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Antibiotic resistance is a serious health and social problem that will have a substantial impact in the coming
years on the world health and economy. Thus, the increasing demand for innovative antibiotics, has prompted
many researchers in the medical, microbiological, and biochemical fields to exploit the properties of antimi-
crobial peptides (AMPs). When properly used, designed, and conveyed, AMPs can really represent a valid
alternative to conventional drugs especially in situations that are particularly difficult to treat such as chronic
infections found in Cystic Fibrosis (CF) patients. In this review we focused on the applications of AMPs in the

specific field of CF, illustrating different types of peptides from natural, naturally modified, synthetic as well as
the different strategies used to overcome the barriers, and the physiological conditions in which AMPs must

operate.

1. Introduction

Cystic Fibrosis (CF) is the most frequent hereditary genetic disease
among populations of Caucasian origin (Europe and North America),
with an incidence of about one sick infant every 3000-4000 healthy
births. The genetic basis for CF is well-characterized and arises from
mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene (Ratjen et al., 2015). In people affected by CF, secretions
such as bronchial mucus or pancreatic juice are denser than normal,

with harmful effects especially on the respiratory and digestive systems,
but also other important physiological functions may be compromised
(Elborn, 2016). These patients experience recurrent bronchitis or
bronchopneumonia, caused by different bacteria species that give rise to
infections and chronic inflammations, with progressive deterioration of
respiratory function and lung tissues. Chronic bacterial infections and
accompanying airway inflammations eventually lead to respiratory
failure in 80-95 % of CF patients. Bacterial colonization arises in CF
patients shortly after born. Deeper endobronchial colonization and
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chronic inflammation develop later, within a year or two of life (Arm-
strong et al., 1995), with several organisms including Staphylococcus
aureus, Haemophilus influenzae, and Gram-negative enteric organisms
(Klebsiella pneumoniae and Escherichia coli). Pseudomonas aeruginosa
infection is common to all CF patients, which leads to epithelial surface
damage and airway plugging with a general deterioration of lung tissues
finally resulting in a pulmonary function decline. Burkholderia cepacia
and Stenotrophomonas maltophilia are also emerging multi-drug resis-
tant organisms found in CF patients and their diffusion is increasing
(Spencer et al., 2020). Life expectancy depends on the evolution of
pulmonary complications, determined by a combination of genetic and
non-genetic factors. The median survival age is 40 years, but progress in
medical and surgical treatment options have improved the prognosis
over the last few decades.

Antimicrobial treatment could improve the survival in CF patients.
However, the particularly viscous composition of the sputum, rich in
biomolecules (extracellular DNA, lipids, mucins, polysaccharides etc.),
the presence of salts and the acid pH, make the administration of anti-
biotics more complicated, thus reducing their effectiveness. Novel
antimicrobial agents and new more effective ways of administration that
could replace or complement current therapies are consequently needed
especially for the treatment of chronic infections. In this framework
Antimicrobial Peptides (AMPs) are promising candidates due to special
characteristics such as their lower toxicity, limited propensity to develop
antibiotic resistance and their established anti-inflammatory and
immunomodulatory effects (Waters and Smyth, 2015). AMPs are
broadly expressed in all kinds of organisms (bacteria, archaea, protists,
fungi, plants, and animals) as an essential component of their innate
immune system which is the first line of defense against pathogens.
AMPs are produced by epithelial cells and by circulating immune cells
including neutrophils and macrophages. AMPs have demonstrated good
antimicrobial activity against a wide range of microbes, and very
interesting also against multidrug-resistant bacteria (Sala et al., 2021).
Curiously, AMPs were discovered at the same time of antibiotics (in the
early 1920 s) but were dominated by the success of this latter. To date
more than 3000 peptides are registered in the AMPs database APD3
(https://aps.unmc.edu/AP). The emergence of antibiotics resistance,
which is a major treat of human health, has resurrected the interest in
AMPs. AMPs exhibit also synergistic effects upon co-administration with
conventional  antibiotics to treat both  susceptible and
multidrug-resistant bacteria at lower concentrations (Geitani et al.,
2020). Even if the developed AMPs are very different in terms of com-
positions and lengths, they share common structural characteristics such
as the most studied AMPs are short polypeptides of less than 50 amino
acids having a positive net charge and a hydrophobic content. In the last
years, a lot of companies tried to develop AMPs and, consequently, the
research of peptide-drug has led to numerous FDA approved peptide
therapeutics in the market, such as cyclic peptides gramicidins and
polymyxins. Other peptides such as cathelicidin LL-37, omiganan, pex-
iganan, DPK-060 and PXLO1 are nowadays objects of late-stage clinical
studies. Although AMPs have very attractive qualities, drawbacks exist
to produce an efficient peptide-drug for medical application. First, the in
vivo antimicrobial activity of AMPs is not always the same as observed
in vitro; peptides may undergo to proteolytic processes in serum, or to a
reduced or suppressed in vivo efficacy due to the pH and the high salt
concentrations present in physiological conditions (Rotem et al., 2009;
Jahnsen et al., 2013). This aspect is particularly true if we consider the
pulmonary environment related to CF, in which the pH level, the high
concentration of salts, the viscosity conditions, and the presence of
proteolytic enzymes could actively hamper the antibacterial properties
of AMPs. These limitations are highlighted by several studies in which it
is reported that the high-salt environment created on the apical side of
CF epithelial cells impair AMPs effectiveness (Zhang et al., 2005) as
observed for human cathelicidin LL37, histidine-richpeptide P-113,
indolicidins, gramicidins, bactenecins, and magainins, all known to be
salt sensitive (Mohanram et al., 2016). Second, an important element to
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consider is the possibility that these peptides would trigger an immu-
nogenic response, which could dramatically limit their efficiency. Some
AMPs in fact, have a double role in modulating autoimmunity upon
infection acting either as pro- or anti-inflammatory agents (Ganguly
et al., 2009). Third, although AMPs are less exposed to antibiotic
resistance phenomena, microorganisms are however able to express
resistance towards peptides (Guo et al., 1998; Lyu et al., 2016). Fourth,
another limit for the large-scale development and commercialization of
AMPs as antibiotics may reside in their production cost, mainly
depending on the peptide structure, which could be several times more
expensive than the production of conventional antibiotics. Anyway,
many of these obstacles are nowadays avoided or less important thanks
to the advancements in many research fields related to peptide synthesis
and delivery. Recently, researchers have focused on developing a series
of AMP analogs often as derivatives of natural molecules, with better
antibacterial, cytotoxic, and hemolytic properties. Other synthetic
peptides (D-peptides, dimeric peptides, cyclized forms or composed of
unnatural amino acids) have been designed, to mimic the structure,
function, and mode of action of AMPs showing higher resistance to
proteolytic degradation, resulting in prolonged half-lives and
cost-effective molecules (Wang et al., 2019; Molchanova et al., 2017b).
With the same aim, as discussed later in this review, diverse
nano-systems have been designed to efficiently deliver AMPs. Further-
more, the progress in designing non-immunogenic peptides is improving
quickly, and this should also increase the clinical success (Henninot
et al.,, 2018; Holfeld et al., 2015). Finally, peptides are nowadays
routinely produced on an industrial scale, and the production costs are
taking benefit from new synthetic routes aimed at improving synthetic
efficiency, such as microwave synthesis, and from the perspective of
reduced environmental costs of large-scale synthesis (Ferrazzano et al.,
2022; Sharma et al., 2022).

In this review we would like to give an update of the applications of
AMPs with a special attention to their use as potential therapeutic agents
in CF treatment of bacterial infections. Focus is given to the strategies
used to overcome some of the barriers typical of the lungs and airways
physiology found in CF infections. We have sub-divided the arguments
into the following paragraphs taking in account that this division may
not be accurate as some peptides could be equally described in a section
or in another: i) “AMPs related to Innate immunity applied to CF
related infections” in which are reported examples of natural peptides
deriving from innate immune system and used to tackle bacterial in-
fections. In particular, we pose our attention to defensins and cath-
elicidins; ii) “Natural-derived AMPs applied to CF related
infections”, where we have reported examples of natural peptides
opportunely modified to counteract the harsh environment of CF patient
lungs. Examples of cryptides deriving from natural proteins are re-
ported; iii) “Synthetic and peptidomimetics AMPs applied to CF
related infections” where some studies related to the employment of
designed peptides of synthetic or semi-synthetic origin are described; iv)
“Delivery systems of AMPs applied to CF related infections” in this
paragraph we have pointed the attention on the delivery mediated by
nano-systems to facilitate the application of AMPs in CF patients. We
have tried to highlight the research papers illustrating efficient and
innovative strategies to overcome the peculiar physiology and envi-
ronmental conditions encountered by AMPs in CF airways physiology.;
v) finally, in the paragraph “Antibiofilm peptides (ABPs) applied to
CF related infections” we have reported some studies about the use of
antimicrobial peptides specifically directed against bacterial biofilm,
another challenging field of use of AMPs.

1.1. AMPs related to Innate immunity applied to CF related infections

Airways and lungs have different typologies of defense barriers to
protect themselves from microbial injuries. The physical barriers are
represented by mucociliary clearance, by the cell populations devoted to
defense (i.e. neutrophils, NKCs, macrophages) (Rubin, 2007), and the
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Fig. 1. The different colors evidence the secondary structures: yellow, a f-hairpin-like; green, coil; red, alpha helical. A) The 6-defensin RTD-1 (PDB: 1HVZ). The
arrows indicate the disulfide bridges linking 7-12, 5-14 and 3-16 Cys residues B). The human cathelicidin LL-37 peptide (PDB: 2K60). Images were rendered with

PyMOL(TM) 2.3.2 (Incentive Product @ Schrodinger, LLC).

presence of a thin layer, the Airway Surface fluid (ASL), in which a
number of molecules with host-defense functions are dispersed. Along
with antimicrobial proteins (lactoferrin, lysozyme), some peptides are
present in the ASL and defensins and cathelicidin LL-37 are the most
important representatives (Bals et al., 1999; Seiler et al., 2014). These
components are constitutively and inducibility secreted by lung
epithelial cells and are part of the innate immunity system, which is the
fast acting non-specific first molecular barrier against microbial attacks
and infections (Jirillo et al., 2018).

Defensins are a group of cysteine-rich cationic multifunctional pep-
tides with molecular weights ranging from 3 to 6 kDa. Human defensins
are divided into a-defensins, p-defensins, and 6-defensins in function of
the different typologies of intramolecular disulfide bonds between the
six cysteine residues typically found in their primary sequence (Bals,
2000; Ganz, 1999). The disulfide bonds drive the structure of defensins
in a triple stranded p-sheet configuration.

As other AMPs, they are encoded as pro-peptides and they are fully
active upon proteolytic processing. Defensins are expressed constitu-
tively or following external stimuli, including bacterial and viral infec-
tion, cytokines, TNF, and LPS (Hazlett and Wu, 2011). In particular,
B-defensins are expressed by different kind of epithelia (skin, eye, sali-
vary glands and oral cavity, urogenital and respiratory tract) (Zasloff,
2007) and osteoblasts aiding in the modulation of bone tissue modeling
(Luft, 2017). 6-defensins were firstly identified in rhesus macaque
(Macaca mulatta) leukocytes (Tang et al., 1999), while in human
genome are represented as pseudogenes (Lehrer et al., 2012). The
structural peculiarity of these peptides resides in their cyclic arrange-
ment achieved by a head to-tail link (Conibear et al., 2014). Their cyclic
structure confers a high stability, resistance to proteases, and strong
antibacterial and antiviral properties (Fig. 1). As antimicrobials,
defensins show a broad spectrum of activity against gram-positive and
gram-negative bacteria, fungi, and viruses. The mechanism of action is
mainly based on the classical membrane perturbation effects driven by
the electrostatic attraction between the anionic bacterial phospholipids
and the cationic character of the peptide (hBD-2, —5) and the creation of
a sort of molecular web promoted by reduction of disulfide bonds and
subsequent bacterial entrapment (hBD-1) (Amerikova et al., 2019). The
interaction with intracellular targets or other processes such as inhibi-
tion of DNA synthesis, are another mode of action observed for hNP-1
and — 5. Defensins behave as pleiotropic molecules being involved in
other physiological functions. They are directly involved in the innate
immunity and may serve to link the innate and adaptive immune
response binding different receptors. hBD-2 was shown to be a ligand for
TLR4 (Semple et al., 2011) and to be able to bind to the Chemokine
Receptor 6 (CCR 6) (Yang et al., 1999) aiding in the inflammatory events

Table 1
Sequences of AMPs related to innate immunity system described in this work.

Peptide Sequence Ref

name

0-defensin GFCRCLCRRGVCRCICTR (Lehrer et al.,

RTD-1 2012)

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES (Saiman et al.,
2001)

SMAP-29 RGLRRLGRKIAHGVKKYGPTVLRIIRIAG “

CAP-18 GLRKRLRKFRNKIKEKLKKIGQKIQGLLPKLAPRTDY

CAP-18-18 KRLRKFRNKIKEKLKKIG

CAP18-22 RKRLRKFRNKIKEKLKKIGQKI

mCRAMP GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ

rCRAMP GLVRKGGEKFGEKLRKIGQKIKEFFQKLALEIEQ

OoV-1 KNLRRIIRKIIHIIKKYG

ov-2 LRRIIRKIIHIIKK-NH>

oV-3 IRRIIRKITHIIKK-NH,

BMAP-27 GRFKRFRKKFKKLFKKLSPVIPLLHLG (Benincasa
et al., 2003)

BMAP-28 GGLRSLGRKILRAWKKYGPIIVPIIRIG (Mardirossian
et al., 2016)

Note: Cysteine residues in 0-defensin RTD-1 are colored to evidence their
involvement in the formation of the three disulfide bonds.

dampening the expression of pro-inflammatory genes. hBD3 was proven
to have a role in the innate immune mediated response to microbial
DNA, increasing inflammatory signaling and promoting activation of the
adaptive immune system via antigen presenting cells (McGlasson et al.,
2017). Other functions, as the wound healing ability, point to these
peptides as potent tools in a wide variety of illness conditions ranging
from bacterial and fungal infections, tissue repair and immunomodu-
latory effects. The 6-defensin RTD-1, a p-hairpin-like peptide stabilized
by three disulfides in a ladder configuration structure (Fig. 1A, Table 1),
was tested in vitro against multidrug resistant (MDR) mucoid and
non-mucoid P. aeruginosa strains and in a in vivo model (Lehrer et al.,
2012; Beringer et al., 2016) with mice bearing the CFTR F508del mu-
tation. This peptide showed a rapid (within 30 min) and strong anti-
bacterial activity (MIC90 8 pg/pl mucoid and 4 pg/pl non mucoids).
Interestingly, it was also active against colistin resistant strains bearing
pmrAB and/or phoPQ mutations, which confer resistance even to other
cationic AMPs (McPhee et al., 2003). The in vivo test also showed
promising data when RTD-1 was inhaled in mice, and no toxic effect was
observed after animal treatment.

It is worth of mention the anti-inflammatory activity of RTD-1 with
reductions in IL-1, TNF, CXCL8 and IL-6 concentrations and the inhibi-
tory activity (ICso =551 nM) versus MMP-9 enzyme in a dose-dependent
manner. As mentioned above, the 6-defensins seem to be very promising
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Table 2
Sequence of the natural-derived AMPs described in this work. (Lowercase letters
indicate D- amino acids).

Peptide Sequence Ref
Esculentin-1a GIFSKLAGKKIKNLLISGLKG-NH, (Cappiello
(1-21)

et al., 2016)
Esc(1-21)— 1c “
Dermaseptin-PC

GIFSKLAGKKIKNILIdGLKG-NH,

ALWKSILKNVGKAAGKAVLNAVTDMVNQ- (Ying et al.,

NH, 2019)
DMPC-10 ALWKSILKNVGKAAGKAVL-NH, “
DMPC-10A ALWKKLLKKA-NH; “
DMPC-19 ALWKKLLKKA-Cha-NH, “
D-Bac8c>5tet rlwvlwrr (Forde et al.,
2014)
D-HB43 fakllaklakkll «
D-P188 kwklfkklpkflhlakkf «“
AAG-D-WMR>% AAGwglrrllkygkrs (Reeves et al.,
leu 2012)
(AAG-WMR)
pro-D-WMR>¢- Ac-EEEEAAAGwglrrilkygkrs
leu
(pro-WMR)
VLL-28 VLLVTLTRLHQRGVIYRKWRHFSGRKYR (Pane et al.,

2017)

tools against CF bacterial infections (Tongaonkar et al., 2011). In fact,
their cyclized structure confers a high resistance to proteases in com-
parison with natural p-defensins, and other features make this peptide a
promising lead compound for designing new peptide-based antibiotics
(Taggart et al., 2003). In a further study different aspects were investi-
gated for a safe and potential use of RTD-1 in a therapeutic formulation,
beside the antibacterial efficacy, the inflammatory response, the prote-
ase resistance, the structural stability in sputum and other parameters
regarding the administration by aerosolizing were also taken in account
(Bensman et al., 2017). Cathelicidins are an important group of anti-
microbial peptides known to be key immunomodulatory mediators
during infection events in vertebrates. LL-37 is the only cathelicidin
antimicrobial peptide produced in humans (Fig. 1B, Table 1). In fact,
hCAP18 is mainly produced by neutrophils, but also by airway epithelial
cells and other cell types where it is processed upon proteolytic cleavage
by neutrophil proteinase and epithelial kallikreins resulting in the
release of the active form of LL-37 (Fabisiak et al., 2016). It is a typical
pleiotropic peptide showing diverse biological activities beside the
antimicrobial one, playing as an immunomodulatory agent by activating
both pro- and anti-inflammatory pathways (Tjabringa et al., 2003). It
also induces cell motility and wound healing, proliferation and differ-
entiation, and regulates apoptosis of epithelial cells and neutrophils. It
has also been shown to possess potent antiviral activity against a wide
range of pathogens. In the ambit of CF related infections, cathelicidins
and different typologies of their derivatives have been evaluated in
various studies as potential therapeutic tools in the peculiar physiolog-
ical conditions of CF. Cathelicidin peptides of different origin, including
designed shorter sequences, were evaluated for their properties as new
bactericidal agents against CF pathogens (Saiman et al., 2001). The in
vitro activity of five cathelicidin peptides LL37, CAP18 (rabbit),
mCRAMP (mouse), rCRAMP (rat), SMAP29 (sheep) (Table 1) and
designed peptides derived from SMAP29 termed ovispirins (OV-1, OV-2,
and OV-3, Table 1), and two derivatives of CAP18 were tested against
clinical isolates from CF patients of P. aeruginosa, S. maltophilia, B.
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cepacia and A. xylosoxidans using broth microdilution assays. SMAP29
peptide (MIC50, 1 pug/pl) and CAP18 (MIC50, 4 pg/ml) showed to be the
most effective molecules against the different strains of P. aeruginosa.
The same peptides showed the highest bactericidal activity also against
S. maltophilia and A. xylosoxidans, but none of the peptides included in
the study showed appreciable activity against the clinical isolate of B.
cepacia. Antibacterial properties of SMAP-29 peptide were also tested in
presence of a clinical sample of CF sputum where it showed a very low
activity if compared to the broth microdilution assay. Only a 1000-fold
concentration of SMAP-29 was able to restore the antibacterial activity
against the two strains (one mucoid and one multiply antibiotic resis-
tant) of P. aeruginosa identified in the patient mucus. SMAP-29 was also
tested in combination with Tobramycin in checkerboard assays where a
synergistic effect was evidenced against P. aeruginosa strain PAO1, but
not towards the CF clinical isolate 50BK. In the study of Pompilio et al.
(2012) two cathelicidins of bovine origin BMAP-27 and BMAP-28
(Skerlavaj et al., 1996; Benincasa et al., 2003) (Table 1) and the
designed non-natural peptide P19(9/B) (Table 3) (Pacor et al., 2002)
were assayed for their in vitro antibacterial and anti-biofilm (preformed
and formed) activity potency, against selected CF clinical strains of S.
aureus, P. aeruginosa, and S. maltophilia strains. All the three AMPs
showed to be strongly effective against the tested strains, with BMAP-28
resulting more versatile versus the different strains. MBC/MIC ratio
clearly indicated that all AMPs exert a bactericidal effect against the CF
isolates, in agreement with the known capability of BMAP-27, BMAP-28
and P19(B/9) to kill target cells by rapid permeabilization of their
membranes (Skerlavaj et al., 1996). An interesting evaluation was car-
ried out by the authors between the MIC values obtained in a CF-like
environment respect to the Clinical and Laboratory Standards Institute
(CLSI) guidelines, for cathelicidins BMAP-27, — 28 (Benincasa et al.,
2003) P19(9/B) and Tobramycin. This evaluation showed that mean
MICcr.1ike/MICcrs1 and MBCcp.jike/MBCcrs; values obtained for Tobra-
mycin (23.9 and 15.6, respectively) were significantly higher than those
observed for BMAP-27 (1.5 and 1.2, respectively; p < 0.001), BMAP-28
(0.5 and 0.5, respectively; p < 0.001), and P19(9/B) (2.8 and 2.9,
respectively; p < 0.001), irrespective of species tested, indicating a
reduced antibiotic activity of Tobramycin in CF-like conditions. In any
case, the three peptides showed different kind of activities exerting
bacteriostatic or bactericidal effect depending on the microbial strain.
An interesting synergic effect was observed against two S. aureus strains
(Sa4 and Sal0) that became sensitive to Tobramycin when used in
combination either with the cathelicidin BMAP-27 or the synthetic
peptide P19(9/B) suggesting for these peptides a role as adjuvant in
Tobramycin action at least in the case of these S. aureus strains. Further,
the same research group, encouraged by the good results with BMAP-27
and — 28 and with the aim to design shorter peptides more feasible for a
therapeutic use, produced various truncated versions of these cath-
elicidins that were tested both in vitro and in vivo assays (Mardirossian
etal., 2016). The obtained peptides maintained in vitro a similar activity
of parental peptides, and among them the 1-18 fragment of BMAP-27,
resulted the less toxic in a C57BL/6NCrl mice model. Unfortunately,
this peptide when intratracheally administered to P. aeruginosa infected
mice, did not show any antibacterial activity, probably due to its
degradation by pulmonary proteases, as suggested by observing its
degradation within 10 min in a bronchoalveolar lavage (BAL) fluid
sample. The authors suggested the use of D-peptides or peptidomimetics
in order to enhance peptide resistance to pulmonary proteases in the

Table 3
Sequence of synthetic AMPs described in this work.
Peptide Sequence Ref
P19(9/B) GZZOOZBOOBOOBZOOZGY-NH;, (Pompilio et al., 2012; Pacor et al., 2002)
WLBU2 RRWVRRVRRVWRRVVRVVRRWVRR (Chen et al., 2018)
1in-SB056-1 KWKIRVRLSA-NH, (Maisetta et al., 2017)

Note: Z: Norleucine; O: Ornithine, B: Aminoisobutiric acid.
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design of therapeutics peptides for pulmonary applications.

1.2. Obstacles in using AMPs in CF airways and methods to circumvent
them

The metabolic and mechanical defense mechanisms of lungs, which
are set up to defend from foreign entities (microorganisms, molecules),
can counteract the administration of peptides itself. Among these
mechanisms, mucociliary clearance is definitely the primary one fol-
lowed by proteolytic enzymes (cathepsin B, collagenases, prolyl-
peptidases, Angiotensin Converting enzymes etc.) widely distributed
in the lung’s environment (Patton et al., 1998). AMPs activity may be
also reduced in vivo by interactions with anionic proteins (e.g., mucin)
or other polysaccharides (e.g., bacterial alginates or glycosaminoglycan)
of lung extracellular environment (Wan et al., 2012).

In CF patients, the lung’s environment is further complicated by the
peculiar physiological ambient created by the CFTR dysfunction. Firstly,
a highly sticky mucus is produced by bronchial epithelial (BE) cells,
which can entrap external molecules neutralizing their efficacy. This
mucus is also characterized by a high-salt concentration that, coupled to
a reduced pH of the ASL (Pezzulo et al., 2012), may dramatically limit
the potency of conventional antibiotics and AMPs (Souza et al., 2018).
As an example, defensins and cathelicidin are, individually and syner-
gistically affected by the acidic pH of ASL (Abou Alaiwa et al., 2014).
High-salt conditions are well known to hamper the effectiveness of
AMPs (Goldman et al., 1997), even if the real contribution of high-salt
concentrations is still in debate (Hiemstra et al., 2007). Beside the
physico-chemical ones, other obstacles of biochemical nature should be
overcome. CF lung is characterized by high protease levels mainly due to
neutrophil elastase (NE) (Rees et al., 1997), followed by other enzymes
as cathepsins. These enzymes can degrade many proteins (matrix and
plasma proteins, immunoglobulins, cytokines, protease inhibitors, he-
moglobin) among which also those devoted to the defense from infective
agents such as lactoferrin and AMPs defensins (Taggart et al., 2003) and
human cathelicidin LL-37 (Bergsson et al., 2009). The cationic character
of many AMPs is also the cause of a ionic binding to acidic mucins and
other polysaccharides (alginates or glycosaminoglycans) (Bergsson
et al., 2009; Benincasa et al., 2009), which are found in the lung
extracellular compartment and produced by bacteria as constituents of
biofilm (Batoni et al., 2011). This ionic-based effects thus leads to an
inactivation of AMPs. A similar phenomenon is observed with DNA that
is released in the mucus as cellular debris. Different approaches that will
be discussed in the following paragraphs, may be used to overcome these
drawbacks. They mainly comprehend the design and synthesis of
natural-derived or non-natural (peptidomimetics) or the use of delivery
systems in order to avoid systemic use and enhance bioavailability and
peptide efficiency.

2. Natural-derived AMPs applied to CF related infections

The modification of natural AMPs by residue substitution or chirality
modification, or by changing peptide lengths or by inserting appropriate
modifications (amidation, lipidation, etc.) is often a successful strategy
to maintain or enhance their antimicrobial potency. Amphibian AMPs
are a rich source of effective antibacterial molecules (Mangoni et al.,
2015) and some of their derivatives show interesting features to be
exploited in treatment of CF infection. In this view two derivatives of
Esculentin-1 have been studied in detail. A short form of esculentin-1
composed of 21 residue named Esc (1—21) was previously found to be
effective against P. aeruginosa in planktonic and biofilm forms,
well-functioning also in a high-salt environment (Luca et al., 2013).
Furthermore a partial D-derivative named Esc(1—21)-c bearing the
D-Leu 14 and the D-Ser 17 residues was found less susceptible for
degradation by elastase action (Di Grazia et al., 2015) and it was also
able to promote bronchial epithelium repair and wound healing (Cap-
piello et al., 2016). Chen et al. (2017) studied these peptides also in a in
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vivo model of P. aeruginosa infection. Before the use in definitive animal
models, they firstly tested the cytotoxic effects of Esc(1—21) and Esc
(1—21)-c on primary bronchial cells by measuring the Trans Epithelial
Electrical Resistance (TEER) and the effects on inflammation pathways
by measuring IL-6, IL-10 or the tumor necrosis factor-a TNFa, and NF-kB
gene expressions. As no deleterious effects were observed by using the
peptides at 0.1 mg/kg at lung level, the in vivo efficacy was examined
using a mouse model of acute lung infection induced by P. aeruginosa.
An intratracheally administration of both peptides was performed 2 h
after bacterial infection and after 6 h both peptides were effective in
lower of 90 % the CFU both in BAL and lung, being the Esc(1—21)-c the
most effective. In the following experiment the same Esc(1—21)-c effect
was recorded after 24 h upon bacterial infection showing to be still
capable to inhibit bacterial growth with a 2-log reduction compared
with the 4 h effect. In the same conditions the control peptide LL-37
completely lost its effectiveness (Chen et al., 2017). These results
coupled with a beneficial effect on inflammation pathways lead to
consider this natural derivative peptide a molecule with a strong ther-
apeutic potential to be further exploited in clinical trials. Dermaseptins
derived from phyllomeudusinae frogs, are another example from
amphibian AMPs applied to bacterial CF isolated strains (Forde et al.,
2014). The parent peptide identified from Phyllomedusa coelestis by
molecular cloning and LC- MS/MS sequencing and named Dermaseptin
PC (DM-PC), was found to be active against different bacterial strains
derived from CF patients but showed a sensible hemolytic effect. This
fact has prompted the researchers to selectively modify the length and
the residues components, thus varying the charge and hydrophobicity of
the original sequence producing three derivatives (DMPC-10,
DMPC-10A and DMPC-19). The so obtained peptides were challenged
towards MRSA and P. aeruginosa strains as a model to investigate the
antimicrobial activity in the presence of divalent cations and to mimic
the peculiar lung environment of CF patients. Interestingly, the peptides
showed different activities in term of killing kinetics, MIC, and ability to
prevent or bacterial biofilm eradication. On the basis of these evidence
the authors indicate, in designing natural peptides derivatives, the
importance to maintain a balance between charge, hydrophobicity, and
peptides length. An interesting strategy to overcome susceptibility of
natural AMPs to degradation by proteolytic enzymes and to resist to the
hypertonic conditions found in pulmonary environment of CF patients,
was proposed by Forde et al. (2014). The authors designed pro-peptides
with tailored features to be employed in CF patients, showing a good
resistance in high salt concentrations and to neutrophil elastases (NE)
proteolytic activity. In particular, they designed peptides derived from
diverse natural host defense peptides in their D-forms: D-Bac8c2 from
Bactenecin®® " (Table 2) (Hilpert et al., 2005), D-HB43 from crusta-
cean polyphemusin I (Zhang et al., 2005), and D-P188 Leu from cecropin
A-magainin 2 hybrid (Shin et al., 2002). A further modification was
represented by the addition of an N-terminal NE-sensible sequence, in
free (EEEEAAG) or in acetylated forms (Ac-EEEEAAAG). The peculiar
anionic pro-moiety reduces the net charge of the peptide limiting the
potentially toxic effects of the AMP at level of the endobronchial cells
where in turn, the NE activity is high. As a result, the authors found that
some pro-peptides were activated by purified NE but not upon addition
of NE containing BAL. In that case some antimicrobial activity could be
restored only by adding 300 mM NacCl indicating that these peptides
were salt-sensible (Forde et al., 2014). Thus, NE-labile peptides were
produced, and the antimicrobial activity of parent and pro-drug peptides
compared against P. aeruginosa, either in presence or absence of NE-rich
CF human BAL fluid. Another example comes from the same group
(Forde et al., 2016), who developed a pro-peptide, named pro-WMR,
from innate immunity peptides previously found in the hagfish Myx-
ine glutinosa to efficiently avoid cytotoxicity and reduce immunoge-
nicity (Subramanian et al., 2009). Pro-WMR was produced in its D-form
presenting the NE cutting sequence EEEEAAAG with an acetylated N
terminus and an amidated C-terminus (Ac-EEEEAAAGwglrrll-
kygkrs-NHj). Pro-WMR and its activated fragment AAG-WMR showed
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Fig. 2. Peptidomymetics LBP-1,— 2,— 3 and — 4 reported by Molchanova et al. (2019). Re-drawn from originals.

negligible effect on cytotoxicity both in vitro on Cystic Fibrosis Bron-
chial Epithelial (CFBE) cells and in a C57BL/6 mouse model, with low
levels of pro-inflammatory cytokines IL-8 and IL-6. The authors
observed an increase in TNF-release in mice treated with AAG-WMR but
not with pro-WMR indicating for this pro-peptide a good safety. Along
with a low cytotoxicity and immunogenicity, pro-WMR demonstrated a
great salt tolerance. In fact, when incubated in high NaCl concentration
condition (300 mM) and in presence of BAL with P. aeruginosa CF iso-
lated strains, WMR maintained a good bactericidal activity. This is a
favorable characteristic for an AMP because high salt tolerance would
facilitate the delivery of these AMPs in a hypertonic saline solution, and
their inhalation would improve lung function in patients with CF
(Bergsson et al., 2009; Reeves et al., 2012). A promising approach to
discover novel AMPs is to individuate them as embedded sequences
within known proteins. It is a fact that different human proteins after
undergoing proteolytic cleavage, may give rise to smaller biologically
active fragments generally named as cryptides (Iavarone et al., 2018;
Ciociola et al., 2016). As an example, hemorphins are opioid peptides
deriving from hemoglobin (Lantz et al., 1991). Hemoglobin is also the
origin of hemocidins natural AMPs found in different body comparts
(Mak et al., 2008). Similarly, many antibody fragments originated by
proteolytic degradation show potent antimicrobial activities (Magliani
et al., 2009). In the last years, informatic tools have been developed
allowing, through appropriate algorithms and Artificial Intelligence, to
predict potential antimicrobial sequences within selected proteins
(iAMPred (Meher et al., 2017), AmPEP (Bhadra et al., 2018), CAMP

(Waghu et al., 2016), iAMPI2 (Xiao et al., 2013). These approaches
represent promising and increasingly accurate methods to discover new
AMPs. The antimicrobial peptide VLL28 displaying chemical, physical
and functional properties typical of AMPs, has been discovered and
characterized following such predictive approach (pane et al., 2017). It
was identified as a fragment hidden within the sequence of the Stf76
transcription factor from Sulfolobus islandicus. One of the most inter-
esting features of this peptide is the maintenance of its antibacterial
activity even in high-salt conditions, an attractive aspect if applied in CF
environments (Pedone et al., 2016).

3. Synthetic and peptidomimetics AMPs applied to CF related
infections

Although many natural AMPs are available to be used as promising
new antibiotics in CF related infections, as previously described, they
generally suffer from several shortcomings, e.g., poor bioavailability due
to susceptibility to proteolytic degradation and their often unfavorable
hemolytic and cytotoxic properties conferring a narrow therapeutic
window (Rotem et al., 2009). For this reason, a great effort has been
done in the last years to improve the design of de-novo synthesized
biologically active peptides (Wiradharma et al., 2011) and peptidomi-
metics (Lohan et al., 2013; Bragonzi, 2010; Lachowicz et al., 2020). One
of the followed strategies is to produce hybrid molecules provided with «
and fB-residues in order to improve the resistance to proteolytic enzymes.
Molchanova et al. (2017a) following this approach, synthesized two
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Fig. 3. The tetra-branched peptide M33 (Pini et al., 2012). Re-drawn from
the original.

peptoids called LBP-1 (Molchanova et al. 2017a) and LBP-2 (Klodzinska
et al, 2018) consisting of alternating lysine and p-peptoid
phenylalanine-like hydrophobic residues, differing in length and hy-
drophobicity. These peptides showed a good antibacterial activity
against gram-positive and gram-negative bacteria. To improve the ac-
tivity of these peptides especially against gram-negative strains, the
authors modified LBP-1 and LBP-2 peptides elongating the hydrophobic
side chains to investigate the correlation between hydrophobicity and
bactericidal activity, producing two new peptides, LBP-3 and LBP-4
(Molchanova et al., 2019). LBP-2, — 3 and — 4 were tested against P.
aeruginosa CF clinical strains possessing phoQ and/or pmrB mutations,
which render them resistant to colistin. The results showed that peptide
LBP-2 was the most promising in terms of bactericidal activity against
colistin-resistant strains (MIC 4 vs. >512pg/ml of colistin) and
possessed the most interesting cytotoxicity profile if compared to the
more hydrophobic analogs LBP-3 and — 4 (Fig. 2).

Another example of synthetic AMP is represented by the engineered
peptide WLBU2 composed of three amino acids in repeated sequences of
Arg, Trp, and Val, (Table 3) developed through the principle of optimal
amphipathicity while minimizing the diversity of amino acid composi-
tion using only hydrophobic (Val and Trp) and cationic (Arg) amino
acids. The peptide was tested in vitro and in vivo in comparison with the
natural cathelicidin LL-37, showing a broad-spectrum antibacterial ac-
tivity, even in saline and divalent cation high concentrations, and
demonstrating antiviral and antibiofilm activity. When challenged in
animal murine models infected with PAO1, WLBU2 showed a prolonged
effect on bacterial burden (through 24 h) while the effects of LL37 were
only transitory (Chen et al., 2018). A semi-synthetic peptide named
lin-SB056-1 (Table 3) and already described for its antimicrobial ac-
tivity (Batoni et al., 2016) was tested in conditions resembling those of
CF lung physiology (Maisetta et al., 2017). The bactericidal assays were
carried out against P. aeruginosa ATCC 27853 (non-mucoid) and the
mucoid strain PaMO01 in Artificial Sputum Medium (ASM) to mimic the
composition of CF sputum. The peptide was active against all tested
strains at concentrations ranging between 1.56 and 3.12 pg/ml showing
none or little differences in the activity between the mucoid and
non-mucoid tested strains. The antibiofilm activity was also assessed
with an interesting strategy. To counteract biofilm formation, the use of
Lin-SB056-1 was coupled with the use of EDTA, which as cation
chelator, is known to destabilize the biofilm structure. As a result, the
combination of the two agents caused a reduction of more than 50 % of
the biofilm biomass. Another approach to improve activity, stability and
lowering cytotoxicity of AMPs, is the synthesis of dendrimeric
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Fig. 4. G3KL dendrimeric peptide. On the left the branched peptide is sche-
matized. On the right the first KKL moiety is reported evidencing the amine
groups of the lysine involved in the branching.

compounds. Dendrimers are defined as hyperbranched polymeric mol-
ecules, and usually dendrimeric peptides show functionality completely
different from linear ones (Tam et al., 2002). Dendrimeric peptides may
offer a polyvalence to be exploited to enhance determined characteris-
tics, as for example, the hydrophobic interaction with phospholipid
bacterial membranes or the recognition of determined molecular pat-
terns. In this context, a tetra-branched peptide called M33, and based on
the KKIRVRLSA sequence (Fig. 3), has been developed and characterized
as an efficient antimicrobial agent against CF isolated strains (Pini et al.,
2012) and also further characterized for a pharmaceutical production
(Castiglia et al., 2019). The peptide’s toxicity against bronchial epithe-
lial cells derived from CF patients (CFBE410) and bronchial epithelial
cells from healthy individuals (16HBE14) was also evaluated.

More recently, two very interesting dendrimers have been charac-
terized: G3KL, a 37 amino acids dendrimer, based on lysine and leucine
dipeptides coupled via a branched lysine residue (Fig. 4), which proved
to be active also against carbapenemase-producing P. aeruginosa and
Acinetobacter baumannii clinical strains (Pires etal, 2015; Stach et al.,
2014) and the 18 amino acids lipid-dendrimer TNS18 (Fig. 5), showing a
wider antibacterial activity spectrum with respect to G3KL being active
also against Gram-negative and Gram-positive MRSA pathogens (Sir-
iwardena et al., 2018). Moreover, in a recent study these peptides
showed the ability to inhibit P. aeruginosa biofilm formation (Han et al.,
2019) by strongly affecting the bacterial swarming motility when used
below their MIC value. On the contrary, preformed biofilms, could be
eradicated only when the peptides were used above their MIC, high-
lighting how the concentration balancing is crucial to obtain a desired
effect. These aspects further suggest these molecules for a therapeutic
use in chronically CF related infections.

The mechanism of action of G3KL was further investigated (Gan
et al.,, 2019) and demonstrated to rely on a classic lipid membrane
perturbation mode of action as evidenced by the fast-killing kinetics and
super-resolution stimulated emission depletion (STED) microscopy,
time-lapse imaging, and transmission electron microscopy (TEM). With
the aim to improve the low serum stability, the D-forms of these den-
drimers were produced, dG3KL and dTNS18, demonstrating their in
vitro activity comparable to Tobramycin against four P. aeruginosa
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strains, representative of different stages of CF infection (Pompilio et al.,
2018).

4. Delivery systems of AMPs applied to CF related infections

The natural development of CF antimicrobial treatments in alterna-
tive to systemic diffusion, is the direct inhalation of antibiotics in order
to overcome the degradation of the molecules from proteolytic enzymes
present in human serum (Charrier et al., 2014; d’Angelo et al., 2014).

Indeed, inhalation is the preferred route of administration for drugs
targeting respiratory dysfunction in CF, given the possibility to locally
target lung cells while concomitantly reducing side effects in off-target
organs, compared to oral delivery (Sala et al., 2019).

The use of inhalation also minimizes the potential toxicity of the
antimicrobial agent allowing the use of higher concentrations of drug to
be delivered over a precise area of administration and thus enhancing its
efficacy in the site of infection even for highly resistant pathogens.
Moreover, for a better patient compliance, administration by inhalation
is poorly or completely non-invasive, an important factor to be consid-
ered for long-term drug administration such as the one for CF patients.
The respiratory tract has numerous physiological and structural features

that make it an excellent site for the administration of peptides: (1) a
large area that can be exposed almost simultaneously to the drug, unlike
for example the intestine where with a similar total surface area, it does
not allow simultaneous exposure and absorption, (2) a very high blood
flow that does not directly expose the absorbed drug to the liver elimi-
nation mechanisms, and (3) a relatively lower metabolism (Smith et al.,
1997). In United States, the US Food and Drug Administration (FDA) has
approved three inhalable antibiotics to treat P. aeruginosa infection in
CF patients aged > 6 years: aztreonam, tobramycin solution, and
tobramycin powder. One additional product, colistin dry powder (Col-
istimethate) for inhalation, is approved by the European Medicines
Agency (Daniels et al., 2017). Velino et al. (2019) have recently pub-
lished a review describing the most interesting works about different
nanocarrier-based inhalatory approaches for the pulmonary treatment
of CF indicating that this way of delivery is highly practicable and
powerful.

There are three main different modes of delivery drugs by inhalation:
nebulization, metered dose inhalation and dry powders inhalation
(Shoyele et al., 2006; Frohlich et al., 2021) In the case of peptide
inhalation, the delivery method should be compatible with the peptide
characteristics. Nebulization of liquid formulations is the widest method
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Table 4 Table 4 (continued)
E\)Ir/f;:lte()wczflizgfst(jfg::f:;iﬂ;:c‘gs;? employed NPs as delivery systems for Nanoparticle Anti{nicrobial Key finding Reference
peptide
Nanoparticle Antu-mcroblal Key finding Reference unaffected at the
peptide
assayed
Nano- Sodium The obtained NPs (Pastor et al., 2014) concentrations.
structured colistimethate displayed a Poly(lactide-co-  Esc(1-21) Esc(1-21)-loaded (Casciaro et al.,
lipid carriers 200-400 nm size, glycolide) NPs (0.1 mg/kg) ina  2019)
high drug (PLGA) NPs mouse model of acute
entrapment (79-94 P. aeruginosa lung
%) and a sustained infection
drug release profile. significantly reduce
Moreover, sodium the bacterial load by
colistimethate loaded 17-fold compared to
nano-structured lipid free esculentin-1a in
carriers presented solution
antimicrobial activity SET-M33 loaded on
against clinically dextran NPs was
isolated P. effective against P.
aeruginosa. aeruginosa in time-
Solid-lipid NPs Colistin Colistin loaded NPs (Sans-Serramitjana kill kinetic
had the same in vitro et al., 2016) experiments. Lung
antimicrobial activity residence time of
as free drug against SET-M33,
planktonic bacteria. administered via
However, nano- aerosol in healthy
encapsulated colistin rats, was markedly
was much more improved when
efficient in the loaded on dextran
eradication of NPs. SET-M33 loaded
biofilms than free NPs was also efficient
colistin. in eradicating
Poly(lactide-co-  Colistin Col-loaded nano (d’Angelo et al., pulmonary infection
glycolide) embedded 2015) in a BALB/c mouse
NPs microparticles (NEM) model of pneumonia
were found in vitro to caused by P.
kill P. aeruginosa aeruginosa.
biofilm and to display Anionic mesoporous (Braun et al., 2016)
a prolonged efficacy NPs protect LL-37
in biofilm eradication from degradation by
compared to the free infection-related
Col. proteases.
Calcium Colistin The antimicrobial (Iafisco et al., Covalent conjugation
phosphate and antibiofilm 2022) of Esc(1-21) to
NPs activity of colistin AuNPs via a poly
loaded NPs tested on (ethylene glycol)
P. aeruginosa RP73, a linker increased by
clinical strain 15-fold the activity of
isolated from a CF the free peptide
patient, was similar against the motile
to that of free colistin and sessile forms of P.
demonstrating that aeruginosa without
the therapeutic effect being toxic to human
of colistin adsorbed keratinocytes.
on NPs was retained. CSA-13 retains (Niemirowicz et al.,
Poly(lactic-co- Plectasin NPs displayed a high ~ (Water et al., 2015) bactericidal activity
glycolic acid) plectasin against P. aeruginosa
NPs encapsulation when immobilized on

efficiency (71-90 %)
and mediated release
of the peptide over
24 h. The
antimicrobial
efficacy of the
peptide-loaded NPs
was investigated
using bronchial
epithelial Calu-3 cell
monolayers infected
with S. aureus. The
plectasin-loaded NPs
displayed improved
efficacy as compared
to non-encapsulated
plectasin, while the
eukaryotic cell
viability was

magnetic
nanoparticles while
biocompatibility
increases when CSA-
13 is covalently
attached to the
nanoparticle.

In a murine model of
acute P. aeruginosa
lung infection, LL37
encapsulated in
albumin NPs
significantly reduced
TNF-o and IL-1B
expression and
alleviated lung
damage. The
accelerated clearance
of P. aeruginosa
indicates that LL37

(continued on next page)

(Yang et al., 2021)
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Table 4 (continued)

Nanoparticle Antimicrobial Key finding Reference Nanoparticle Antimicrobial Key finding Reference
peptide peptide
encapsulated in the an extended rat
nanoparticles could survival time
improve P. p-cyclodextrin ABP-CM4 In vitro antimicrobial ~ (Li et al., 2017,
aeruginosa lung activity results for 2020)
infection and the the complex were
subsequent similar to those for
inflammation CM4. In vivo studies
response more against P. aeruginosa
efficiently compared performed in mice
with free LL37. showed that the mice
Liposomes Polymixin B Polymixin B was (He et al., 2013) treated with the
encapsulated in nano-complex had
liposomes more viability (60 %)
comprising 1,2-dipal- than those treated
mitoyl-sn-glycero-3- with CM4 (20 %)
phosphocholine and 12 h prior to P.
cholesterol. The aeruginosa infection,
treatment of and after infection,
liposomal polymixin both complex and
B showed a 2-fold CM4 alone protected
lower bacterial from lung injury,
burden in lung and with complex
longer survival time showing higher
than free Polymixin B protection effi
in a pneumonia ciency by abdominal
model of infected treatment.
mice with a clinical
multidrug-resistant
P. aeruginosa strain. used for inhaling peptides because dry powder formulations require
Silver NPs Andersonin-Y1 In vitro antimicrqbial (Pal et al., 2019) more complex manufacturing equipment, and use of excipients. How-
i(f)f:.a of the peptide ever, commercial nebulizers including air-jet, ultrasonic and vibrating
jjugate to NPs
against the multidrug mesh nebulizers can exert different stresses on AMPs. Air-jet nebuliza-
resistant strains of tion can apply high mechanical shear on compounds leading to dena-
Klebsiella turation of peptides (Agu et al, 2001) hence it can affect the
EZ:;JTIT;I:ZI}; antimicrobial activity of drugs as seen for example with polymixin B
Entefobact;r species (Desai et al., 2003). Similarly, the heat produced by ultrasonic nebu-
was higher than the lizers may alter polypeptide structures affecting their bioactivity (Khatri
sum of the activities et al., 2001). Another option is offered by vibrating mesh nebulizer
I‘ZIfP Tfaﬁiﬁie ::‘:tgle which generates aerosols through a perforated plate with micrometric
Lipid-core AA139 The bacterialp kmingy (van der Weide apertures that vibrates at a high frequency (e.g., 100-300 kHz) to
micelles / activity of the et al. (2020) extrude the liquid through the apertures as inhalable droplets. More

Dextran NPs

AA139-
nanomedicines in
infected lungs was
assessed in a rat
model of pneumonia-
septicemia caused by
extended-spectrum
p-lactamase-
producing Klebsiella
pneumoniae. Both
AA139-
nanomedicines
showed equivalent in
vitro antimicrobial
activities (similar to
free AA139). In
uninfected rats, they
exhibited longer
residence times in the
lungs than free
AA139, as well as
reduced toxicity,
enabling a higher
limiting dose. In rats
with pneumonia-
septicemia, both
AA139-
nanomedicines
showed significantly
improved therapeutic
efficacy in terms of
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recently, a novel surface acoustic wave nebulizer was developed that
operates at a low input power (e.g., 1-5 W) to generate aerosols by
passing acoustic wave along the liquid surface, which minimizes the risk
of drug denaturation caused by hydrodynamic shear and cavitation
(Wang et al., 2016). An example of this approach is given by Lange et al.
(2001) where the o-helical cationic peptide CM3 was trapped in an
optimal mixture of lipids (dimyristoyl phosphatidylcholine and dimyr-
istoyl phosphatidylglycerol, 3:1 molar ratio) in order to maximize its
encapsulation and nebulization efficiencies. In this way using a valved
jet nebulizer, the peptide was able to reach the most part of the
tracheobronchial region. An efficient approach for overcoming
biochemical and mechanical barriers of lung airways is represented by
the use of nanocarriers that are able to transport drugs through mucus
and biofilm (Giinday et al., 2014). Moreover, due to higher drug
amounts reaching the site of action and a sustained release provided by
the nanoparticles (NPs), both the overall dose and the treatment time
might be reduced. Drugs, including peptides, can be encapsulated within
the NPs or can be attached onto its surface. Optimization strategies can
be used to improve nanoparticles penetration, stability, and conse-
quently the delivery and efficacy of inhaled peptides. NPs can be opti-
mized in size and surface charge to improve the penetration in the
mucus. NPs should be small enough (less than 300 nm) to diffuse
through the network made by mucin fibers, DNA, and other macro-
molecules in CF mucus, since bigger particles would be trapped by
physical exclusion.

Moreover, the interaction between NPs and the mucus can be
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decreased by making the surface charges of NPs neutral or negative,
given that mucins and other components of the thick layer, such as actin
and free DNA, are negatively charged. Hence, while positively charged
NPs would tend to interact electrostatically with these components of
the mucus, neutral or negatively charged NPs would be repelled.
Another possibility to reduce both electrostatic and hydrophobic in-
teractions is to coat the surface of NPs with electrostatically neutral and
muco-inert polymers. Among the most used is the low molecular weight
polyethylene glycol (PEG).

The most widely employed approach for the administration of NPs in
the lung relies on the nebulization of NP aqueous dispersions (Charrier
et al., 2014). However, owing to the limitations of nebulized NPs like
high tendency to agglomerate or aggregate which restricts their stabil-
ity, processability and dispersibility, an alternative form of dry powder
microparticles formulation was more recently proposed for the delivery
of NPs to the lungs microparticles (Scherlief} et al., 2022). This can be
achieved by preparation of nano-embedded microparticles (NEMs) also
known as Trojan particles, which facilitate the deposition of NPs into the
lungs, following their release from microparticles (Scherliel et al.,
2022). NEM powders are usually generated by spray drying a suspension
of NPs with cryoprotectant excipients like mannitol or lactose, which are
biodegradable and biocompatible polymers (Quarta et al., 2021). Ex-
amples of this approach applied to CF are reported in the review paper of
d’Angelo et al. (2014).

Overall, different kinds of NPs functionalized with AMPs have been
tested in the last years and the most representative studies are reported
in Table 4 and described below.

Colistin is a cyclopeptide used in antibiotic therapies as a last resort
due to its high toxicity and deleterious side effects (Gai et al., 2019).
Thus, many studies have been carried out to produce efficient and safer
colistin loaded into NPs (Wallace et al., 2012). An efficient delivery
system for colistin was for example developed by Pastor et al. where
lipid nanoparticles have been loaded with sodium colistimethate with a
high efficiency (79-94 % of loading) and led to a sustained drug release
profile. The two typologies of nanosystems used, solid lipid nano-
particles (SLN) and nanostructured lipid carriers (NLC), both presented
antimicrobial activity against CF clinically isolates of P. aeruginosa
(Pastor et al., 2014). Furthermore, in vitro cell viability assays with
A549 and H441 cell lines proved that lipid NPs are less cytotoxic than
free sodium colistimethate. Finally, in vivo distribution experiments
revealed that NPs were dispersed uniformly throughout the lung and
that lipid NPs did not migrate to other organs. The obtained lipid NPs
resulted also stable after nebulization.

Similarly, colistin loaded in SLN/NLC formulations was also used to
eradicate bacterial biofilm produced by P. aeruginosa isolates from CF
patients. In this study the free colistin and the nano-formulations
showed a similar antimicrobial activity versus planktonic forms result-
ing the NLC formulation more efficient in terms of killing (Sans-Serra-
mitjana et al., 2016).

Thus, this formulation was used to evaluate the minimal biofilm
eradication concentration (MBEC) and biofilm prevention concentration
(BPC) against different P. aeruginosa isolates comprising the colistin-
susceptible 056SJD isolate and colistin-resistant P19 isolate. As a
result, the NLC colistin complex was more active in eradicating pre-
formed respect to free-colistin, while no difference was observed on
the prevention of biofilm formation (Sans-Serramitjana et al., 2016).

Other kinds of nanomaterials have been loaded with colistin and
tested in vitro and in vivo in mice; these formulations include gold and
silver NPs (Pastor et al., 2014; Miller et al., 2016), human albumin NPs
(Scutera et al., 2021), polydopamine nano-spheres (Ran et al., 2020) and
poly(lactide-co-glycolide) nano-embedded microparticles (d’Angelo
et al., 2015). More recently, biomimetic, and inhalable calcium phos-
phates (CaP) NPs were functionalized with colistin (Iafisco et al., 2022).
The maximum colistin payload was of about 50 mg/g of CaP NPs. After
functionalization, CaP NPs maintained a dimension and surface charge
considered suitable for crossing mucus barrier. CaP NPs do not interact
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with mucin and are able to permeate a layer of artificial mucus. In vitro
tests on pulmonary cells demonstrated that the NPs are not cytotoxic up
to a concentration of 125 pg/ml. The antimicrobial and antibiofilm ac-
tivity of colistin-loaded NPs tested on P. aeruginosa RP73, a clinical
strain isolated from a CF patient, was similar to that of free colistin
demonstrating that the therapeutic effect of colistin adsorbed on NPs
was retained.

Poly(lactide-co-glycolide) (PLGA) NPs have been employed for the
loading of the antimicrobial peptide plectasin previously isolated from
Pseudoplectania nigrella. In this study a Calu-3 epithelial cells system
infected with Staphylococcus aureus was used. As a result, the plectasin-
loaded NPs displayed improved efficacy (ECso 0.80 + 0.12 uM) as
compared to non-encapsulated peptide (ECsg 1.24 4+ 0.15 pM) and free
plectasin and non-loaded PLGA NPs did not affected Calu-3 cells
viability at the highest assayed concentration (4 pM). The study further
showed a different modality of internalization between Calu-3 cells
(bronchial cells) and A549 cells (alveolar type epithelial cells), the for-
mers were more efficient in the uptake probably due to non-specific
interactions between NPs loaded plectasin and the Calu-3 membrane
or its components (Water et al., 2015).

In the study of Casciaro et al. (2019) derivatives of esculentin, an
extensively studied amphibian skin membrane-active peptide (Luca
et al., 2013), have been used to functionalize PLGA NPs, stabilized with
poly(vinyl alcohol) (PVA) to avoid aggregation and to promote the
passage through biological barriers, in particular the lung mucus. NPs
were loaded with Esc(1—21) or its diastereomer Esc(1—-21)— 1c. The
obtained formulation was tested in vitro, and in vivo in a murine lung
infection model. The in vitro tests demonstrated that, although having
lesser antibacterial activity than free soluble Esc peptides within 24 h,
Esc peptide-loaded NPs were able to maintain bacterial.

growth inhibition (60 % inhibition) for up to 72 h. The in vivo data
showed a remarkable antimicrobial effect without negative side effects
on inflammation pathways, demonstrating that this formulation was
highly effective also displaying very promising aerosolization properties
and finally resulting in a reliable delivery system for AMPs to lungs.

Dextran based NPs have been recently employed in a very detailed
study, to deliver the artificial peptide SET-M33 (Pini et al., 2012)
M33-nano system (M33-NS) was shown to be effective against P. aeru-
ginosa in a time-kill kinetic experiment and to be slightly cytotoxic both
in vitro and in vivo. Pharmacokinetics studies revealed that M33-NS
were more persistent in the lungs respect to the free peptide represent-
ing a strong advantage when developing therapeutics to be inhaled by
aerosol (Falciani et al., 2020). Nano-delivery mediated by inhalation
was also employed with synthetic AMPS from the group of Forde et al.
(2016). The peptides AAG-D-WMR>®'€" (AAGwglrrllkygkrs) and its
acetylated pro-form pro-D-WMR>®1€" (Ac-EEEEAAAGwglrrllkygkrs),
designed to be specifically cut by NE were studied in a model of a me-
chanically ventilated patient employing a vibrating mesh nebulization
(VMNs) a method which may allow to reduce the volume of the material
inhaled. It was observed that this method of administration did not alter
peptides properties before and after nebulization being no differences in
MICs on P. aeruginosa strain PAO1 and of three CF clinical isolates
(Forde et al., 2019).

Research on extracellular vesicles is increasingly broadening the
horizons on their functions at the cellular level. It is now well established
that these structures are critically important for cellular communication
and many other cellular regulatory events. In addition to this, given the
structural and functional characteristics of EVs, researchers have seen
new uses for EVs as natural drug transporters. Recent studies have
shown that AMPs are also stored and transported within extracellular
vesicles and that they could efficiently be employed against bacterial
infection and to counteract biofilm formation (Leiva-Sabadini et al.,
2021). These studies thus point to properly characterized and manipu-
lated EVs as potential nano-vehicles of precision medicine applied to
infection diseases (Keshavarz Alikhani, 2021; Kim et al., 2021).
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Table 5
ABPs described in this work and their sequences.
Peptide Sequence Ref
LL7-37 RKSKEKIGKEFKRIVQRIKDFLRNLVPRTES (Nagant et al.,
2012)
LL-31 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNL *
LL7-31 RKSKEKIGKEFKRIVQRIKDFLRNL ¢
Gaduscidin-1 FIHHIIGWISHGVRAIHRAIH (McDonald et al.,
(Gad-1) 2015)
IDR-1018 VRLIVAVRIWRR-NH, (de la
Fuente-Ninez
et al., 2014)
H10 VRLIVRIWRR *
HE12 RFKRVARVIW “
[Z ILKPGGGTSGGLLGGLLGKVTSVIPGLNNI (Yu et al., 2018)
ad4M1 ILKKWWGTSGGLLGGLLGKVTSVIKGLNNI *

5. Antibiofilm peptides (ABPs) applied to CF related infections

Bacterial biofilm is a complex polymeric matrix composed of
different macromolecules known as extracellular polymeric substances
(EPS) comprehending polysaccharides (alginate), proteins (enzymes,
fibrin), lipids, and DNA, all contributing to create a biophysical barrier
which renders bacteria more resistant to antibiotics treatment. Biofilms
may develop on different inorganic and organic surfaces and so can
colonize different human body compartments and tissues. Bacteria
population living in a biofilm structure may be made of different species
which communicate each other with chemical signals (quorum sensing)
(Preda et al., 2019) and thus rendering the biofilm a multi organism
environment. Biofilm preserves bacteria from human immune system
surveillance thus allowing bacteria to grow slowly and adapt to envi-
ronmental anoxia and nutrient limitation. In this setting, bacteria
modify their gene and protein patterns and consequently their meta-
bolism, leading to a lower metabolic rate and a reduced rate of cell di-
vision (Welp et al., 2020). Among the bacterial species, P. aeruginosa
represents a major cause of morbidity and mortality in CF patients and
this aspect is linked to the high propensity of the pathogen to form
biofilm (Emerson et al., 2002). In CF, beside the sticky mucus produced
by bronchial cells, biofilm represents a further physical barrier which
can hamper the efficiency of conventional antibiotics (Luo et al., 2021)
thus rendering more difficult the CF treatment. Among AMPs, several
anti-biofilm peptides (ABPs) e.g. peptides specifically or mainly active
against biofilms, are described in literature. Various webtools for the
prediction of antibiofilm efficacy of peptides are also available (Sharma
et al., 2016; Fallah Atanaki et al., 2020; Di Luca et al., 2015). Biofilm
formation is a complex process that generally involves three stages: (i)
primary adhesion to surfaces, (ii) accumulation of multilayered clusters
of cells, and (iii) detachment. Therefore, some AMPs may act as inhibitor
or disruptor or both of biofilm structure; consequently, many AMPs
which are effective against planktonic forms are not equivalently effi-
cient against the biofilm environment. In general, ABPs are structurally
equivalent to AMPs sharing a cationic and an amphipathic character, but
their specificity makes them more effective against biofilms at lower
concentrations with respect to MICs of AMPs against planktonic bacte-
rial forms (de la Fuente-Ntinez et al., 2012). Different studies concerning
the use of cathelicidin LL-37 have showed that fragments of this peptide,
beside the antibacterial activity performed on planktonic bacterial
forms, also possess strong antibiofilm activity. The reasons at the basis of
exploring the activity of shorter forms of LL-37 to contrast proteases
activity (Moncla et al., 2011) is a certain toxicity towards mammal cells
(Johansson et al., 1998) and finally in reducing the synthesis costs. In
the study of Nagant et al., 2012), 19-mer fragments of LL-37 were pro-
duced and their antibiofilm activity compared to native peptide. The
strongest antibiofilm activity was observed with the peptides LL7-37,
LL-31, and LL7-31 (Table 5), which decreased the percentage of biomass
formation at a very low micromolar concentration. The peptide LL7-37
decreased the height of the biofilm and partly cause its disruption after
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formation. LL7-37 and LL7-31 also resulted much less toxic than parent
LL-37 and LL-31 confirming that the absence of the first 6 residues
contributes to render these LL-37 deriving peptides more appealing for a
therapeutic use. The metallo-histidine rich-AMP Gaduscidin-1 (Table 5)
is a broad-spectrum AMP that is produced by Atlantic cod fish and binds
two Cu?* ions with high affinity at neutral and acidic pH conditions
(McDonald et al., 2015). Other interesting features of this peptide are
the ability to maintain its activity even at high salt concentrations as
well as to act as a nuclease thanks to the capacity to produce ROS upon
cu?t binding (Portelinha et al., 2021). These features are of particular
interest in a potential application as AMP in CF patients. The amide
peptide 1018 also called IDR-1018, presents a specific antibiofilm ac-
tivity and it is one of the best characterized AMP (Rivas-Santiago et al.,
2013). IDR-1018 is not only able to prevent biofilm formation, but also
to eradicate mature biofilms produced by different P. aeruginosa and
Burkholderia cenocepacia clinical isolates. Although its mode of action
is not yet fully understood (Andresen et al., 2016), it has been the object
of several studies to enhance its antimicrobial (anti-planktonic and
anti-biofilm) activity. In particular, in the study by De La Fuente Nunez
(2014), peptide 1018 was specifically tested against different CF clinical
isolates of P. aeruginosa and B. cenocepacia, where it showed only just a
minor effect on planktonic forms of P. aeruginosa and any effect on B.
cenocepacia complex strains (de la Fuente-Nunez et al., 2014).
Conversely, pre-formed biofilm from both isolated strains of P. aerugi-
nosa and B. cenocepacia resulted to be susceptible to sub-lethal doses of
1018 (10 pg/ml) evaluated using either a flow cell model or hydroxy-
apatite surfaces upon treatment. In the same study different derivatives
of 1018 were prepared mutating different positions of peptide residues.
Some of these derivatives showed similar or reduced anti-biofilm ac-
tivity in respect to the original peptide 1018. For example, derivative
H10 lacking the hydrophobic pattern present in the parent peptide
(Table 5), showed a reduced anti-biofilm activity against P. aeruginosa
but interestingly, presented an enhanced activity vs. the Gram-positive
methicillin resistant S. aureus (MRSA). 1018 is also known to modu-
late immune response through cytokines pathway production (Rivas--
Santiago et al., 2013), but no modifications in these properties were
observed in the mutated peptides, as they equally enhanced the pro-
duction of chemokine MCP-1. The authors point to the importance of the
residue sequence instead of the composition as main factor affecting
peptide activity, as a proof of this hypothesis, the derivative peptide
HE12 (Table 5), with same length and same content of charged and
hydrophobic amino acids, but with a scrambled sequence, lacked
anti-biofilm activity against Gram-negative and Gram-positive bacteria.
Gram-positive bacteria biofilm was the object of another study in which
MRSA strains from CF clinical isolates, were treated with derivatives of
the Human SPLUNCI (Short Palate Lung and Nasal epithelial Clone 1)
protein. This is a 256 amino acid residues long multifunctional protein,
and an important component of innate immunity endowed with a
certain antimicrobial activity. In particular, the a4 domain displays a
helical structure, and a cationic and an amphipathic feature, all typical
features characterizing a “classic” AMP. The deletion of this motif from
the WT structure (SPLUNC1 or the Aa4) confirmed the antimicrobial
character of this portion. In fact, a strong reduction in antibiofilm ac-
tivity was in fact observed when the a4 region deleted protein was used
in comparison with the WT protein (Yu et al., 2018). The a4 portion was
then synthesized as a peptide (Table 5), showing a lower activity in
contrasting biofilm formation with respect to entire protein. To over-
come this aspect, the authors designed a derivative called a4M1
(Table 5), with the aim to enhance the amphipathicity of the original
peptide by replacing two Gly with two Trp, and the positive charge
substituting two Pro residues on the hydrophilic side with two Lys. As a
result, the derived peptide a4M1 retained antibiofilm activity of the
parent protein even with diverse clinical strains of MRSA. In P. aerugi-
nosa the lectins LecB and LecA are involved in the formation of anti-
biotic resistant biofilms, thus they represent a target for an efficient
strategy to counteract biofilm formation. In the work of Reymond et al.
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Fig. 6. Antibiofilm dendrimeric peptides GalAG2, GalBG2 and FD2.

synthetic glycopeptide dendrimers were selected through a synthetic
combinatorial approach functionalizing diverse N-termini with sugars,
as multivalent ligands to the P. aeruginosa lectins LecA and LecB. A
tetravalent fucosylated peptide dendrimer FD2 binding to the
fucose-specific lectin LecB, and galactosylated dendrimers GalAG2 and
GalBG2 (Fig. 6), binding the galactose specific lectin LecA were hence
produced. When tested in vitro against P. aeruginosa biofilm, they
showed a strong activity in blocking biofilm formation and inducing
biofilm dispersal (Reymond et al., 2013).

6. Conclusions

AMPs are gaining an important place in the landscape of future an-
tibiotics, and this is due to several features that make them promising
tools to fight and counteract antibiotic resistance. Many drawbacks that
made peptides a forgotten resource for years have been solved, thus
offering new possibilities for these molecules. CF, a complex pathology
that compromises primarily the respiratory system, but also other
compartments of the body, determines at the level of the lungs the
creation of a harsh environment characterized by high salt conditions,
low pH, high concentration of proteolytic enzymes, presence of mucus,
all conditions particularly favorable for the growth of pathogenic mi-
croorganisms especially in the form of biofilm structures. This is the
battleground in which AMPs must challenge microorganisms. In order to
preserve or even enhance the efficiency of AMPs in CF related infections
to overcome these difficulties, the successful road to be followed is
probably the design, also on the basis of natural sequences, of synthetic
and semi-synthetic peptidic derivatives and the development of dedi-
cated systems for their delivery, as exemplified by the many examples
reported in this article. In this view, is noteworthy the possibility in the
next future to also exploit the potential of extracellular vesicles to
transport and safely deliver AMPs.
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