected as a prototype of Gram-positive (B. globigii TNO BM013) and Gram-negative (P. aerug-
inosa PAO1) strains susceptible to antimicrobial ApoB derived peptides. In all the experiments, chicken catheli-
cidin-2 (CATH-2), a known antimicrobial peptide from chicken?®, was tested as a positive control (Fig. 1E,F). To
perform the analyses, following the incubation with peptides, control and treated samples were serially diluted
and plated on agar, in order to count bacterial colonies®. As reported in Fig. 1A,C, at the highest peptide con-
centrations tested (10-20 uM), B. globigii TNO BMO13 cells were killed within 10-30 min. At the lowest peptide
concentrations (1.25-2.5 uM), instead, the same effect was obtained within 120 min (Fig. 1A,C). When peptides
were tested on P, aeruginosa PAO1, bacterial cells were killed within 30 minutes at the highest peptide concentra-
tions tested (10-20 uM), and within 120-180 minutes at lower peptide concentrations (2.5-5uM) (Fig. 1B,D). In
the case of CATH-2 control peptide, all the curves obtained appear perfectly superimposable, since all peptide
concentrations tested were found to have the same effects. As a consequence, only the curves corresponding to
the highest peptide concentration tested (20 uM) appear visible (Fig. 1E,F).

Zeta potential measurements of bacterial cells upon treatment with peptides. To evaluate ApoB
derived peptides effects on bacterial membrane surface, Zeta potential (() measurements were carried out. First
of all, ¢ values of control bacterial cells were determined over time (0-180 min) in NB 0.5X medium, in order to
obtain the electrostatic potential at the shear plane of the bacteria in solution (Fig. S2). It was found that ¢ did
not vary throughout the incubation time in the case of all the strains tested, thus indicating their high stability.
In detail, the average potential of untreated B. globigii TNO BMO013, S. aureus MRSA WKZ-2, P. aeruginosa
PAO1 and P. aeruginosa ATCC 27853 strains were found to be —33£3, —28 £3, —23+2,and —11£2mV,
respectively (Fig. S2 and Table 1). The different values obtained for the various bacterial strains might be due to
differences in membrane composition. Bacterial strains susceptible to antimicrobial ApoB derived peptides, i.e.
B. globigii TNO BMO013 and P. aeruginosa PAO1, were exposed to r(P)ApoB; or r(P)ApoBg at a concentration
corresponding to their MIC values (Table S1). Upon treatment with each peptide, ( was recorded at regular time
intervals for 180 min. All the recorded ( values are reported in Fig. S3. Values corresponding to the time point
necessary to obtain complete cell death of treated bacterial cells on agar plates (30 min) have been reported for B.
globigii TNO BMO13 and P. aeruginosa PAO1 (both of them susceptible to antimicrobial peptides) in Fig. 2A,C,
respectively. In Fig. 2B,D, instead, ( values measured at the highest peptide concentration tested (40 uM) for
S. aureus MRSA WKZ-2 and P. aeruginosa ATCC 27853 (both of them non-susceptible to antimicrobial pep-
tides) are reported. Upon incubation of B. globigii TNO BMO013 with r(P)ApoB, or r(P)ApoB, ( was found to
shift from —33+3mV to —11+3 and —19 4+ 3 mV, respectively (Fig. 2A and Table 1). This is indicative of the
occurrence of electrostatic interactions between positively charged peptides and negatively charged bacterial
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Figure 1. Time killing curves obtained by incubating B. globigii TNO BMO013 (A,C,E) and P. aeruginosa PAO1
(B,D,F) strains with increasing concentrations of r(P)ApoBy (A,B), r(P)ApoBs (C,D) and CATH-2 (E,F)
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. For all the experimental points,
*P < 0.05, **P < 0.01, or ***P < 0.001 were obtained for control versus treated samples.

Cells t, —33+3

Cells tsg min —29+2
B. globigii TNO BMO013

Cells +1r(P)ApoB; t3 min —1143

Cells+r(P)ApoBs tyg i, | —19£3

Cells t, —2342

Cells t30 yin —23+2
P. aeruginosa PAO1

Cells+r(P)ApoBy tsgmin, | —19£3

Cells+r(P)ApoBg tyg iy | —17£3

Cells t, —28+3

Cells t30 min —26+2
S. aureus MRSA WKZ—-2

Cells +r(P)ApoB; tsg min —4+3

Cells +r(P)ApoB ts) min —4+3

Cells t, —11+2

Cells tsg min —10£2
P. aeruginosa ATCC 27853

Cells +r(P)ApoB; ts min —3+2

Cells + r(P)ApoBs tsg min —3+2

r(P)ApoB —3+1
Peptides alone i’

r(P)ApoBg —3+1

Table 1. Zeta-potential values recorded for bacterial cells at time 0 and upon 30 min in the absence or in the
presence of ApoB derived peptides; zeta-potential values of each peptide in solution are also reported.

surfaces, which leads to a partial neutralization of bacterial surface charge. A similar behavior was also observed
in the case of Gram-negative P. aeruginosa PAO1 bacterial strain upon treatment with r(P)ApoB, or r(P)ApoBs,
since also in this case ( shifted towards more positive values (Fig. 2C and Table 1). It is worth to highlight that,
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Figure 2. ApoB derived peptides effects on the Zeta potential of treated bacterial cells. Zeta potential values of
B. globigii TNO BMO013 (A) and P. aeruginosa PAO1 (C) bacterial strains were determined upon treatment with
r(P)ApoB; or r(P)ApoBg peptides at a concentration corresponding to MIC,, values. Zeta potential values of
bacterial strains not responsive to antimicrobial ApoB derived peptides, i.e. S. aureus MRSA WKZ-2 (B) and

P aeruginosa ATCC 27853 (D), were determined upon treatment with peptides at the highest concentration
tested (40 uM) for 180 min. Dashed curves represent the Zeta potential values of ApoB derived peptides alone
in bacterial culture medium (NB 0.5X). In the case of B. globigii TNO BMO013 (A) and P. aeruginosa PAO1 (C)
bacterial strains, a positive ( shift is indicative of an interaction between bacterial cells and peptides. On the
contrary, in the case of S. aureus MRSA WKZ-2 (B) and P. aeruginosa ATCC 27853 (D) bacterial strains, signals
recorded upon treatment with peptides (continuous lines) are almost completely superimposable to those
recorded for free peptide in culture medium at 40 uM (dashed lines), thus indicating absence of interactions
between bacterial cells and peptides. Data represent the average of at least three independent experiments.

in the case of B. globigii TNO BM013 bacterial strain, a larger C shift was observed with respect to P. aeruginosa
PAOL, as expected on the basis of its higher sensitivity to peptide toxicity. On the contrary, in the case of bacterial
strains non-responsive to antimicrobial ApoB derived peptides, obtained signals were found to be almost com-
pletely superimposable to those recorded for the free peptide in solution at the same concentration (Fig. 2B,D,
dashed lines), thus clearly indicating that only the signal attributable to the free peptide in solution was meas-
ured (Fig. 2B,D, dashed lines). This indicates that, in the case of non-responsive bacterial strains, no electrostatic
interactions occur between bacterial surfaces and antimicrobial peptides. It is presumable that some extracellular
factors or bacterial membrane composition might interfere with electrostatic interactions between negatively
charged bacterial surfaces and positively charged peptides, and this ultimately makes peptides ineffective.

Membrane permeabilization assays. To evaluate the effect of ApoB derived peptides on bacterial
membrane permeability, N-Phenyl-1-naphthylamine (NPN) fluorescent probe was used. As expected, NPN
uptake was found to be negligible for untreated bacterial cells, characterized by intact cell surface (Table 2 and
Fig. S4A,B). The spectrofluorometric assay was also performed upon treatment of bacterial strains with ApoB
derived peptides for 30 min at 37 °C. Incubation time was selected on the basis of time killing curve data (Fig. 1).
B. globigii TNO BMO013 and P. aeruginosa PAO1 responsive strains were treated with peptide concentrations
corresponding to previously determined MIC,, values®, reported in Table S1, whereas not responsive S. aureus
MRSA WKZ-2 and P. aeruginosa ATCC 27853 strains were treated with 40 uM peptides for 30 min at 37°C. As
shown in Table 2, NPN uptake factor was found to be 1.4 £ 0.9 for control P. aeruginosa PAO1 cells, and increased
t0 8.9+ 1.2 and 11.1 £ 2.0 upon treatment with r(P)ApoB; and r(P) ApoBs, respectively (Table 2). Similar results
were obtained when responsive Gram-positive B. globigii TNO BMO013 strain was tested. Indeed, NPN uptake
factor was found to be 4.1 £ 0.9 for control cells and 7.8 +-1.1 or 7.6 £ 1.0 for cells treated with r(P)ApoB; and
r(P)ApoBs, respectively (Table 2). On the other hand, no significant variation in NPN uptake was detected when
not responsive bacterial cells were treated with ApoB derived peptides (Table 2). As a positive control, bacterial
strains under test were treated with increasing concentrations of polycationic antibiotic colistin (0.25-4 pug/mL)
or glycopeptide antibiotic vancomycin (0.00156-0.250 pg/mL). In both cases, following treatment, NPN uptake
was found to increase in a concentration dependent manner (Fig. S4A,B). Indeed, both antibiotics, although
with different mechanisms, have been reported to ultimately cause membrane permeabilization®*2. Altogether,
obtained results confirm the crucial role played by bacterial membrane as main target of ApoB derived peptides
antimicrobial activity.
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Cells 41409
B. globigii TNOBMO13 | Cells+ r(P)ApoB;, tsmin 78+1.1
Cells +r(P)ApoBs ts) min 7.6+1.0
Cells t, 1.4+09
P. aeruginosa PAO1 Cells +r(P)ApoB; t3g min 89+1.2
Cells + r(P)ApoBs ts) i 11.1+2.0
Cells t, 1.6£0.5
S. aureus MRSA WKZ-2 | Cells+ r(P)ApoB; tsgmin 0.74+0.1
Cells + r(P)ApoBs ts) min 1.2+0.1
Cells t, 0.24+0.1
P aeruginosa ATCC 27853 | Cells + r(P) ApoBy t3) i, 0.3+0.1
Cells +r(P)ApoBs ts) min 0.54+0.1

Table 2. NPN uptake factors determined upon incubation of bacterial cells in the presence or in the absence of
ApoB derived peptides. Data represent the average of at least three independent experiments.

Untreated 5umM 40 uM

Untreated 5um 40 uM 80 M
Figure 3. Morphological analyses of B. globigii TNO BM013 (A) and P. aeruginosa PAO1 (B) cells by TEM.
Representative images are shown upon treatment of bacterial cells with increasing concentrations (0-80 M)
of r(P)ApoB, peptide. A total of 60 cells were analysed for each peptide concentration in two independent
experiments. Bars 250, 500 or 1,000 nm.

Morphological alterations induced by ApoB derived peptides. To evaluate morphological altera-
tions of bacterial strains susceptible to antimicrobial ApoB derived peptides, transmission electron microscopy
(TEM) analyses were performed. In the case of control bacterial cells, intact membranes, a homogeneous intra-
cellular distribution of DNA and ribosomes rich areas were observed (dark areas in Fig. 3). When bacterial cells
were, instead, treated with increasing concentrations of r(P)ApoB, peptide, a progressive detachment of cell wall
and cell lysis was observed in the case of Gram-positive B. globigii TNO BMO013 (Fig. 3A). Similarly, in the case of
Gram-negative P. aeruginosa PAO1, a progressive wrinkling of outer membrane, dissociation of membrane frag-
ments, permeabilization of outer and inner membranes and the leakage of electron dense material was detected
(Fig. 3B). Moreover, in both cases, a complete alteration of intracellular morphology, with a decrease of cytoplasm
density, was evaluated at the highest peptide concentrations tested (Fig. 3). Similar results were obtained when
B. globigii TNO BMO013 and P. aeruginosa PAO1 strains were treated with r(P)ApoBg peptide at a concentration
of 5 and 20 uM, respectively (Fig. 4A,B). It is noteworthy that significant morphological alterations were already
detected when peptides were tested at sub-MIC concentrations.

Furthermore, to analyse the surface of responsive bacterial cells upon treatment with antimicrobial ApoB
derived peptides, scanning electron microscopy (SEM) analyses were also performed. In the absence of peptides,
bacterial cells displayed smooth and intact surfaces (Figs 5 and 6). Preliminary occurrence of biofilm extracel-
lular matrix formation was also detected in the case of control P. aeruginosa PAO1 cells (Figs 5B and 6B). When
bacterial cells were, instead, treated with peptides, bacterial surfaces appeared corrugated with some dimples,
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Figure 4. Morphological analyses of B. globigii TNO BM013 (A) and P. aeruginosa PAO1 (B) cells by

TEM. Representative images are shown upon treatment of bacterial cells with r(P) ApoBg concentrations
corresponding to sub-MIC values (5 .M and 20 pM for B. globigii TNO BM013 and P. aeruginosa PAOL1 cells,
respectively). A total of 60 cells were analysed for each sample in two independent experiments. Bars 250, 500 or
1,000 nm.

aopm ' 40 uM 40 uM ' 40 uM

Figure 5. Morphological analyses of B. globigii TNO BMO013 (A) and P, aeruginosa PAO1 (B) cells by SEM.
Representative images are shown upon treatment of bacterial cells with 40 uM r(P) ApoB;. A total of 60 cells
were analysed for each sample in two independent experiments. Bars 2 or 4 pm.
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Figure 6. Morphological analyses of B. globigii TNO BMO013 (A) and P. aeruginosa PAO1 (B) cells by SEM.
Representative images are shown upon treatment of bacterial cells with 40 uM r(P) ApoBs. A total of 60 cells
were analysed for each sample in two independent experiments. Bars 2 or 4 um.

both in the case of B. globigii TNO BMO013 and P. aeruginosa PAO1 strains (Figs 5 and 6). Even more interesting
is the evidence that the treatment of B. globigii TNO BMO013 cells with ApoB derived peptides induces cells to
grow as long filaments (Figs 5A and 6A), probably as a consequence of septation block, thus strongly suggesting
that these peptides act by ultimately inhibiting cell division. To monitor this phenomenon, experiments were
also performed by incubating B. globigii TNO BMO013 cells with increasing concentrations of either r(P)ApoB;
or r(P)ApoBg peptide. Obtained results, reported in Figs S5 and S6, clearly indicate that both peptides induce a
septation block even at concentrations significantly lower than MIC,, value. Moreover, obtained results support
the evidence that peptides effects strongly depend on the features of bacterial strains under test. Indeed, when
P aeruginosa PAOL cells were treated with 40 uM r(P)ApoB; (Fig. 5B) or 40 uM r(P)ApoB; peptide (Fig. 6B), no
evidence of cell division block was detected. However, in both cases, a significantly lower cell density, indicative of
a massive cell death, was revealed (Figs 5B and 6B). Moreover, in the case of all the treated samples, cell surfaces
appeared irregular, corrugated, and withered (Figs 5 and 6), with some dimples and signs of cytoplasm leakage
especially in the case of P. aeruginosa PAOIstrain (Figs 5B and 6B).

Analysis of lipopolysaccharides (LPSs) isolated from P. aeruginosa ATCC 27853 and P. aerugi-
nosa PAO1 bacterial strains. We previously demonstrated, by Far UV-CD analyses, that r(P)ApoB, pep-
tide gradually assumes a defined structure in the presence of increasing concentrations of LPS, what suggests a
direct binding of this peptide to LPS?. Here, to investigate the role played by LPS molecules in the efficacy or
the inefficacy of ApoB derived peptides on Gram-negative bacterial strains, we extracted LPS molecules from
P. aeruginosa ATCC 27853 and P. aeruginosa PAO1 bacteria. Afterwards, we analysed the interaction between
ApoB derived peptides and the two purified LPS fractions by isothermal titration calorimetry (ITC) experiments.
As shown in Fig. 7A, r(P)ApoB, and r(P)ApoBg peptides appear to bind to LPS molecules extracted from the
two bacterial strains in a very similar fashion. Binding reactions were found to be all endothermic, thus indicat-
ing that they are driven by entropy rather than enthalpy. In the case of the binding of r(P)ApoB; peptide to the
LPS extracted from P. aeruginosa PAO1, a dissociation constant (Kd) of 3.6 x 10~*M was determined, with an
entropy (AS) of 269 J/mol and a positive enthalpy (AH) of 51.1 KJ/mol (Table S2). Similar spectra and binding
parameters were also obtained in the case of the interaction of r(P)ApoBg peptide with LPS molecules extracted
from P. aeruginosa PAO1 bacterial strain (Fig. 7A and Table S2). No significant differences were detected when
the binding of both ApoB derived peptides to LPS molecules extracted from P. aeruginosa ATCC 27853 strain
was analysed (Fig. 7A and Table S2). Altogether, obtained data indicate that both ApoB derived peptides are able
to directly interact with LPS molecules extracted from the two bacterial strains, with no major differences in the
binding of peptides to LPS molecules extracted from P. aeruginosa susceptible and not responsive bacterial strains
(Fig. 7A and Table S2), at least in in vitro experiments and in the experimental conditions tested. To deepen on the
role that LPS molecules might play in determining the different susceptibility of Gram-negative bacterial strains
to ApoB derived peptides toxicity, we also performed a preliminary characterization of LPS molecules extracted
from P. aeruginosa ATCC 27853 and P. aeruginosa PAO1 bacterial strains. To this purpose, LPSs extracted from
dried bacterial cells by the PCP method were analysed by 14% DOC-PAGE electrophoresis and visualized by
silver nitrate staining, that revealed a smooth LPS for both strains. Smooth LPS extracted from E. coli O55:B5 was
used as a standard (data not shown). To define the glycosyl compositions of the intact LPSs, acetylated methyl
glycosides were analysed by GC-MS. The monosaccharides were identified from their EI mass spectra and from
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Figure 7. Analysis of the binding between ApoB derived peptides and LPSs extracted from P, aeruginosa PAO1
and P, aeruginosa ATCC 27853 bacterial strains by isothermal titration calorimetry (ITC) (A). The negative
peaks indicate heat requirement for binding (endothermic), and are indicative of an entropy-driven binding
reaction. (a) Binding of r(P)ApoB; peptide to LPS from P, aeruginosa PAO1; (b) binding of r(P) ApoB; peptide
to LPS from P, aeruginosa ATCC 27853; (c) binding of r(P) ApoBg peptide to LPS from P. aeruginosa PAO1; (d)
binding of r(P) ApoBg peptide to LPS from P. aeruginosa ATCC 27853. Chromatograms of acetylated methyl
glycosides of LPSs extracted from P. aeruginosa PAO1 (B), and from P. aeruginosa ATCC 27853 (C).

their GC column retention time by comparison with authentic standards. For both LPSs, rhamnose (Rha), glu-
cose (Glc), 2-amino-2-deoxy-D-galactopyranose (GalN), 2-amino-2-deoxy-D-glucopyranose (GlcN), and
3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) were found to be present (Fig. 7B,C). The occurrence of heptoses
in both LPSs was displayed only upon a de-phosphorylation reaction obtained by HF treatment (data not shown).
It is important to highlight the selective presence of 2-amino-2,6-dideoxy-D-galactopyranose (FucN) in P. aerug-
inosa PAO1 LPS, as indicated by the chromatogram (Fig. 7B). It is noteworthy that the majority of P. aeruginosa
strains have been reported to co-express two chemically and distinct forms of LPS O-antigens: (i) a serotype con-
taining the O-antigen B-band and (ii) a common antigen referred to as O-antigen A-band. The chemical struc-
ture of the A-band from most of the sero-types was shown to be a linear a-D-rhamnan®; instead, the chemical
structure of the B-band was reported to contain two derivatives of the 2,3-diamino-2,3-dideoxy-D-mannuronic
acid (Man2N3NA) and FucN*. Our results suggest the absence of the B-band in the case of P. aeruginosa ATCC
27853 strain. This feature might be responsible for the different response of the two Gram-negative strains under
test to ApoB derived peptides.

Discussion

The healthcare burden associated to the increasing emergence of microorganisms resistant to multiple antimicro-
bial compounds has accelerated in recent years, and alternative weapons are urgently needed. However, despite
huge efforts, the discovery, development, manufacture and marketing of new antibiotics has significantly slowed
down in the past 30 years, whereas the clinical and economic impact of resistance is alarmingly rising. Although
the scientific difficulty in identifying novel antibiotics may be increasing, as microbes become resistant to an
ever-increasing array of treatments and, concomitantly, the identification of novel targets is challenging, the main
explanation is that investments made by large pharmaceutical companies did not lead to profitable products®. In
this scenario, naturally occurring Host Defense Peptides (HDPs) are gaining great attention. Indeed, being essen-
tial constituents of innate immunity, they represent promising lead structures to develop antibiotics against
Gram-negative and Gram-positive bacteria, including strains resistant to approved antibacterial agents*. We
recently characterized novel human HDPs identified by a bioinformatics approach in human ApoB?*?!, and
demonstrated that the two recombinant ApoB derived HDPs are endowed with a broad-spectrum anti-microbial
activity, and with anti-biofilm, wound healing and immunomodulatory properties®®. On the other hand, they
have been found to be neither toxic nor hemolytic towards eukaryotic cells, what opens interesting perspectives
to their therapeutic applicability®®. However, it should be emphasized that ApoB derived AMPs were found to be
antimicrobial towards four out of eight strains tested, i.e. E. coli ATCC 25922, P. aeruginosa PAO1, B. globigii TNO
BMO013, and B. licheniformis ATCC 21424, with MIC,,, values comprised between 1.25 and 20 uM, indicating that
they are effective on both Gram-negative and Gram-positive bacterial strains®. On the other hand, they were
found to be ineffective towards P. aeruginosa ATCC 27853, methicillin-resistant S. aureus (MRSA WKZ-2), and
S. aureus ATCC 29213?°. However, when peptides were tested in combination with conventional antibiotics or
EDTA, remarkable synergistic effects were detected®. Indeed, bacterial strains found to be not responsive to
ApoB derived AMPs toxicity, such as S. aureus strains and P. aeruginosa ATCC 27853, were found to be highly
susceptible to combinations of ApoB derived peptides with antibiotics or EDTA?. This paves the way to the devel-
opment of successful combination therapy approaches, that have a very low potential to induce resistance pheno-
type. Since the definition of the molecular bases of ApoB derived peptides antimicrobial activity could be crucial
for the design of effective combinatorial therapeutic approaches, the mechanism of action of the two ApoB
derived AMPs has been here investigated by selecting four bacterial strains as prototypes of Gram-positive and
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Gram-negative strains susceptible or resistant to antimicrobial ApoB derived peptides. First of all, we analysed the
kinetic of peptides bactericidal activity, and demonstrated that, at the highest peptide concentrations tested (10-
20 uM), susceptible bacterial cells (B. globigii TNO BMO013 and P. aeruginosa PAO1cells) were killed within a very
short time interval, i.e. 30 min. This evidence is in perfect agreement with data collected by measuring Zeta poten-
tial values upon incubation of susceptible bacterial cells with ApoB derived peptides tested at concentrations
corresponding to previously determined MIC,, values. Indeed, in all the cases, a significant increase of Zeta
potential values was detected, what is indicative of the occurrence of electrostatic interactions between positively
charged peptides and negatively charged bacterial surfaces, with a consequent neutralization of bacterial surface.
Interestingly, a greater variation in Zeta potential values was detected in the case of the strain characterized by the
highest sensitivity to peptide toxicity, i.e. B. globigii TNO BM013. This might be indicative of a higher electrostatic
affinity between cationic peptides and negatively charged bacterial surface. Indeed, it has been reported that bac-
terial membrane surface neutralization is a key event mediating the anti-microbial activity of several peptides,
with Zeta potential alteration generally preceding membrane permeabilization leading to cell death®. In perfect
agreement with this finding, a significant increase of NPN uptake factor was selectively detected upon treatment
of susceptible bacterial strains with ApoB derived peptides, thus strongly supporting the evidence that Zeta
potential increase precedes membrane permeabilization, and confirming the crucial role played by bacterial
membrane as main target of ApoB derived peptides antimicrobial activity. Moreover, in the case of B. globigii
TNO BMO013 susceptible bacterial strain, Zeta potential increase and membrane permeabilization is also accom-
panied by a septation block, as indicated by electron microscopy analyses performed at different time intervals
and upon treatment with increasing ApoB derived peptides concentrations. These findings are in perfect agree-
ment with a recent report indicating that E. coli treatment with antimicrobial peptides causes cells to filament
through a division block controlled by the PhoQ/PhoP signaling pathway®’. Bacterial cell filamentation, here
observed by electron microscopy analyses, might be a result of DNA replication inhibition, SOS induction, chro-
mosome segregation, or failure of septation process®. It has been previously reported that treatment of E. coli with
the antimicrobial peptide microcin J25 causes cells to filament, with a consequent inhibition of cell division pro-
cesses through a non-SOS-dependent mechanism mediating a bacteriostatic mode of action®. Similarly, E. coli
cells treated with diptericin showed a significantly elongated morphology, indicating that this peptide may affect
cell targets involved in cell division to induce cell death, as suggested by its selective activity on actively growing
E. coli cells*. Also human defensin 5 (HD5) was found to induce extensive cell elongation, with a consequent
disruption of cell division events*'. Interestingly, in agreement with our findings, such treatment outcomes were
observed only upon treatment of Gram-negative bacteria with HD5, thus suggesting a common inhibitory activ-
ity depending on specific features of bacterial strains under test. Also in the case of ApoB derived peptides, effects
appear to strongly depend on specific properties of analysed bacterial strains. Indeed, in the case of Gram-negative
P. aeruginosa PAO1 strain, no signs of cell division block were detected upon treatment with ApoB derived pep-
tides, although significant alterations of cell morphology, with irregular and corrugated cell surfaces, signs of
cytoplasm leakage and cell death, were detected. It has also to be emphasized that two out of four bacterial strains
selected in the present study appear resistant to ApoB derived peptides antimicrobial activity, although they are
characterized by negatively charged surfaces, as indicated by Zeta potential values determinations. In particular,
in the case of Gram-positive B. globigii TNO BMO013 and S. aureus MRSA WKZ-2 bacterial strains, Zeta potential
values have been found to be —33 £ 3 and —28 £ 3, respectively, but only B. globigii TNO BMO013 cells were found
to be susceptible to ApoB derived peptides antimicrobial activity. In the case of Gram-negative P. aeruginosa
PAOL1 and P. aeruginosa ATCC 27853 strains, instead, Zeta potential values were found to be very different, i.e.
—23+2and —11£2mV, respectively. It is plausible that this dissimilarity reflects differences in bacterial mem-
brane composition ultimately affecting peptide ability to interfere with bacterial cell viability. Since no significant
effects on Zeta potential values were detected in the case of resistant bacterial cells treated with ApoB derived
peptides, it has been hypothesized a failure of electrostatic interactions between negatively charged bacterial
surfaces and positively charged peptides, with a consequent counteraction of ApoB derived peptides antimicro-
bial activity. Indeed, it has been extensively reported that electrostatic interactions play a pivotal role in the cell
killing process mediated by antimicrobial peptides*’. Based on obtained results, it has been hypothesized that
some extracellular factors or bacterial membrane composition might interfere with electrostatic interactions
between peptides and bacterial surfaces in the case of resistant bacterial cells. Since previous analyses by Far
UV-CD suggested a direct binding of r(P) ApoB; peptide to bacterial LPS?, experiments were here performed to
verify whether ApoB derived peptides are able to directly interact with LPS molecules extracted from P. aerugi-
nosa PAO1 and P. aeruginosa ATCC 27853 bacterial strains. Analyses, performed by isothermal titration calorim-
etry (ITC), indicated that both ApoB derived peptides are able to directly interact with LPS molecules extracted
from the two bacterial strains, with no significant differences, at least when peptide binding to LPS molecules is
tested in in vitro experiments. However, it has to be considered that, in physiological conditions, where up to
100,000 molecules of LPS are located at the surface of one single Gram-negative bacterium®, several factors, such
as membrane composition or extracellular microenvironment, might interfere with peptide binding to exposed
LPS molecules. Based on this, we also performed a preliminary characterization of LPS molecules extracted from
P. aeruginosa PAO1 and P, aeruginosa ATCC 27853 bacterial strains, in order to evaluate whether differences in
LPS structures might be responsible for the efficacy or the inefficacy of ApoB derived peptides on Gram-negative
bacterial strains. Performed analyses indicated the selective presence of 2-amino-2,6-dideoxy-D-galactopyranose
(FucN) in the LPS of susceptible P. aeruginosa PAO1 bacterial strain, whereas LPS B-band was found to be absent
in the case of resistant P. aeruginosa ATCC 27853 strain. Since the B-band is reported to display negative charges,
such as those of the Man2N3NA residues®, electrostatic interactions between positively charged ApoB derived
peptides and LPS molecules exposed on P. aeruginosa PAO1 bacteria might involve these monosaccharides.
Instead, the sole presence of the hydrophobic rhamnan chain (A-band) in the LPS of resistant P. aeruginosa ATCC
27853 strain could be responsible for the failure of the electrostatic interactions between peptides and bacterial

SCIENTIFIC REPORTS | (2019) 9:6728 | https://doi.org/10.1038/s41598-019-43063-3 9


https://doi.org/10.1038/s41598-019-43063-3

www.nature.com/scientificreports/
r(P)ApoB, (887-923) %

Treatment with  PEVARTPGRETETTR PV EEESCONTEREYSTIGT

ApoB derived HDPs (p)apoB; (887-911)

L PEVARTPCTETRTTpsP R VRS
|

“n' e 30wk Wi () APeB,
i » :.;n WNApes,
2 HNApeB,
f \

60509 30 2010 0 1020 30 # @
Zeta-potential (mV)

neutralization of
bacterial surface<_ ‘
Susceptible bacterial cell Resistant bacterial cell
membrane l l
permeabilization —
morphological alterations NO neutralization of ':°'“:":I“°Id
/@ and cell division block bacterial surface phospholip
HN ) » composition © eeee

\ 2 -
(Co e ew
N w

extracellular °
microenvironment ® ©

Figure 8. Schematic representation of the main experimental evidence herein collected.

surfaces. This might be one of the key factors responsible for the different response of the two Gram-negative
bacterial strains to ApoB derived peptides toxicity.

Altogether, collected results indicate that ApoB derived peptides exert their antimicrobial activity by mainly
targeting bacterial membrane and subsequently affecting intracellular molecules and/or processes, such as cell
division (Fig. 8). Obtained findings also strongly indicate that an interference with electrostatic interactions
between negatively charged bacterial surfaces and positively charged peptides, probably due to extracellular
microenvironment or bacterial membrane composition, might counteract ApoB derived peptides antimicrobial
activity (Fig. 8).

Materials and Methods
Materials. All the reagents were purchase from Sigma-Aldrich (Milan, Italy), unless differently specified.
Chicken cathelicidin-2 (CATH-2) peptide was obtained from CPC Scientific Inc. (Sunnyvale, USA).

Recombinant production of ApoB derived peptides. Expression and isolation of recombinant pep-
tides was carried out as previously described® with the only exception of a final gel-filtration step, that was added
in order to remove salts used along the purification process and that tend to attach to the peptides, as previously
reported*+*5,

Bacterial strains and growth conditions. Methicillin-resistant Staphylococcus aureus (MRSA WKZ-2),
Bacillus globigii TNO BMO13, Pseudomonas aeruginosa ATCC 27853, and Pseudomonas aeruginosa PAO1 bacte-
rial strains were grown as previously described®’.

Anti-microbial activity assay. To test the anti-microbial activity of ApoB derived peptides, previously
described experimental procedure was used?’. MIC,, values correspond to the lowest concentration of peptide
associated to no detectable bacterial growth.

Killing kinetic studies. To kinetically analyse bacterial killing by ApoB derived peptides, experiments were
performed on B. globigii TNO BMO013 and P. aeruginosa PAOL1 strains as previously described?®.

Zeta potential measurements of bacterial cells in the presence of ApoB derived peptides. To
perform analyses, bacteria were grown over-night 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 x 10° CFU/mL in a final
volume of 5mL of NB 0.5X, and mixed with the peptide under test (1:1v/v). In the case of bacterial strains sus-
ceptible to antimicrobial ApoB derived peptides, r(P)ApoB; and r(P)ApoBg were tested at concentrations corre-
sponding to MIC,, values. In the case of not responsive strains, instead, only the highest peptide concentration
was tested (40 uM). At defined time intervals (0-180 min), Zeta potential values were determined. Zeta potential
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measurements of control samples were carried out in NB 0.5X pH 7.4. To test different peptide concentrations,
serial dilutions were performed, in order to mix bacteria and peptides at a ratio of 1:1v/v. The Zeta potential of
bacterial cells was determined at 25°C from the mean of 3 independent measurements (30 runs each), in the
absence and in the presence of different peptide concentrations. Zeta potential values were obtained by phase
analysis light scattering (PALS) in a Zetasizer Nano ZS 90 device (Malvern, Worcestershire, UK), equipped with
Helium-Neon laser (633 nm) as a source of light, with the detection at 173 degree scattering angle at room tem-
perature (25 °C), using disposable Zeta cells with gold electrodes. Values of viscosity and refractive index were set
to 0.8872 cP and 1.330, respectively.

NPN uptake assay. NPN uptake assays were carried out by following the previously described experimental
procedure?. To do this, 1-N-phenylnaphthylamine (NPN) was diluted to 1 mM in 5mM HEPES buffer pH 7.2.
Control wells were prepared as follows: (i) buffer alone (1 mL); (ii) buffer (1 mL) and NPN (2 uL); (iii) bacteria
in buffer (1 mL); (iv) bacteria in buffer (1 mL), NPN (2 uL). Antibiotics or peptides were mixed with bacterial
suspension in Eppendorf tubes for 2 and 30 min, respectively, and then transferred into cuvettes. NPN was added
immediately before the measurement of fluorescence; the values were recorded within 3 min. Fluorescence emis-
sion was detected at 420 nm upon excitation at 340 nm by using a PerkinElmer LS-55 luminescence spectrometer
(Waltham, MA, USA). Each assay was performed at least three times. The results are expressed as NPN uptake
factors, calculated by subtracting background, i.e. the value obtained in the absence of NPN.

Transmission electron microscopy. Bactericidal effects of ApoB derived peptides were also investigated
by transmission electron microscopy (TEM) analyses, which required higher bacterial cell densities (2 x 10®
CFU/mL). For this reason, additional colony count assays were performed to determine ApoB derived peptides
MIC,, values at this bacterial cell density. In the case of both peptides, a MIC,, value of about 80 uM was deter-
mined. To perform analyses, B. globigii TNO BMO013 and P, aeruginosa PAOL1 strains were incubated with increas-
ing concentrations of peptides (0-80 M) for 3 hrs at 37 °C. Samples were then fixed with 2% glutaraldehyde
(Polysciences, Eppelheim, Germany) in 5 mM CaCl,, 10 mM MgCl, (both Merck, Darmstadt, Germany) in 0.1 M
sodium cacodylate buffer pH 7.4 over-night at 4 °C. Bacteria treatment with peptides was stopped by adding
the fixative and keeping the cells over-night at 4 °C. Cells were then washed 3 times by incubation in sodium
cacodylate buffer for 10 min and embedded in 2% low-melting point agarose v/v. Cells were then post-fixed with
4% osmium tetroxide (Electron Microscopy Sciences, EMS, Hatfield, USA) and 1.5% K Fe(CN),-3H,O (Merck,
Darmstadt, Germany) in distilled water for 2 hrs at 4°C. Upon cell washing with distilled water (5 times for
10 min), cells were incubated in 0.5% uranylacetate (EMS, Hatfield, USA) for 1 hr at 4°C. After further washing
with distilled water (3 times for 10 min), samples were embedded in Epon resin and ultrathin sections (50 nm)
of each block were prepared by using a Leica UCT ultramicrotome (Leica, Vienna, Austria). Obtained sections
were stained with uranyl acetate and lead citrate by using the Leica AC20 system (Leica, Vienna, Austria). TEM
images have been acquired in bright field mode using a Philips EM 208 S transmission electron microscope with
an accelerating voltage of 80kV.

Scanning electron microscopy. Bacterial cells in exponential growth phase were grown for 3 hrs in NB
0.5X in microfuge tubes in the absence or in the presence of ApoB derived peptides. Also in this case, high bac-
terial cell densities were required (2 x 108 CFU/mL) for the analysis, and it should be underlined that, in these
experimental conditions, peptides MIC,, value was found to be about 80 uM. To perform scanning electron
microscopy (SEM) analyses, B. globigii TNO BMO013 and P. aeruginosa PAO1 strains were incubated with 40 uM
peptides for 3 hrs at 37 °C. Following incubation, bacterial cells were centrifuged at 10,000 rpm at 4 °C and fixed
in 2.5% glutaraldehyde. Following over-night incubation, bacterial cells were washed three times in distilled water
(dH20) and then dehydrated with a graded ethanol series: 25% ethanol (1 x 10 min); 50% ethanol (1 x 10 min);
75% ethanol (1 x 10 min); 95% ethanol (1 x 10 min); 100% anhydrous ethanol (3 x 30 min). Bacterial cells depos-
ited onto glass substrate were first sputter coated with a thin layer of Au-Pd (Sputter Coater Denton Vacuum Desk
V) to allow subsequent morphological characterization using a FEI Nova NanoSEM 450 at an accelerating voltage
of 5kV with Everhart Thornley Detector (ETD) and Through Lens Detector (TLD) at high magnification.

Lipopolysaccharide (LPS) isolation, purification and characterization. Dried cells from P. aerugi-
nosa PAO1 (1g) and P. aeruginosa ATCC 27853 (0.9 g) were extracted by PCP method, i.e. by using phenol/chlo-
roform/petroleum ether (2:5:8 v:v:v)*". The yields of extracted LPS was found to be 9% and 5% for P. aeruginosa
PAO 1 and P, aeruginosa ATCC 27853, respectively. Both extracts were analysed by 14% DOC-PAGE, that was
performed by using Laemmli procedure**° and sodium deoxycholate (DOC) as detergent. LPS bands were vis-
ualized by silver staining as described previously™. The glycosyl analysis was performed as previously reported™'.
Briefly, LPS samples (0.5 mg) were mixed with 1 mL of HCI/CH;OH, subjected to methanolysis for 16 hrs at
80°C, and then acetylated. Simultaneously, another sample of both native LPSs (0.5 mg) was firstly treated with
HF (48%; 100 pL) and then subjected to methanolysis and acetylation. Finally, all the acetylated methyl glycosides
(MGA) were analysed on an Agilent 7820 A GC System-5977B MSD spectrometer equipped with the automatic
injector 7693A and a Zebron ZB-5 capillary column (Phenomenex, Toornace, CA, USA; fow rate 1 mL/min; He
as carrier gas). MGA were analysed using the following temperature program: 140 °C for 3 min, 140°C — 240°C
at 3°C/min.

Isothermal titration calorimetry. Interaction between ApoB derived peptides and LPS molecules
extracted from P. aeruginosa PAO1 or P. aeruginosa ATCC 27853 bacterial strains was tested by isothermal titra-
tion calorimetry (ITC) experiments, which were carried out on a Low Volume NanoITC (TA instruments, Waters
LLC, New Castle, USA) at 37 °C. To this purpose, LPS molecules were diluted to 0.5 mg/mL in 50% phosphate
buffer (PBS), and vortexed for 5 min. Afterwards 190 puL of LPS suspension were added to the cell chamber. The
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syringe was then filled with 50 uL of 266 uM peptide solutions in 50% PBS. Titrations were incremental with 2 uL
injections at 300 seconds intervals. Control spectra, obtained by injection of the same amount of each peptide in
buffer solution, were subtracted to correct for heat production upon peptide dilution. Collected data were ana-
lyzed by using Nano Analyze software (TA instruments, Waters LLC, New Castle, USA).

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

Data Availability

All the data supporting the conclusions have been included within the article.
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