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Preface

This Special Issue is in honor of Dr. Marie-Hélene Metz-Boutigue, acknowledging her influential
scientific contributions to research on Antimicrobial Peptides (AMPs).

During her career, Dr. Metz-Boutigue has published many papers in the field of the biochemical
characterization of proteins and peptides, identifying new antimicrobial agents with a large spectrum
against different pathogens. In the last few years, she has also studied the integration of AMPs in new
functionalized antimicrobial biomaterials to prevent nosocomial infections and inflammation.

Due to her great expertise in self-endogenous AMPs belonging to the humoral immune system,
she collaborated with several scientists in many publications concerning their involvement in
cardiovascular diseases, inflammation, the nervous system, intestinal homeostasis and concerning
the properties of these agents in immunomodulation.

This Special Issue aimed to gather and highlight significant advancements for AMPs as an
alternative to antibiotics for increasing resistant strains and recent discoveries for future therapeutic
approaches. Since the AMPs are multifunctional peptides with antitumor and immunomodulating
effects, original research articles and reviews in these fields were particularly welcomed. Manuscripts

regarding antimicrobial biomaterials including AMPs were also of interest.

Scavello Francesco, Amiche Mohamed, and Jean-Eric Ghia
Editors
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Antibiotic resistance has recently been recognized as an alarming issue and one of the
leading causes of death worldwide [1]. In the last few years, the frequent use of antibiotics
in COVID-19 patients has exacerbated antimicrobial resistance [2]. Antimicrobial peptides
(AMPs) are an alternative to antibiotic therapy, and they have a great potential to respond
to multidrug-resistant pathogens [3]. They offer several advantages compared to classical
antibiotics such as broad-spectrum activity and a lower tendency to develop resistance
mechanisms and modulators of the host immune response [3]. Some of these molecules are
named Multifunctional AMPs (ME-AMPs) due to their ability to influence several biological
processes and their comprehensive antimicrobial function.

This Special Issue in Pharmaceutics, “Recent Advances in Multifunctional Antimicrobial
Peptides as Preclinical Therapeutic Studies and Clinical Future Applications”, is in honor
of Dr. Marie-Hélene Metz-Boutigue, acknowledging her influential scientific contributions
to research on AMPs and highlighting the recent advances in MF-AMPs research. In
biomedical research, there are few pioneers whose groundbreaking contributions leave
an indelible mark on their field. Among these stands Dr. Metz-Boutigue, a visionary
scientist whose work in the field of AMPs has revolutionized our understanding of some
of them. Her collaborative efforts with esteemed researchers have ushered in a new era of
potential treatments for infectious diseases. Dr. Metz-Boutigue’s interest in AMPs dates
back to her early career when she recognized the immense therapeutic potential of these
peptides. Her journey was marked by relentless dedication, determination, and a passion
for unravelling the complexities of the mechanism of action of these peptides. Through her
prolific research, Dr. Metz-Boutigue deepened our knowledge of AMPs and discovered
novel classes of these peptides with potent antimicrobial activity. Her work paved the
way for developing innovative therapeutic strategies against various infectious agents,
including bacteria, fungi, and even viruses.

One of the significant aspects of Dr. Metz-Boutigue’s remarkable success has been her
collaborative spirit, as she has fostered partnerships with brilliant researchers worldwide.
Among her notable collaborators are Prof. Schneider, renowned for his expertise in intensive
care medicine and infection, and together they discovered the role of several AMPs as
biomarkers in critically ill patients [4]; Dr. Prévost, an expert in microbiology, who, together
with Dr. Metz-Boutigue, identified new AMPs against resistant S. aureus strains [5]; and
Dr. Goumon, an expert in neuroscience, with whom Dr. Metz-Boutigue discovered several
AMPs derived from the neuroendocrine system [6]. Of note are her collaborations with Dr.
Jolles and Dr. Strub, specialists in protein biochemistry and mass spectrometry, respectively,
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through which they characterized the biochemistry and processing of several proteins
producing AMPs [7,8]. Concerning the findings demonstrating the multifunctional profile
of AMPs, we mentioned the collaborations with Prof. Angel and Prof. Ghia, prominent gut
physiologists, who, together with Dr. Metz-Boutigue, characterized the role of some AMPs
in colonic motility [9]. Additionally of note are her collaborations with Prof. Corti and
Prof. Helle, experts in biochemistry, who together have demonstrated the role of several
AMPs derived from Chromogranins (Cgs) in different biological processes [10]. Concerning
Cgs-derived peptides, Dr. Metz-Boutigue collaborated with Prof. Mahata, with whom she
discovered the role of Catestatin as an antimicrobial agent [11], and with Dr. Marban-Doran
and Prof. Rohr, with whom she identified new Chromogranin A (CgA)-derived AMPs and
their role in the context of in nosocomial infections [12,13]. Also relevant are the studies
conducted in collaboration with Prof. Aunis, a prominent neuroscientist, showing the
role of neuropeptides in innate immunity [14], as well as her work in collaboration with
Prof. Tota and Prof. Angelone, who are renowned for their expertise in cardiac physiology,
demonstrating the role of AMPs in cardiac physiopathology [10]. In the last few years,
Dr. Metz-Boutigue’s collaborations with Prof. Haikel, a specialist in oral biology, should
be mentioned, which enabled the application study of AMPs in dental biomaterials and
infections [15]. Finally, her fruitful collaborations with Dr. Lavalle and Prof. Schaaf, experts
in biomaterials, enabled the development of functionalized biomaterials with antimicrobial
and anti-inflammatory properties [16,17]. All these collaborations have synergized the
researchers’ diverse knowledge and methodologies, resulting in transformative research
outcomes. Beyond her academic achievements, the collaborative work of Dr. Metz-Boutigue
has not only catalyzed the development of international partnerships in the battle against
infectious diseases but has also helped the next generation of scientists in this field of
research by undoubtedly reshaping the landscape of AMPs and suggesting the concept of
MEF-AMPs, notably for Cgs and their derived AMPs. As we look toward the future, we
eagerly await the progress of the next generation in this field of research.

In this Special Issue, several manuscripts reported the ability of MF-AMPs as an
alternative or adjuvant to classical antibiotics to overcome antibiotic resistance. In general,
Hassan et al. recapitulate the positive aspects of these molecules, such as a broad spectrum
of antimicrobial activities, high pathogen specificity, and low toxicity for the host. In
addition, they summarized the sources, structure, molecular mechanisms of action, and
therapeutic potential of AMP, evaluating the advantages over classical antibiotics such
as a low propensity for the development of resistance, endogenous origins, and anti-
biofilm activity. However, they reported several limitations, such as poor absorption and
distribution, a short half-life, low permeability, and some toxic effects [18].

Regarding the resistance problem, Kuhn and Di found that several pathogens were
resistant to last-report antibiotic peptides classically used for multidrug-resistant bacterial
treatment, such as Colistin. They demonstrated the importance of mutation timing in the
progression of the Klebsiella pneumoniae Colistin-resistant strain, identifying a time-specific
mutation of Colistin-resistant genes during this pathogen evolution. In particular, the
authors observed the onset of an early resistance with mutations relevant to capsule pro-
duction, cell membrane integrity, and energy metabolism in response to Colistin treatment,
followed by mutations influencing LPS structure, strongly impacting Colistin-resistant
progression [19].

Also, different studies are presented that dealt with improving antimicrobial activities
and reducing their adverse effects using structure-function relationship studies, engineered
variations, chemical modifications, and nanoparticle incorporation [20-22]. To identify the
structural requirements of AMP activity directed against Gram-negative bacteria, Madi-
Moussa and collaborators heterologously produced a series of variants of Lacticaseicin
30 including the N-terminal (amino acids 1 to 39) and central and C-terminal (amino acids
40 to 111) domains in E. coli and assayed their antibacterial activities. In addition, ten muta-
tions were introduced to obtain several engineered variants. In comparison to the original
AMP, they observed no differences for the N-terminal peptide and variants E32G, T33P, and
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D57G preserving the antibacterial effects, but demonstrated a reduced antimicrobial activity
against Gram-negative bacteria for the C-terminal peptide and the E6G, T7P, T52P, A74P,
Y78S, Y935, and A97P variants [20]. Finally, the authors synthesized an N terminal domain
without the first 20 amino acids in the first helix, showing that this truncated peptide did not
have antimicrobial activity [20]. Another approach used by Etayash et al. involved chemi-
cally modifying AMP IDR1018 by covalently linking it with a short-chain PEG (PEG6) and
a glucose moiety (N-acetyl glucosamine: GlcNAc) and assessing the impact of this chemical
modification on the peptide’s antimicrobial and biological properties. The pegylation and
glycosylation significantly reduced the aggregation, hemolysis, and cytotoxicity effect of
IDR1018 [21]. Of interest, PEG6-IDR1018 maintained the immunomodulatory activity of
IDR1018 while the Glc-IDR1018 significantly increased the anti-inflammatory effects of
this peptide (production of MCP-1 and IL1-RA vs. lipopolysaccharide-induced IL-1f3) [21].
On the other hand, these chemical modifications partially reduced the antimicrobial and
anti-biofilm activity [21]. To deliver the antimicrobial Esc peptides specifically into the
lung, Cappiello and coworkers developed engineered poly(lactide-co-glycolide) (PLGA)
nanoparticles (NPs). They demonstrated that the peptides alone and the nanoparticle
version did not affect lung epithelium integrity. No changes in pulmonary global gene
expression profile were observed after the treatments [22]. The Esc diastereomer showed
the highest antimicrobial activity without lung inflammation; however, the nanoparticu-
late system increased the pulmonary safety and delivery of Esc peptides, prolonging the
biostability of these peptides in the mouse bronchoalveolar lavage [22].

In this Special Issue, we included several studies that also reported the possible appli-
cations of MF-AMPs in different human and clinical contexts. Some of these applications
concern their antimicrobial nature, while others extend to new research fields. Jati and
coworkers suggested that the pleiotropic CgA-derived peptide Catestatin is a perfect exam-
ple of an MF-AMP, reporting its potential therapeutics in antimicrobial and immunological
applications. They summarized this peptide’s antibacterial, antifungal, and anti-yeast activ-
ity and its N-terminal domain of 15 amino acids called Cateslytin. The author reported the
chemically modified isoform for this smaller peptide, with the total D-amino acids chang-
ing, and its increased antimicrobial effects against various bacterial and fungal strains [23].
Finally, they dealt with the human variants of Catestatin (Gly364Ser and Pro370Leu) and
the evolutionary conservation of this peptide in mammals, pointing out the potential role of
this peptide as a therapy for antibiotic-resistant superbugs and its role in innate immunity
and the regulation of gut microbiota [23]. Also, Rizzetto and collaborators recapitulated
the experience of their research group over 20 years in a narrative review describing the
antibacterial and antifungal properties of several AMPs such as BMAP-28, Citropin 1.1,
Temporin A, Distinctin, Magainin II, LL-37, Tritrpticin, Colistin, Distinctin, Magainin II,
Cecropin A, and many others [24]. This review strongly supports the benefits of these
molecules, suggesting AMPs as a valuable alternative for treating infectious diseases related
to multiresistant microorganisms and overcoming the clinical issue of resistance against
the commonly used antibiotics or antifungals.

One of the most relevant applications for AMPs in biomedical devices is in the field
of biomaterials due to the anti-biofilm properties of these molecules [24]. As reported in
many in vitro and in vivo studies, these molecules are elective factors for oral infection and
biomaterials to treat early carious lesions, promote cell adhesion, and enhance the adhesion
strength of dental implants while preventing infection at the surgery site [25]. However, the
small amount of data regarding animal models or clinical trials is a limitation for the future
use of this biomaterial containing AMPs [25]. In this Special Issue, Cunha and coworkers
developed a clinical trial to evaluate in vivo the antimicrobial properties and dental efficacy
of a nisin-biogel in dogs [26]. This study reported that the nisin-biogel group was associated
with a significantly reduced periodontal pocket depth and dental plaque index after 90 days
from the treatment compared to control animals. Also, a non-significant reduction in the
gingivitis index was observed, while no influence on total bacterial counts and adverse
effects was detected. Finally, the author suggested the nisin-biogel system as a valuable
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biomaterial for future human dentistry study. In addition, the crucial role of AMPs in the
reduction of endodontic inflammation and infection was demonstrated by Morio et al. They,
evaluating different datasets of ultraviolet (UV)-induced molecules from other tissues, such
as endodontic tissue, identified 32 UV-induced molecules containing nine antimicrobial
peptides (Cathelicidin and several Defensins), ten cytokines, six growth factors, three
enzymes, two transmembrane receptors, and two transcription regulators. Many of these
molecules are related to the wound-healing signaling pathway and communication between
immune cells and antimicrobial response. They concluded that, also via the UV irradiation
technique, AMPs production requires part of the activate innate immune response with a
final aim to reduce infection but also assist tissue healing [27].

Another important application for MF-AMPs in human health is their roles as the
biomarkers of several diseases both related and unrelated to infections [28-31]. In this
Special Issue, Scnheider and collaborators summarized the biomarker profile of CgA and
its derived antimicrobial peptides in the context of critically ill patients [4]. They reported
the role of CgA as a biomarker of outcome in non-selected critically ill patients. Then,
they focused on Vasostatin-I, an N-terminal fragment of CgA, and its ability as an early
prognostic biomarker for these patients associated with age and lactate. Also, for trauma
patients, CgA levels can predict the onset of nosocomial infections, and their CgA-derived
peptides can act as inhibitors of inflammation and antimicrobial peptides. Finally, they
also demonstrated that a 4% concentration of non-oxidized albumin infusion reverses the
multimerization of these peptides, restoring their anti-inflammatory and antimicrobial
properties [4]. They concluded that CgA and its peptides could be considered relevant
biomarkers in critically ill patients. In addition, Scavello and coworkers reported the
role of the multifunctional agents of CgA-derived AMPs, describing these as endogenous
modulators of inflammation [32]. Concerning MF-AMPs and cancer, Dermaseptins, a class
of «-helical-shaped polycationic peptides isolated from the skin secretions of several leaf
frogs, have been identified as examples of exogenous molecules characterized by their
anticancer activity [32].

Finally, Neuropilin-1 and Integrins have been recently described by Corti et al. as
receptors with a high affinity for CgA-derived peptides [33]. In particular, the multifunc-
tional properties of this protein and its fragments reported in angiogenesis, wound healing,
and tumor growth are mediated by a specific interaction and binding of Neuropilin-1 and
Integrin avb6 [33]. Moreover, Siegel and collaborators described an immunogenicity test
for dendritic and CD4-positive T cells where different peptides and proteins have been
used to stimulate both dendritic and CD4-positive cells [34], suggesting that MF-AMPs
may be used in the future in this context to assess immunogenicity as well.

In summary, this research topic has brought to light new findings regarding MF-AMPs
and their possible applications, as well as future studies, for human health.
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Abstract: Second- and third-line treatments of patients with antibiotic-resistant infections can have
serious side effects, such as organ failure with prolonged care and recovery. As clinical practices
such as cancer therapies, chronic disease treatment, and organ transplantation rely on the ability
of available antibiotics to fight infection, the increased resistance of microbial pathogens presents
a multifaceted, serious public health concern worldwide. The pipeline of traditional antibiotics is
exhausted and unable to overcome the continuously developing multi-drug resistance. To that end,
the widely observed limitation of clinically utilized antibiotics has prompted researchers to find a
clinically relevant alternate antimicrobial strategy. In recent decades, the discovery of antimicrobial
peptides (AMPs) as an excellent candidate to overcome antibiotic resistance has received further
attention, particularly from scientists, health professionals, and the pharmaceutical industry. Effective
AMPs are characterized by a broad spectrum of antimicrobial activities, high pathogen specificity,
and low toxicity. In addition to their antimicrobial activity, AMPs have been found to be involved in
a variety of biological functions, including immune regulation, angiogenesis, wound healing, and
antitumor activity. This review provides a current overview of the structure, molecular action, and
therapeutic potential of AMPs.

Keywords: antimicrobial peptide (AMP); multi-drug resistance (MDR); extracellular polymeric
substances (EPSs); lipopolysaccharides (LPS); lipoteichoic acid (LTA)

1. Introduction

The antimicrobial resistance (AMR) to available therapeutics is a serious healthcare
problem that is mostly associated with the death of a specific portion of people worldwide.
Moreover, current predictions indicate a significant increase in annual global death in the
future [1].

AMR is a multifaceted health problem that represents a serious global threat. In
addition, the traditional antibiotic pipeline is exhausted and unable to overcome the contin-
uously developing multi-drug resistance. As consequence, the widely observed limitation
of clinically utilized antibiotics has prompted researchers to find clinically relevant antimi-
crobial approaches. Accordingly, the discovery and development of alternative therapeutic
approaches to overcome the widely reported AMR are urgently need. Antimicrobial pep-
tides (AMPs) are group of small peptides, which are reported to play a crucial role in the
host innate immunity against a broad spectrum of microorganisms, including bacteria
(Gram-positive and Gram-negative), viruses, fungi, and parasites [1,2]. Accordingly, AMPs
belong to the first-line defense of a host against invading pathogens. These AMPs are, in
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great part, amphipathic peptides with «-helical structures and 3-sheets linked by disulfide
bridges, extended loops, or cyclic configurations [2,3]. Thus, based on their broad-spectrum
antimicrobial activity, killing potential, high selectivity, and low toxicity, AMPs have gained
further interest from researchers and physicians as an alternative approach to the widely
utilized antimicrobial agents, especially over the past two decades. The currently identified
AMPs can be classified into different groups according to the information provided on
the Data Repository of Antimicrobial Peptides (DRAMP) [http://dramp.cpu-bioinfor.org/
accessed on 1 August 2022]. AMPs are derived from six kingdoms (bacteria, archaea,
protozoa, fungal, plants, and animals). As widely reported, AMPs are involved in a vari-
ety of biological functions, including immune regulation, angiogenesis, wound-healing,
anti-inflammatory activities, and antitumor activity [3-6]. Furthermore, AMPs function
as critical effectors in both innate and adaptive immunity. Thus, beyond their functional
role as a link between innate and adaptive immunity, AMPs contribute to the resolution of
inflammation [3,4]. The activation of the innate immune system by AMPs is recognized to
be one of the key mechanisms that regulate AMP-mediated early clearance of infections.
The immunomodulatory functions of AMPs are known to be very complex and involve
various receptors, signaling pathways, and transcription factors [3,4]. AMPs can either
directly or indirectly promote the recruitment of different immune cells, such as immature
dendritic cells (iDCs), T lymphocytes, monocytes, eosinophils, and neutrophils, to the site
of infection.

While the primary treatment of bacterial pathogens relies on established antibiotics,
the development of multi-drug resistance (MDR) is ever evolving and changing [7,8]. In
contrast to established antibiotics, AMPs have been approved for their therapeutic potential
to overcome the multi-resistance of most microbial pathogens [5]. However, the clinical
advantage of AMPs over currently available antibiotics resides in their mode of molecular
action. Specifically, AMPs have been shown to kill microbial pathogens via a mechanism
mediated by the destruction of plasma membranes and interference with intracellular
components [2,7]. Despite the success of AMPs in clinical application, natural AMPs have
doubtful properties that hinder their functional application [8]. However, the functional
analysis of the chemical structure of AMPs may help to improve the molecular action and,
subsequently, the therapeutic potential of AMPs. This review will discuss the structure,
molecular action, and therapeutic potential of AMPs.

2. Sources and Structure of Antimicrobial Peptides

In addition to their distribution in all organisms, many if not all AMPs are evolution-
arily conserved and derived from viral, bacterial, fungal, plant, and animal sources.

AMPs with viral sources include endolysins (lysins), virion-associated peptidogly-
can hydrolases (VAPGHs), depolymerases, and holins, which are derived from bacterio-
phages [9].

AMPs with bacterial sources have been reported in several studies. For example,
Bacillus strains have been shown to produce AMPs with promising inhibitory activity
against Shigella, Salmonella, E. coli, and Staphylococcus aureus [10-13]. Furthermore, AMPs
derived from Bacillus sp have been reported for their antimicrobial activity against Staphy-
lococcus aureus, Alteromonas sp. strain CCSH174 and Klebsiella pneumoni [10,11]. Another
example of bacterial AMPs includes those derived from Propionibacterium jensenii [14] and
those isolated from Pseudomonas [12], which have been reported for their activity against
Shigella, Salmonella, E. coli, and Staphylococcus aureus [15].

These AMPs with bacterial sources have been reported to be both ribosomally and
non-ribosomally synthesized peptides.

Ribosomally synthesized bacterial AMPs are known as bacteriocins. Bacteriocins have
been suggested as promising alternative approaches to the conventional small-molecule
antibiotics. These bacteriocins can be divided into four classes. One of these classes is class
I, which includes a group of AMPs that consist mainly of small peptides of 19-38 amino
acids. The second class of the bacteriocins includes heat-stable AMPs, which are commonly
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synthesized as a prebacteriocin. The third class contains a group of large and heat-stable
peptides, and the fourth class IV contains uniquely structured bacteriocins containing
amino acids, lipids, or carbohydrates, in addition to being susceptible to lipolytic and
glycolytic enzymes [9,16]. These AMPs are only active against bacteria, which are closely
related to the producing strains but not their own producers [16].

Non-ribosomally synthesized AMPs of Gram-positive bacteria include cyclic lipopep-
tides, which are known as polymyxins, and linear peptides, which are known as tride-
captins. In contrast to Gram-positive-bacteria-derived AMPs, the majority of AMPs isolated
from Gram-negative bacteria are common in E. coli, as well as in other species including
Klebsiella spp. and Pseudomonas spp. [17]. These AMPs have limited activity against
Gram-negative bacteria and can be classified into four classes, namely, colicins, colicin-
like bacteriocins, microcins, and phage tail-like bacteriocins [17]. The classes of colicines
are predominantly produced by E. coli. Although the class of colicin-like-bacteriocins is
structurally and functionally similar to the colicins of E. coli, a number of other species,
including P. aeruginosa and the Klebsiella genus, have been reported to produce colicin-like
bacteriocins [18]. Furthermore, other bacteriocins such as microcins can be produced by En-
terobacteriaceae, and they are active against phylogenetically close species [18]. The fourth
class of bacteriocins includes Gram-negative-bacteria-derived AMPs, including phage
tail-like bacteriocins [19]. This type of bacteriocin is characterized by its high molecular
weight and cylindrical peptides [19].

Fungal AMPs are common AMPs, which are generally grouped into two main classes,
fungal defensins and peptaibols [20].

Defensins are short, cysteine-rich peptides with different sources, including microor-
ganisms, plants, and animals. Therefore, fungal-derived defensins are known as defensin-
like peptides based on their high sequence and structural similarities. Although fungal
AMPs are similar in their structure and peptide sequences, their activities against Gram-
positive and/or Gram-negative bacteria and/or fungi differ [21].

Although there are different sources of AMPs, their numbers of amino acid residues
range between 10 and 60 amino acids, and most of them are cationic with an average net
charge of 3.32. In addition to cationic AMPs, there are also many anionic AMPs that contain
several acidic amino acids, such as aspartic acid and glutamic acid.

Plant-derived AMPs are cysteine-rich peptides with broad-spectrum antimicrobial activ-
ity against bacteria, fungi, and viruses, and they possess immunomodulatory activities [22].
These AMPs are classified into various families based on their cysteine motifs, the ar-
rangement of disulfide bridges, and sequence similarity. The most common members
of plant-derived AMPs include o-hairpinin, defensins, hevein-like peptides, cyclic and
linear knottin-type peptides, lipid transfer proteins, thionins, and snakins, in addition to
unclassified cysteine-rich AMPs [22].

The AMPs with animal sources include invertebrate AMPs, fish and amphibian AMPs,
reptile- and avian-derived peptides, and mammal-derived AMPs.

Invertebrate AMPs include those of insects, such as defensin and cecropin, mollusc
AMPs (e.g., defensins), nematode AMPs (defensins), and horseshoe crabs (e.g., big de-
fensins), in addition to invertebrate (3-defensin and crustacean AMPs (e.g., crustins) [23].
Invertebrate AMPs are an integral component of humoral defense since the invertebrates
lack an adoptive immune response when compared with those of the animal kingdom [23].

Vertebrates AMPs, particularly those of fish and amphibian origin, have been shown
to play an essential role in defense responses to microorganisms. Although fish are a
considerable source of several AMPs, such as cathelicidins, 3-defensins, hepicidins, pis-
cidins, and histone-derived peptides [24,25], amphibians are the largest source of AMPs
among invertebrates. However, the most common amphibian AMPs include bombinins, bu-
forin, cathelicidin, dermaseptins, esculentins, fallaxin, magainins, maximins, phylloseptins,
phylloxin, plasticins, plasturins, pseudins, and ranateurins [25].

AMPs with reptile and avian sources belong to the members of the cathelicidin and
defensin families [26]. Cathelicidins are small-sized AMPs secreted from macrophages and
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neutrophils upon their activation in response to infection. 3-defensin was first discovered
in reptiles as a 40-residue peptide isolated from leukocytes of the European pond turtle.
Thus, based on its source, this type of AMP is known as turtle 3-defensin 1 (TBD-1) [27].
Similarly, avian 3-defensins include AvBD1-14 from the chicken, ostricacins from the ostrich
(e.g., OSP-1 to OSP-4), and mallard duck 3-defensins (AvBD2 and AvBD9), which are the
common AMPs among avian family [27].

The most common mammalian AMPs belong to the members of the cathelicidin and
defensins families. Mammalian cathelicidins are cationic peptides with an amphipathic
structure in the form of x-helical, -hairpin, or elongated conformations [26]. LL-37, the
most well-studied cathelicidin, has an amphipathic structure, which can be modified into
an aqueous solution to form an x-helix upon membrane interaction [26,28]. Mammalian
defensins are classified into three sub-families: «, 3, and 6. These subfamilies of defensins
are synthesized first as prepropeptides, which share several features with mature peptides.
These common features include cationic net charge (+1 to +11), short polypeptide sequences
(1845 amino acids), and three intramolecular disulfide bonds [27].

Based on their synthesis mechanisms, mammalian AMPs can be classified into ei-
ther ribosomal-produced peptides [29] or non-ribosomal-produced peptides [30]. The
synthesis of ribosomal AMPs occurs mainly in the cytoplasm of eukaryotic cells via the
ribosome-dependent translation of genes encoding for AMPs, e.g., nisin [29,31]. By contrast,
the synthesis of non-ribosomal AMPs is mediated by the peptide-synthesis-dependent
mechanism in the cytosol of mammalian cells [25].

In contrast to ribosomal AMPs, the assembly of non-ribosomal AMPs contains not
only the 20 common amino acids but also many rarer amino acids [32,33]. These different
amino acids are synthesized by large enzymes, which are known as non-ribosomal peptide
synthetases [33]. Non-ribosomal peptide synthetases are characterized by their ability to
synthesize both cyclic and linear AMPs in the form of polypeptides, which give the AMPs
their various molecular structures. [34]. A common example for both cyclic and linear
AMPs is Gramicidin A (Figure 1), which appears as a small linear peptide with amphipathic
and hydrophobic helices and a 3-sheet secondary structure [35,36].

NH NH NH NH
Y A A A
o o o o ] o o o
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H H H H H H H H
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OH

Figure 1. Chemical structure of antimicrobial peptide gramicidin A. Gramicidin A is a linear an-
timicrobial peptide and one of the three known gramicidins (A, B, and C). They are non-ribosomal
peptides that consist of the following 15 L- and D-amino acids: formyl-L-X-Gly-L-Ala-D-Leu-L-
Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Y-D-Leu-L-Trp-D-Leu-L-Trp-ethanolamine. The difference
between gramicidins A, B, and C is that the amino acid position Y is L-tryptophan in gramicidin A,
L-phenylalanine in B, and L-tyrosine in C. The isoforms of the gramicidins A, B, and C are determined
by the existence of L-valine or L-isoleucine at position X of anion acid and the origin [10].

Cyclic peptides, such as polymyxin B (Figure 2A) [37], bacitracin (Figure 2B) [38], and
vancomycin (Figure 2C) [39], are characterized by their unique amino acid compositions
that appear in the form of lipopeptides or macrocyclic peptides. By contrast, peptides such
as o defensin appear as bundles of x-helical rods in lipid bilayers (Figure 2D) [40].
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A Fatty acid tail

Linear peptide part Cyclic peptide part

Figure 2. Chemical structure of cyclic antimicrobial peptides: (A) Structure of polymyxin B, including
fatty acyl tail, linear peptide, and cyclic peptide (B) Chemical structure of bacitracin: bacitracin is an
AMP that consists of D-aspartic acid, D-phenylalanine, D-ornithine, D-glutamic acid, and a ring of
thiazoline containing amino acids. (C) Chemical structure of vancomycin: vancomycin is a branched
tricyclic glycosylated non-ribosomal peptide. (D) Chemical structure of defensin: defensins comprise
an N-terminal (3-strand followed by an o-helix and two more p-strands. The (3-strands form a
triple-stranded antiparallel 3-sheet that can be stabilized by disulphide bonds. Two of the disulphide
bonds connect the x-helix and the central (3-strand, while a third disulphide bond stabilizes the
structure by linking the 3-strand.

While the cationic amphipathic helix is common in the secondary structure, partic-
ularly among bacteriostatic peptides [41], x-helical peptides are either hydrophobic or
anionic with less selectivity towards microbes [42]. Apart from their different net charges,
helical peptides are characterized by their ability to form hexameric clusters that can tra-
verse bilayer membranes and surround an aqueous pore [43]. Consequently, the mechanism
by which AMPs kill bacteria is mediated via the formation of pores, which leads to the
disintegration of pathogen cell membranes [44,45]. The biological functioning of AMPs
therefore depends on their ability to undergo structural modifications that allow them to
interact with the membrane and elements of the cellular matrix.

3. Molecular Mechanisms of AMP Action

AMPs are characterized by their diverse activities and modes of action. These char-
acteristics are determined by the type of target organisms and the mechanisms via which
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the AMPs exert their antimicrobial activity. For example, AMPs with antiviral activity
are mostly associated with viral assembly, adsorption, and entry processes, in addition
to their ability to target both RNA and DNA viruses. Among these antiviral peptides are
indolizidine and human «-defensin 1 [46]. These AMPs have been shown to eliminate
viruses via their incorporation into the viral envelope, leading to the instability of the
virus assembly, and they subsequently deliver the viral entry into the host cell [44]. By
contrast, AMPs such as lactoferricin have been shown to inhibit viral adsorption by binding
to the specific viral receptors on the target cells [46]. Further, AMPs such as NP-1, an
alpha-defensin that is derived from rabbit neutrophils, has been shown to inhibit viral
assembly and maturation by binding the intracellular components that are essential for the
cellular translocation of the virus in the host cell [46].

The most investigated AMPs are those with antibacterial activity. This type of AMP
is characterized by its ability to interact with anionic bacterial membranes, leading to the
disruption of the lipid bilayer [40].

Based on their molecular action, peptides with antimicrobial activity can be classified
into two types. One of these types includes membrane-disrupting peptides, while the other
one includes non-membrane-targeting peptides [40]. Although the molecular action of
the main types of AMPs is different, some bacterial AMPs exert their activity via both
membrane- and non-membrane-dependent mechanisms. Most AMPs trigger bacterial
membrane destruction via interaction between their positively charged peptide molecules
and the negatively charged cell surface as well as through hydrophobic interactions between
the peptide amphipathic domain and membrane phospholipids.

Cationic AMPs have been demonstrated to exert their antibacterial activities via
interaction with negatively charged bacterial membranes. The electrostatic interaction
between cationic AMPs and the anionic components of the plasma membrane results
in an increase in membrane permeability, and the release of AMPs into the cytoplasmic
membrane, which subsequently, causes the lysis of the plasma membrane and, finally,
the death of the microbial pathogen. To that end, four models have been proposed to
describe the mechanisms whereby AMPs trigger the destruction of the microbial membrane.
These include the barrel-stave (Figure 3A), toroidal pore (Figure 3B), carpet (Figure 3C),
and aggregate (Figure 3D) models. In the barrel-stave model, the increased number of
peptides binding to the membrane triggers membrane aggregation and conformational
transformation. Consequently, the shift of local phospholipid head groups leads to cell
membrane instability.

The barrel-stave mechanism is mediated via the vertical aggregation of helices into
the lipid bilayer. The insertion of the transmembrane peptide bundle is organized in the
cell membrane as staves of a barrel so that their hydrophobic face region is aligned with
the central lipid region of the lipid bilayer. In parallel, the hydrophilic peptide constituents
form the inner pore region that is filled with water [36]. The stable channels, namely,
the barrel-like pores, which are formed in the cell membrane, allow the outflow of the
cytoplasm. As consequence, the severe damage of the cell membrane results in cell collapse
and, finally cell, death [33].

The toroidal pore model is mechanistically similar to the barrel-stave model; however,
the mode of insertion of AMPs into the membrane and the binding behavior of AMPs with
lipid molecules are different. In the toroidal pore model, the insertion of peptides into the
membrane results in a continuous bending of the lipid monolayer from top to bottom [43].
The central water core is wrinkled with the inserted peptides and lipid head groups. Upon
the formation of toroidal pores, the polar regions of the peptides start to line up with the
lipid polar head groups.
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Figure 3. Proposed models for AMP-induced membrane permeability, membrane penetration,
and interference with cellular components. AMPs exert their antimicrobial activity via interaction
with negatively charged membranes to mediate and rapidly increase membrane permeability, cell
membrane lysis, or the release of intracellular contents, leading to microbial cell death. There are four
main models of membrane pore formation, namely, the barrel-stave model (A), toroidal pore model
(B), carpet model (C) and aggregate model (D). (E) Mechanisms of the penetration of AMPs into the
cytoplasm of the microbial cell and interference with intracellular components.

To mediate their antimicrobial activities, AMPs first undergo confirmational modifica-
tions so that they can penetrate the phospholipid membrane. Following the penetration
of the phospholipid membrane, the hydrophobic regions of the AMPs combine with the
internal hydrophobic regions of the phospholipid bilayer, exposing the hydrophilic regions
to the outside and subsequently increasing the membrane permeability of the microbial
cell, which ultimately results in microbial death. Upon their entry into the cytoplasm,
AMPs start to interfere with the intracellular components, leading to the dysregulation of
cellular function via the mechanism mediated by the enhancement of DNA /RNA damage,
inhibition of enzyme activity, and suppression of the transcription/translation processes,
which are necessary for cell wall synthesis. Although in both barrel-stave and toroidal
pore models, the mode of AMP insertion into the membrane determines the action of
AMPs, in the carpet model, the action of AMPs depends on the concentration levels and
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electrostatic effect of the AMPs, as well as the net charge of the anionic component [43]. The
hypothesis of the carpet model relies mainly on the initial aggregation of the peptides on
the membrane in the monomeric or oligomeric form that ultimately cover the membrane
as a carpet. As a consequence, the hydrophobic regions start to interact with the cell
membrane while the hydrophilic ends face the aqueous solution. Once the concentration
threshold has been reached, the aggregation of the peptides starts to enhance membrane
permeability and ultimately membrane disruption [34]. Finally, in the aggregate model,
the binding of the AMPs to the anionic cytoplasmic membrane causes the peptides and
lipids to form a peptide-lipid complex micelle that opens membrane channels and allows
the release of ions and intracellular contents, which ultimately leads to cell death [46].
In all models, the molecular action by which AMPs trigger microbial death depends on
both a conformational change in the AMPs and the peptide-lipid ratio of the AMPs and
the microbial membrane [46]. The conformational change in o-helical AMPs following
anionic lipid membrane binding transforms the disordered structure of the AMPs in the
aqueous solution into an amphiphilic «-helical structure, which facilitates the interaction
of the AMPs with the microbial membrane [46]. Of note, in contrast to «-helical AMPs,
AMPs with -sheets are unable to undergo major conformational transitions during the
interaction with the microbial membrane [46] due to the -sheet AMPs’ stable disulfide
bond bridges [16]. Peptide-lipid ratios likewise significantly impact conformational change
and membrane lysis. At low peptide-lipid ratios, AMPs are located in parallel orientations
on the surface of the plasma membrane [47], whereas at high peptide-lipid ratios, the
AMPs becomes vertically oriented and are inserted into the hydrophobic center of the
plasma membrane. This insertion of AMPs into the hydrophobic center of the plasma
membrane increases the membrane permeability and subsequently enhances the release of
both intracellular ions and metabolites that induce microbial cell death [48,49].

In addition to the destruction of the microbial membrane, AMPs have been reported
to mediate their antimicrobial activity via intracellular-dependent mechanisms (Figure 3E).
These include the induction of DNA/RNA damage, the inhibition of protein synthesis,
enzyme activity, and the synthesis of a bacterial cell wall [50]. The above-mentioned AMP
conformational changes and microbial membrane peptide-lipid ratios are unsurprisingly
the main factors governing the ability of AMPs to pass through bacterial cell wall com-
ponents, such as the lipopolysaccharides (LPSs) in the case of Gram-negative bacteria
and lipoteichoic acid (LTA) and peptidoglycan in the case of Gram-positive bacteria [51].
AMP-mediated DNA/RNA damage has been found to be induced by the direct binding
of AMPs to DNA or by the inhibition of DNA replication and transcription [48,49,52-59]
AMPs such as Buforin II [52], a histone-derived antimicrobial peptide with a length of 21
amino acids, translocate across lipid membranes without affecting membrane permeability,
and they trigger antimicrobial activity by binding to DNA /RNA [60]. Conversely, the AMP
indolizidine, which displays antimicrobial activity against multi-drug resistance pathogens,
has been shown to kill bacteria via the inhibition of DNA synthesis by penetrating mem-
branes without inducing cell lysis. Anionic AMPs such as P2, isolated from Xenopus
Leavis skin, was found to inhibit bacterial growth via interaction with microbial genomic
DNA [61]. Other AMPs, such as PR-39, a proline/arginine-rich AMP isolated from the small
intestine of pigs, has been reported to kill bacteria by penetrating the outer membranes of
bacteria [62]. The entry of PR-39 into the cytoplasm was found to be associated with the
inhibition of protein synthesis and acceleration of the ubiquitination of proteins, which are
essential for DNA synthesis [63]. Proline-enriched AMPs have been reported to exert their
antimicrobial activity through the interference of protein synthesis machinery by binding to
ribosomes [63]. The N-terminal (1-25) and (1-31) residues of the non-lytic proline-rich AMP
(PrAMP) Bac 5, for example, bind to the tunnel of ribosomes and prevent the translation
process [64]. The proline-enriched AMP oncocin inhibits mRNA translation by binding
the 70S ribosome, whereas apidaecin inhibits 50s ribosome assembly [65]. Apil37, an
apidaecin-derived peptide, binds to the ribosomes of E. coli and trap release factors 1 (RF1)
or 2 (RF2) to trigger translation termination [66].
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The inhibition of microbial pathogens” intracellular enzymes has also been reported to
be a mechanism through which some AMPs exert their antimicrobial activity. Pyrrhocoricin
binds to the bacterial heat shock protein DnaK and subsequently inhibits ATPase action [25].
Microcin J25, a ribosomal synthesized and post-translationally modified AMP, binds to
the secondary channel of the RNA polymerase, blocking the entry of substrates through
the channel [61]. LL-37 inhibits the activity of palmitoyl transferase PagP [57,58]. Pag
P is an enzyme located in the outer membrane of Gram-negative bacteria and facilitates
membrane permeability via activated lipid A acylation [67]. Finally, NP-6, isolated from
Sichuan pepper seeds, inhibits E. coli 3-galactosidase activity [67].

The inhibition of bacterial cell wall synthesis is a common therapeutic strategy to treat
pathogenic bacteria infection. The anti-leishmanial drug candidate, human neutrophil
peptide-1 (HNP-1), inhibits bacterial cell wall synthesis by penetrating the outer and in-
ner membranes of E. coli and suppresses the synthesis of DNA, RNA, and proteins [68].
HNP1’s antimicrobial activity is mediated by its interaction with lipid II. HNP1 binds to
a highly conserved non-peptide motif of peptidoglycan precursor (lipid II) and teichoic
acid precursor (lipid III) [61], resulting in the inhibition of cell wall synthesis and subse-
quent lysis. HNP1 has excellent activity against a wide range of Gram-positive bacteria,
including multi-drug resistant organisms, such as Methicillin-resistant Staphylococcus aureus
(MRSA), Vancomycin Intermediate S. aureus (VISA), Vancomycin-resistant enterococci
(VRE), Clostridium difficile, Streptococcus pneumoniae, and Mycobacterium tuberculosis [23].
Finally, teixobactin is a cyclic dipeptide containing an unusual amino acid, enduracidi-
dine [68]. This AMP is a member of a new class characterized by their specific action on
unique targets in cell wall synthesis.

4. Therapeutic Potential of Antimicrobial Peptides

Human infections are typically polymicrobial and stem mainly from oral infections,
surgical wounds, diabetic foot ulcers, cystic-fibrosis-related lung infections, urinary tract
infections, and otitis media infections [69-71]. Therefore, the treatment of polymicrobial
infection is more challenging when compared with monomicrobial infections. In contrast to
traditional antibiotics, AMPs are characterized by their ability to target both monomicrobial
and polymicrobial infections without the development of cross-resistance [72]. Thus, the
advantage of AMPs over traditional antibiotics is their ability to act directly on the bacterial
membrane when compared to their indirect action on the intracellular targets. Other advan-
tages of AMPs over conventional antibiotics involve the actions mediated by their different
characteristics, including their ability to function against both antibiotic-resistant and -
sensitive microbial pathogens and their ability to target monomicrobial and polymicrobial
infections without the development of cross-resistance [64,73]. However, the therapeutic
success of AMPs in the treatment and prevention of bacterial infection may result from
their ability to act directly on the bacterial membrane, rather than their indirect action on
intracellular targets [74]. Furthermore, the ability of a single AMP to exert its antimicrobial
activity via multiple mechanisms, and through different pathways [75], suggests the clinical
relevance of AMPs in the treatment and prevention of microbial pathogens. However,
the establishment of novel, clinically relevant therapeutic approaches that target multiple
pathogens in mixed populations, thereby replacing traditional antibiotics, is tangible.

The production of endogenous AMPs by multicellular organisms constitutes a host
defense mechanism against pathogenic microbes. Based on the broad spectrum of their
antimicrobial activity, AMPs are promising therapeutic agents for infection control [25].
In addition to their antimicrobial activities against various pathogens, including bacteria
(Gram-positive and Gram-negative bacteria), fungi, and viruses [76], many AMPs are
effective against multi-drug resistant (MDR) bacteria and have low propensity for the
development of resistance [77]. AMPs are also involved in the promotion and regulation of
the innate immunity system [78]. Finally, the use of AMPs against biofilm formation has
been widely reported over the last few decades [79]. Many AMPs kill cells in biofilms and
inhibit biofilm formation via the interference with the abundant extracellular polymeric
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substances (EPSs) of microbial cells. These EPSs are known to be functionally responsible
for the protection of microbial cells from the surrounding environment [80].

Despite the potential therapeutic benefits of AMPs when compared with existing
antibiotics, AMPs have some limitations that hinder their development for clinical use [81].
Most natural AMPs are characterized by poor absorption, distribution, metabolism, and
excretion, in addition to their short half-life and low permeability and solubility [82].
Moreover, AMPs have a high production cost and a degree of toxicity, particularly in oral
administration. All these properties are considered as major hindrances for the develop-
ment of novel AMP-based treatments. To overcome these AMP limitations that hamper
clinical application, several studies are urgently needed to improve the functional proper-
ties of AMPs, such as their absorption, distribution, metabolism, excretion, cytotoxicity, and
proteolytic stability. An improvement in the functional properties of AMPs may involve
the alteration of the peptide composition and the modification of their post translation
of AMPs.

To that end, several technical procedures have been proposed to improve the functional
properties of AMPs. These include the modification of the chemical structure of AMPs via
the introduction of unusual amino acids, such as D-form amino acids, or by the acetylation
or amidation of the terminal regions of AMPs. As widely reported, the modification of
the chemical structure of AMPs was found to improve the stability of their peptides and
prevent their proteolytic degradation [83]. Similarly, the delivery of AMPs using liposome
encapsulation was found to preserve the stability of AMPs and to reduce their toxicity [84].

AMPs are an essential component of the innate skin defense mechanisms and are
considered to be a first-line barrier providing protection against microbial pathogens [85].
AMPs are closely associated the with innate skin immunity and are known to regulate
immunity by interacting with various immune cells and linking innate and adaptive im-
mune responses during infection. These AMPs include, 3-defensins (BD) [86], cathelicidins
(human hCAP18/LL37) [87], RNase 7 [88], and secretory leukocyte protease inhibitor
(SLPI) [89]. Apart from their significant role in the regulation of innate skin immunity,
AMPs such as defensins and cathelicidins have also been reported to play a key role in
the regulation of the innate immunity of the lung [86,90]. To that end, both defensins
and cathelicidins belong to a family of AMPs, which are mostly detected in the secretion
of airways [87]. The exogenous administration of defensins and cathelicidins has been
reported as an effective strategy in the prevention and treatment of infection. In par-
ticular, tachyplesin III, a 3-sheet peptide isolated from the hemocytes of the horseshoe
crab, has been evaluated for antimicrobial activity in lung polymicrobial co-infection
pneumonia [89,91].

Naturally produced AMPs in the oral cavity play key roles in the maintenance of
microbial homeostasis and oral cavity health stasis [91,92]. These AMPs are characterized
by their antimicrobial activity against oral bacteria, which has been evaluated against oral
infections, as widely reported in several studies [91,92]. D-Cateslytin (D-Ctl), an AMP
derived from L-Cateslytin, has been observed to have therapeutic potential against
bacterial infection in combination with several antimicrobials [92,93] and has been
reported to be an antifungal agent in the treatment of oral infections associated with
Candida albicans [94].

The most important advantages of AMPs over conventional therapeutics are attributed
to the potential of AMPs to offer innovative and effective solutions to the treatment of
mixed populations with polyinfections and to differentiate between pathogenic bacteria
and protective normal flora. Therefore, the development and evaluation of AMPs with the
ability to target multiple pathogens in mixed populations without the destruction of the
protective normal flora represents an important public health issue.

5. Conclusions

AMPs are characterized by their broad spectrum of antimicrobial activities and are
powerful regulators of innate immunity. AMPs have a strong cell-killing efficiency on
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microbial pathogens, particularly MDR bacteria. In addition, AMPs offer an alternative ap-
proach to overcome the antibiotic resistance of most microbial pathogens. Although AMPs
may be able to overcome the limitations of current antibiotics due to their antimicrobial
activity, their shortcomings include poor stability, toxicity, and unexplored adverse effects,
which limit their clinical application. However, continued development and evaluation of
functional AMPs may allow for the modification of natural AMPs, thereby facilitating the
production of new AMPs with clinically desirable characteristics. Some AMPs have been
approved for clinical application, while others remain under investigation in clinical trials.
Therefore, the development and evaluation of AMPs with the ability to target multiple
pathogens in mixed populations without the destruction of the protective normal flora
represents an exciting antimicrobial therapeutic strategy.
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Abstract: Antibiotic resistance is rapidly increasing, and new anti-infective therapies are urgently
needed. In this regard, antimicrobial peptides (AMPs) may represent potential candidates for the
treatment of infections caused by multiresistant microorganisms. In this narrative review, we reported
the experience of our research group over 20 years. We described the AMPs we evaluated against
Gram-positive, Gram-negative, and fungi. In conclusion, our experience shows that AMPs can
be a key option for treating multiresistant infections and overcoming resistance mechanisms. The
combination of AMPs allows antibiotics and antifungals that are no longer effective to exploit the
synergistic effect by restoring their efficacy. A current limitation includes poor data on human
patients, the cost of some AMPs, and their safety, which is why studies on humans are needed as
soon as possible.

Keywords: anti-microbial peptides; antibiotic resistance; Gram-positive Gram-negative; fungi

1. Introduction

Antibiotic resistance (AR) has for some decades been rapidly increasing and represents,
nowadays, one of the world’s greatest challenges affecting animal and human health. The
emergence of AR can be attributed not only to inappropriate antimicrobial prescriptions in
humans but also to the overuse of antibiotics in animal breeding and agriculture [1,2].

Therefore, the identification of new anti-infective therapies is urgently needed. Over
the past years, numerous efforts have been made to identify new molecules or new methods
that could overcome the growing microbial resistance. In this perspective, antimicrobial
peptides (AMPs) may represent potential candidates for the treatment of infections caused
by multiresistant microorganisms. Inspired by this research area, our group at the “Poly-
technic University of Marche” decided to evaluate the effectiveness of selected new AMPs
over the last 20 years.

AMPs are oligopeptides usually composed of 12-50 cationic and hydrophobic amino
acids with a positive net charge, representing essential components of innate immunity [3-5].
AMPs display broad-spectrum activity against a wide variety of pathogens, such as yeast,
fungi, viruses, and bacteria [6,7].

In particular, many AMPs kill pathogens by interacting with negatively charged bac-
terial cell membranes; this leads to a change in their electrochemical potential, which
generates cell membrane damage. Although several AMPs may also kill pathogens indi-
rectly by modulating host immune responses [8-11], AMPs can also act with other different
mechanisms of action, such as inhibiting communication between pathogens. These aspects
will be described in the specific paragraphs that follow. Additionally, some AMPs show
synergistic interactions with conventional molecules, contributing to the decrease in the
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selection of antibiotic-resistant bacteria and allowing us to restore sensitivity of conven-
tional treatments [12,13]. The aim of this article is to summarise the 20 year experience of
our research. Initially, our team included researchers from the Polytechnic University of
Marche affiliated with the Clinic of Infectious Diseases, the Clinic of Surgery, the INRCA Ex-
perimental Animal Models for Aging Unit, and the Department of Inorganic Chemistry at
the Medical University of Gdansk (Poland). Our scientific production was initially focused
on the antimicrobial properties of AMPs in medical device infection, biofilm, and sepsis.
With the arrival of researchers from dermatology and the Institute of Pathological Anatomy
and Histology, our interest shifted to bacterial and fungal skin diseases. Our main goal
was to provide new treatments to overcome multiresistant infections, particularly those
caused by methicillin-resistant Staphylococcus aureus (MRSA) in chronic and surgical skin
wounds, including burns. We studied the effects of AMPs not only for treating resistant
bacteria-related infections in the skin but also for wound healing.

Simultaneously, we also continued to evaluate the potential and spectrum of action of
selected AMPs against fungi and Gram-positive and Gram-negative bacteria. In the begin-
ning, the experimental model was in vitro on colonies of resistant microorganisms taken
from patients and then switched, in the case of effective AMPs, to the in vivo animal model.
As our research progressed, we decided to assess the potential impact on wound healing
by considering histological features and immunohistochemical markers that could quantify
the action of AMPs vs. conventional antibiotics, such as vascular endothelium growth factor
(VEGEF), matrix metalloproteinases (MMP) expression, growth factors, or their receptors.

In the following paragraphs, we summarised the main areas of research performed,
indicating the methods used and the results obtained.

2. AMPs and Biofilm in Medical Devices

Biofilm is characterised by bacterial cells that adhere to a substratum, interface, or
each other and are embedded in a matrix of substances produced by the cells themselves.
Biofilm often tends to develop on medical devices, in particular long-term silicone catheters
such as the central venous catheter (CVC). The biofilm protects bacteria from antimicrobial
therapy, leading to frequent failure of conventional antibiotic therapy [14-16].

Due to this issue, in the last few years different novel drug technologies have been
studied, including antimicrobial peptides.

2.1. BMAP-28

BMAP-28 is a 27 residue peptide. It has an amidated C-terminus, and it has been
shown to have the ability to kill bacteria in vitro. Furthermore, in vivo studies have also
demonstrated BMAP-28 efficacy in reducing mortality in different infections [17,18].

Cirioni et al. (2005) assessed the efficacy of BMAP-28 pre-coating in the treatment of
S. aureus central venous catheter-associated infections using the antibiotic-lock technique.
In vitro studies revealed that pretreatment with BMAP-28 and then the use of antibiotics
reduced the Minimal Bactericidal Concentration (MBC) values against biofilm. In vivo
studies demonstrated that catheters pre-treated with BMAP-28 or high-dose antibiotics
have a lower bacterial load compared to catheters with standard-dose antibiotics or without
BMAP-28 (from 107 to 10° CFU/mL and bacteremia from 10° to 10! CFU/mL). A further sig-
nificant reduction in bacterial load, from 107 to 10! CFU/mL, was observed when catheters
were impregnated with BMAP-28 and then treated with a higher dose of antibiotics [19].

Another experimental study was performed to evaluate the efficacy of BMAP-28.
In particular, the efficacy of BMAP-28 alone and in combination with vancomycin was
assessed in animal models of ureteral stent infection induced by Enterococcus faecalis and
Staphylococcus aureus. In vivo studies revealed that BMAP-28 reduced bacterial load (from
8 x 10° to 5 x 10* against S. aureus and from 8.7 x 10° to 6.4 x 10* against E. faecalis)
and enhanced the effect of vancomycin (no bacterial count). This result suggests that the
BMAP-28-impregnated ureteral stent has lower rates of infection. In vitro studies support
these results [20].
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2.2. Citropin 1.1

Citropin 1.1 is a wide-spectrum amphibian antimicrobial cationic peptide produced
by the glands of the green tree frog, Litoria citropa [21].

An experimental study conducted in 2006 evaluated the efficacy of citropin 1.1, minocy-
cline, and rifampicin in the prevention of S. aureus central venous catheter (CVC)-associated
infection using the antibiotic-lock technique. In vitro studies show that biofilms were
strongly affected by the presence of citropin 1.1, which also acts synergistically with hy-
drophobic antibiotics. In vivo studies confirm the same results; in fact, citropin 1.1 alone
not only reduced bacterial load on the CVC from 107 to 103 CFU/mL but also enhanced
the effect of commonly used antibiotics, reducing bacterial load to 10' CFU/mL [22].

2.3. Temporin A

Temporin A is a hydrophobic, basic, antimicrobial peptide amide with antibiotic
activity against a wide spectrum of microorganisms, including antibiotic-resistant Gram-
positive cocci [23]. Temporin A is thought to act in conjunction with the formation of the
ion channel in the bacterial cytoplasmic membrane [24].

Ghiselli et al. investigated the efficacy of temporin A as a prophylactic agent against
methicillin sodium-susceptible (MS) and methicillin sodium-resistant (MR) Staphylococcus
epidermidis vascular graft infection. In vitro studies revealed that both MR and MS were
similarly susceptible to temporin A. In vivo studies support these results, showing that
the use of a temporin A-soaked Dacron graft in vascular surgery can result in substantial
bacterial growth inhibition (from 1.9 x 107 to 3.4 x 10% CFU/mL against S. epidermidis MS
and from 3.9 x 107 to 6.1 x 10® CFU/mL against MR). Most of the antibiotic prophylactic
treatments were helpful; nevertheless, only the association of a temporin A-soaked graft
and intraperitoneal vancomycin hydrochloride inhibited bacterial growth for both the MR
and MS strains [23].

Another study tested the efficacy of topical temporin A and RNAIII-inhibiting peptide
(RIP) compared to rifampicin in preventing S. epidermidis and S. aureus graft infection in a
rat pouch model [25].

RIP is a heptapeptide that has strong activity against S. aureus and S. epidermidis.
Considering its mechanism of action, RIP inhibits cell-cell communication, also known as
quorum sensing, preventing bacterial adhesion and virulence [26].

The results of this study showed that the use of temporin A-soaked and RIP-soaked
Dacron grafts induced a significant bacterial growth inhibition. In fact, the combination of
RIP and temporin A showed the lowest bacterial growth (negative quantitative cultures
for VISE4 and from 6 x 107 to 6.9 x 10! CFU/mL for VISA4). More specifically, temporin
A had a high antistaphylococcal activity, independent of the level of resistance shown by
the isolates. RIP was more effective against staphylococcal strains when used alone than
temporin A or rifampicin alone [25].

Giacometti et al. (2004) investigated the efficacy of temporin A soaking in combination
with intraperitoneal linezolid in the prevention of vascular graft infection in a rat model
of infection with Staphylococcus epidermidis with intermediate resistance to glycopeptides
(GISE). The in vitro results show that temporin A and linezolid both have high activity
against the GISE clinical strain. The in vivo study confirmed the strong activity against
S. epidermidis of temporin A and linezolid, and it showed that the combination of temporin
A with a parenteral antibiotic, such as linezolid (from 6.9 x 10 to 3.8 x 10?2 CFU/mL
with linezolid and to 3.4 x 103 with temporin A), may become a valid opportunity for
chemoprophylaxis in vascular surgery [27].

Temporin A, citropin 1.1, CA (1-7)M (2-9)NH2, and Pal-KGK-NH2 were also studied in
2019 for their synergistic activity against methicillin-resistant Staphylococcus aureus (MRSA)
biofilms developed on polystyrene surfaces (PSS) and central venous catheters (CVC). The
study highlighted that antimicrobial peptides have strong activity in inhibiting biofilm
formation on both PSS (citropin 1.1 inhibited biofilm formation of all MRSA strains tested)
and CVC (citropin 1.1 caused a biomass reduction for the reference strain with an ODsy of
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0.152 compared with the control). The eradication of preformed biofilms, on the other hand,
was more difficult and took 24 hours after contact between the AMP and biofilms. The
combination of AMP had synergistic activity, leading to an improvement in the performance
of all the peptides in the removal of biofilms [28].

2.4. Other Peptides

Polycationic peptides have been studied in recent years for their antimicrobial activ-
ity. Buforin II and ranalexin are polycationic peptides derived from amphibian tissues.
Cerioni et al. investigated the efficacy of ranalexin and buforin II in the prevention of
vascular prosthetic graft infection due to Staphylococcus epidermidis with intermediate
glycopeptide resistance.

Both peptides demonstrate strong in vitro activity. In vivo studies demonstrated that
buforin II and ranalexin (from 4.9 x 10° to 1.9 x 10> CFU/mL) had a stronger activity
than vancomycin (from 4.9 x 10° to 6.2 x 10° CFU/mL) and teicoplanin (from 4.9 x 10° to
5.1 x 10* CFU/mL). In particular, buforin II was able to inhibit bacterial growth
completely [29].

Another study compared the activity of the same polycationic peptides to that of ri-
fampicin in the prevention of methicillin-susceptible and methicillin-resistant Staphylococcus
epidermidis vascular prosthetic graft infections. This study found that polycationic activities
against Staphylococcus epidermidis were comparable to rifampicin. The combinations of
buforin II and ranalexin-coated grafts with cefazolin showed stronger activity against
the methicillin-resistant strain (no evidence of infection) than that of the combination of
rifampicin-coated grafts and cefazolin (10? bacterial growth) [30].

Pal-Lys-NH; and Pal-Lys-Lys are lipopeptides with bactericidal activity, and they are
effective against different Gram-positive cocci [31].

A study investigated their action alone or in combination with vancomycin in the
prevention of prosthesis biofilm in a subcutaneous rat pouch model of staphylococcal
vascular graft infection. The results of this study showed that vancomycin (from 6.94 log
to 3.65 log CFU/mL) and lipopeptides (from 6.94 log to 3.87 log CFU/mL for Pal-Lys-Lys
NH; and from 6.94 log to 4.080 log CFU/mL for Pal-Lys-Lys) when used alone had similar
activity. The combination of vancomycin with Pal-Lys-Lys-NH, had the strongest efficacy
(from 6.94 log to 1 log CFU/mL). The in vitro study globally confirms the in vivo one [32].

Distinctin is an antimicrobial peptide with a heterodimeric structure. It has a lytic ac-
tivity on unilamellar vesicles, suggesting their possible action on bacterial membranes [33].

In a study, the efficacy of distinctin was assessed in the treatment of Staphylococcus
aureus CVC-associated infection, in particular in inhibiting the attachment of S. aureus
to CVCs and in increasing its susceptibility to glycopeptides and carbapenems once it is
adherent. The in vitro study showed a valid activity of distinctin on the biofilm and the
ability to enhance the efficacy of antibiotics when used in combination. In vivo studies
confirmed these results; furthermore, treatment with antibiotics and distinctin induced
a significant reduction in bacterial loads on the CVC (from 10° to 10! CFU/mL) with no
evidence of bacteriemia [34].

Protegrins are cysteine-rich AMPs and comprise 16-18 amino acids. IB-367 is a syn-
thetic protegrin with bactericidal and fungicidal activity [35].

Ghiselli et al. evaluated the efficacy of a pre-treatment with IB-367 and its capacity
for enhancing the efficacy of linezolid on Gram-positive biofilm in animal models of CVC
infection. The study showed that IB-367 pre-treatment of CVC enhanced linezolid activity,
causing a higher biofilm bacterial load reduction (from 10° to 10! CFU/mL) and absence of
bacteriemia. In conclusion, IB-367 could be considered an interesting adjunctive agent to
conventional antibiotics for the treatment of CVC and other medical devices [36].

Cirioni et al. investigated the efficacy of daptomycin and rifampicin alone and in
combination in the prevention of vascular graft biofilm formation in a rat pouch model of
Staphylococcal infection. Rifampicin is a glycopeptide antibiotic, while daptomycin is a
lipopeptide. The results of this study showed that both rifampicin and daptomycin have
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good efficacy when used alone (from 7.4 x 10° to 3.3 x 10> CFU/mL for daptomycin and
from 7.4 x 10° to 4.2 x 103 CFU/mL for rifampicin). When they are used in combination,
their efficacy is higher than that of each single compound (from 7.4 x 10° to 10! CFU/mL).
Moreover, their combination prevented the emergence of rifampicin resistance in adherent
bacteria. These results were confirmed by in vitro studies [37].

Another study investigated the efficacy of levofloxacin, cefazolin, and teicoplanin
in preventing vascular prosthetic graft infection induced by methicillin-susceptible and
methicillin-resistant Staphylococcus epidermidis. The three compounds had similar efficacies,
but levofloxacin (from 10° to 10> CFU/mL) showed slightly less efficacy than teicoplanin
(from 10° to 10> CFU/mL) against the methicillin-resistant strain. Furthermore, the results
highlighted that the most useful combination for the prevention of late-appearing vascular
graft infections is rifampicin-levofloxacin (no infection detected). However, rifampicin-
teicoplanin was also very effective (no infection was detected) [38]. AMPs, in our experience,
have a high efficacy in reducing bacterial load on the surface of medical devices; this efficacy
is frequently comparable to that of the most commonly used antibiotics. Furthermore,
when AMPs are used in combination with other antibiotics, they increase their efficacy;,
leading to no evidence of bacteriemia in most cases.

3. AMPs and Gram-Positive Sepsis

Sepsis represents a serious clinical problem given its severity, prevalence, and difficulty
in treatment. Specifically, in 50% of cases, sepsis results from Gram-positive infections.
The most frequently involved microorganisms are Staphylococcus aureus and Streptococcus
epidermidis. Antibiotic therapy is not always effective, partly because of the increasing
prevalence of antibiotic resistance. For this reason, new molecules such as antimicrobial
peptides are increasingly being considered [39].

3.1. Distinctin

Distinctin is an amphipathic antimicrobial peptide that has a structure characterised
by two different peptide chains connected by a disulfide bridge. It has been isolated
from the skin of Phyllomedusa distincta and has shown good antimicrobial activity in vitro.
The in vitro efficacy was also confirmed in vivo. In fact, this molecule demonstrated
efficacy when administered intravenously in neutropenic mouse models infected with
Staphylococcus aureus, either alone or in combination with other antibiotics. Notably, its
efficacy was shown to be highest when administered together with glycopeptides in the
absence of toxic events related to the administration of the peptide itself. Distinctin in
combination with vancomycin and teicoplanin resulted in the lowest lethality rate in the
aforementioned models [39].

3.2. Temporin A

Temporin A has demonstrated the ability to inhibit the production of TNF-alpha, IL-6,
and NO by macrophages in mouse models and is active against antibiotic-resistant Gram-
positive cocci. Specifically, it has shown efficacy against Staphylococcus aureus in mouse
models and was particularly high 6 h after injection. The most effective antibiotic used
in combination was imipenem (lethality rates of 25% for temporin A, 20% for imipenem,
and 10% for temporin A + imipenem). Temporin A is able to facilitate the passage of
imipenem across the bacterial membrane by destructuring it, as both act on peptidoglycan.
In addition, temporin A appears to induce the migration of human monocytes, neutrophils,
and macrophages [40].

3.3. BMAP-28

BMAP-28 has been shown to inhibit TNF-alpha release and NO production. In mouse
models, it has shown similar lethality to antibiotics such as clarithromycin and imipenem
against Staphylococcus aureus. In addition, it appears to have a superior ability to neu-
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tralise bacterial products released by Gram-positive bacteria, a positive factor in severe
staphylococcal infections when used in combination with other antimicrobial agents [41].

3.4. Magainin II and Cecropin A

Magainin II and Cecropin A are two alpha-helical antimicrobial peptides that have
demonstrated in vitro activity and in vivo efficacy against Staphylococcus aureus with inter-
mediate resistance to glycopeptides in combination with vancomycin. In particular, the
combination of magainin II and vancomycin has been shown to be particularly effective
in reducing lethality in murine models of staphylococcal sepsis (lethality of 1/20 vs. 6/20
vancomycin vs. 10/20 magainin II vs. 12/20 cecropin A). These two peptides appear to
be able to insert into the cytoplasmic membrane and activate murine bacterial hydrolases,
resulting in peptidoglycan damage and cell lysis [42].

3.5. Aurein 1.2

This is an amphipathic, alpha-helical peptide composed of only 13 amino acids. It
has demonstrated antimicrobial activity in vitro against Gram-positive cocci at concen-
trations ranging from 1 to 16 mg/litre and synergistic activity when administered in
combination with clarithromycin and minocycline. In particular, aurein 1.2 exerts its ac-
tion by making the membrane more permeable and less organised, allowing the entry of
hydrophobic substrates [43].

Other peptides that demonstrated antimicrobial activity in vitro against Gram positive
cocci include palmitol (pal)-lys-lys-NH, and pal-lys-lys, uperine 3.6, and citropin 1.1.

The lipopeptides showed in vitro efficacy mainly against enterococci and strepto-
cocci compared with Staphylococci and Rhodococcus equi. Their efficacy was higher when
combined with beta-lactams and vancomycin; they also proved effective against both
susceptible and multidrug-resistant germs.

Uperine 3.6 is a broad-spectrum antibiotic peptide isolated from the Australian am-
phibian Uperoleia mjobergii. It consists of only 17 amino acids, and for this reason, represents
the smallest of the antibiotic peptides isolated from amphibians. Although most of the an-
tibiotics tested were more effective than uperine 3.6, it was effective against both susceptible
and multiresistant germs [44].

Citropin 1.1 is an antimicrobial peptide derived from the Australian frog Litoria citropa.
It is a small peptide consisting of 16 amino acids produced by both the dorsal and submental
glands of Litoria citropa. It has been shown to be effective in vitro against 12 nosocomial iso-
lates of Rhodococcus equi at concentrations ranging from 2 to 8 mg/L. The peptide presented
synergistic activity against this germ when combined with clarithromycin, doxycycline,
and rifampicin. In addition, other in vitro studies have demonstrated its efficacy against
staphylococci and streptococci at concentrations ranging from 1 to 16 mg/L. Synergy
was demonstrated when citropin 1.1 was combined with hydrophobic antibiotics such as
clarithromycin and doxyxline [45,46].

4. AMPs and Wound Infection

We report on four studies whose purpose was to evaluate the efficacy of new experi-
mental AMPs in the management of infected surgical wounds in mouse models. The infec-
tion was established using MRSA, the most frequent aetiological agent in ¢SSTIs. In these
studies, the role of antimicrobial peptides in infected wounds was evaluated mostly by con-
sidering bacterial growth (quantitative cultures of excised tissues) and healing parameters
such as collagen organisation, degree of re-epithelialisation, granulation tissue formation,
angiogenesis, and VEGF expression. The results were compared with data from control
groups, such as animals with no infected wounds (treated and untreated), animals with
infected but untreated wounds, and animals treated with other conventional antibiotics.

In 2013, Cirioni et al. studied the activity of the AMP IB-367 (a synthetic protegrin)
as an immunomodulator and immune enhancer, evaluating whether pretreatment with
this peptide resulted in an enhancement of antibiotic efficacy (daptomycin and teicoplanin)
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against MRSA wound infection in a mouse model. The main outcome measures were
quantitative bacterial culture and analysis of natural killer (NK) cytotoxicity and leukocyte
phenotype. Antibiotics alone showed a comparable antimicrobial efficacy, but their asso-
ciation with IB-367 significantly enhanced the antimicrobial activities. When compared
to antibiotics alone (2 log reduction), IB-367 plus daptomycin showed a 4 log reduction
in bacterial growth, with IB-367 plus daptomycin showing the highest efficacy (reduction
in bacterial load of 2.7 x 103 £ 0.3 x 103 c.f.u. mL™). IB-367 action is also related to a
modulation of the innate immune response, mainly represented by an increase in NK cell
activity (but not NK cell number) and increasing the number of both CD11b and Gr-1 cells
3 days after MRSA challenge, over the levels observed in the respective controls [47].

LL-37 is the only human antimicrobial peptide that belongs to the cathelicidins. LL-37
showed a broad-spectrum against several different pathogens, such as Gram-positive
and Gram-negative bacteria, viruses, and fungi [48]. Moreover, LL-37 revealed other
biological activities, such as regulation of responses to inflammation and demonstration of
an important activity in wound closure and angiogenesis [49].

Simonetti et al. (2021) evaluated the efficacy of synthetic cathelicidin LL-37 in MRSA-
infected surgical wounds in mice, in comparison with teicoplanin treatment. The results
of the study showed that LL-37 had a stronger effect than teicoplanin on the wound
healing process in MRSA-infected mice, although with a lower effect on bacterial cul-
ture growth. LL-37 reduced bacterial numbers to 7.1 x 10° 4 0.6 x 10° CFU/g, and
6.9 x 10? + 0.4 x 10?> CFU/g when combined with topical LL-37, while i.p. teicoplanin pro-
duced a bacterial count of 7.4 x 10* + 1.0 x 10* CFU/g and 3.0 x 10> + 1.2 x 10> CFU/g
when associated with topical teicoplanin. LL-37, after topical and parenteral administration,
enhanced wound closure via stimulation of granulation tissue formation associated with a
better angiogenesis process and better organised collagen deposition and reconstitution of
the epithelium in comparison with the teicoplanin treatment group [50].

Another study evaluated the efficacy of distinctin, a heterodimeric peptide from the
Amazonian frog Phyllomedusa distincta, in the management of cutaneous MRSA wound
infections in an experimental mouse model. It was found that topical distinctin combined
with parenteral teicoplanin inhibited bacterial growth to 3.4 x 10! + 1.0 x 10! (levels
comparable with those observed in uninfected animals), but the combination of topical
and parenteral teicoplanin proved to be the most effective in reducing bacterial counts
(4.7 x 10! £ 1.6 x 10'). Furthermore, when compared to mice treated only with teicoplanin,
wounded areas of animals treated with distinctin were characterised by a more mature
granulation tissue, a more organised and denser type of connective tissue, and a significant
reduction in fibrinous exudation [51].

In 2007, Simonetti et al. conducted a study on temporin A, investigating the ef-
fect of its topical use in mouse models of MRSA-infected wounds. Temporin-A treat-
ment combined with teicoplanin injection significantly reduced the bacterial load to
0.85 x 10! 4+ 0.1 x 10' CFU/mL. Histological examination showed that infected mice re-
ceiving temporin A-soaked Allevyn (with or without teicoplanin) had a higher degree of
granulation tissue formation and collagen deposition compared to the other treated groups.
A significant increase in serum VEGF expression was observed in mice receiving temporin
A topically with or without intraperitoneal teicoplanin [52].

Wound Infection: Commercially Available AMPs and Perspectives

In this section, we mention studies that analyse the management of MRSA wound
infections in mouse models with commercially available antimicrobial peptides such as
teicoplanin, daptomycin, and dalbavancin.

Ghiselli et al. (2006) wanted to compare the efficacy of topical vs. systemic teicoplanin
for the treatment of wound infection with Staphylococcus aureus in a mouse model. Data
analysis showed that strong inhibition of bacterial growth was achieved in all groups
treated with intraperitoneal teicoplanin. However, the highest inhibition of bacterial growth
was obtained in the group that received teicoplanin-soaked Allevyn and intraperitoneal

29



Pharmaceutics 2022, 15, 40

teicoplanin. Histological examination showed that each treatment modality was able to
reduce the delay in wound repair, but the best results were obtained with teicoplanin-
soaked Allevyn, with and without intraperitoneal teicoplanin, associated with a wound
remodelling similar to that of not-infected mice (assessing microvessel density, VEGF
expression, and granulation tissue formation in tissue sections) [53].

Daptomycin is a bactericidal lipopeptide antibiotic widely used to treat systemic infec-
tions caused by Gram-positive cocci [54]. In a study conducted by Simonetti et al. (2017), a
mouse model was used to study the in vivo efficacy of daptomycin in the treatment of burn
wound infections caused by S. aureus and evaluate the wound healing process through
morphological and immunohistochemical analysis, compared to teicoplanin. The highest
inhibition of infection in terms of bacterial load was achieved in the group that received
daptomycin (2.0 x 10% + 0.4 x 103 CFU/g), which also showed better overall healing with
epithelialisation and significantly higher collagen scores than the other groups, and these
findings were also confirmed by immunohistochemical data on EGFR and FGF-2. The
results of this in vivo study in an animal model showed that daptomycin demonstrated
stronger antimicrobial activity than teicoplanin [55]. Moreover, daptomycin, in a previous
study, showed synergy in its effect against MRSA when combined with other antibiotics
such as tigecycline [56].

Dalbavancin is a semisynthetic lipoglycopeptide active against Gram-positive bac-
teria and has been approved for the treatment of acute bacterial skin and skin structure
infections (ABSSSI) [57]. In a 2020 study conducted by Simonetti O. et al., the aim was to
determine the effect of dalbavancin administration on wound healing compared to that
of vancomycin and to elucidate if and how EGFR, MMP-1, MMP-9, and VEGF could be
involved in its therapeutic mechanisms. A mouse model of MRSA skin infection was
established, and mice were treated daily with vancomycin or weekly with dalbavancin at
days 1 and 8. Both dalbavancin and vancomycin were effective in reducing the bacterial
load (8.71 x 10° 4 9.02 x 10° CFU/mL vs. 8.04 x 10° + 7.96 x 10° CFU/mL, respectively).
The wounds treated with dalbavancin showed well-organised granulation tissue with
numerous blood vessels, although slightly less than that in the uninfected group. The
immunohistochemical staining also showed elevated EGFR and VEGF expression in both
treated groups (higher in dalbavancin-treated mice), decreased MMP-1 and MMP-9 lev-
els in uninfected tissue, and in both treated tissues compared with untreated infected
wounds. This study revealed faster healing with dalbavancin treatment than might be
associated with higher EGFR and VEGEF levels, with the lowest values of MMP-9 and
MMP-1 expression [58].

5. AMPs and Enterococcus faecalis Infection

Enterococci are responsible for multiple nosocomial infections, and they have a high
frequency of multidrug infections. The majority of enterococcal infections are caused
by Enterococcus faecalis, which is often resistant to multiple antibiotics. Thus, it is very
important to search for new antimicrobial compounds such as AMPs [59].

Giacometti et al. (2004) evaluated the in vitro activity of temporin A against E. faecalis
nosocomial isolates, including vancomycin-resistant strains, and its in vitro activity com-
bined with antibiotics. Temporin A demonstrated potent antibacterial activity against
E. faecalis, including vancomycin-resistant strains, in vitro, especially when combined with
amoxicillin/clavulanic acid and imipenem. In conclusion, this peptide could be used in the
future as an adjuvant in the therapy for enterococcal infections [60].

Cirioni et al. conducted an experimental study to evaluate both the in vitro and in vivo
interaction between the Laur-CKK-NH; lipopeptide and daptomycin using two Entero-
coccus faecalis strains with different patterns of susceptibilities. The in vitro experiments
showed that the Laur-CKK-NH,; dimer is able to prevent the emergence of daptomycin
resistance. Additionally, for in vivo studies using a mouse model of enterococcal sepsis,
the Laur-CKK-NH; dimer and daptomycin exhibited the highest efficacy in measuring
lethality and bacteremia [61].
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6. AMPs and Gram-Negative Bacteria

Infections sustained by multi-drug-resistant (MDR) Gram-negative bacteria represent
one of the most important therapeutic challenges, considering that their resistance to
antibiotics is expanding from extended-spectrum beta-lactamases and carbapenemases [62]
to the mcr gene, which is responsible for colistin resistance [63]. This is why new molecules
need to be evaluated in order to overcome AMRs. AMPs can also be a valuable aid in the
treatment of Gram-negative infections.

6.1. Protegrin-1

Acinetobacter baumannii, in our experience, is a Gram-negative pathogen with a high
risk of developing multiple antibiotic resistances, particularly in the hospital setting and
in immunocompromised patients. Although it has been shown that the combination
of colistin with daptomycin or teicoplanin can make antibacterial therapy effective in a
mouse model [64], colistin may not be sufficient in cases of A. baumannii MDR. In an
in-vitro model of cultures of A. baumannii MDR, also resistant to colistin, taken from
surgical wounds, the minimum inhibitory concentration (MIC), 2 mcg/mL, and minimum
bactericidal concentration (MBC), 8 mcg/mL, of Protegrin-1 (PG-1) were assessed. PG-1
is an 18-amino-acid beta-hairpin AMP belonging to the cathelicidin family, with excellent
bactericidal action in monotherapy and excellent synergy with colistin. No resistance to
PG-1 developed, but there was also no effect on biofilm. However, PG-1 is proposed as an
interesting future perspective in gram-negative MDR infections [65].

6.2. Pexiganan

Another interesting AMP is pexiganan, a 22-amino acid synthetic magainin-based
lysine-rich peptide that showed effective action against A. baumannii in a mouse model
of sepsis. Both the groups treated with pexiganan (1 mg/kg intraperitoneal) and colistin
(1 mg/kg intraperitoneal) showed good antibacterial efficacy, but the lowest bacterial count
occurred in the pexiganan plus colistin combination group, which also achieved the highest
survival rate (90%) [66]. This AMP may also help overcome MDR phenomena involving
last-line antibiotics such as colistin.

In addition, pexiganan was shown to be synergistic with tigecycline in a mouse model
infected with Pseudomonas aeruginosa, making a normally ineffective antibiotic effective
against Gram-negative bacteria [67]. This offers new perspectives, considering the possible
use of antibiotics that would not normally be effective against Gram-negative bacteria.
In another study on a mouse model with urethral stents, the effect of pexiganan and
imipenem at sub-MIC concentrations on the biofilm produced by P. aeruginosa, a slime
producer was evaluated [68]. Studying biofilm production in vitro, the group of mice
treated with pexiganan and imipenem showed a marked reduction in adhesion and biofilm
expression compared to untreated controls (average reductions of 34 = 8% and 27 + 4%,
respectively), highlighting a role for this AMP in the management of infections sustained
by P. aeruginosa capable of producing biofilm.

6.3. Alpha-Helical AMPs

Magainin II and cecropin A, alpha-helical AMPs, were used in vitro and in vivo in
a mouse model against P. aeruginosa MDR [69]. Magainin II and cecropin A showed
a strong antimicrobial action, achieving a significant reduction in plasma endotoxin
(<0.015 £ 0.0 EU/mL and <0.015 £ 0.0 EU/mL, respectively) and TNF-alpha concen-
trations (0.38 £ 0.02 ng/mL and 0.44 £+ 0.03 ng/mL, respectively) compared to con-
trol (38.40 £ 2.89 EU/mL and 145.16 £ 18.32 ng/mL) and rifampicin-treated groups
(29.45 £ 3.43 EU/mL and 98.0 & 8.7 ng/mL). The latter, in monotherapy, showed no action
against P. aeruginosa, as in other studies [70] while the combination of magainin II and
cecropin A was proved significantly effective in reducing bacterial counts and mortality.
This study highlights how the combination of AMPs and antibiotics that are normally
ineffective against P. aeruginosa may be a novel solution for new therapeutic needs.
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6.4. Tachyplesin 111

Tachyplesin III, a potent disulphide-linked peptide, showed synergistic action in vitro
with beta-lactams and colistin against P. aeruginosa MDR [71]. In a study by Cirioni et al. [72],
the activity and in vivo efficacy of Tachyplesin III, colistin, and imipenem against a multire-
sistant P. aeruginosa strain, were investigated in a murine model of sepsis. Bacteremia levels
were significantly lower in the combination therapy groups (1.1 x 10! & 0.1 x 10! CFU/mL,
Tachyplesin IIT and imipenem), (4.6 x 10" + 0.5 x 10" CFU/mL colistin and imipenem)
than in the single agent groups (control 5.8 x 107 + 0.8 x 107 CFU/mL, Tachyplesin I
3.6 x 10° + 0.6 x 10°> CFU/mL), in particular Tachyplesin III with imipenem had the high-
est efficacy in terms of bacterial lethality, quantitative blood cultures, and plasma levels of
lipopolysaccharide, tumour necrosis factor alpha, and interleukin-6. Once again, combi-
nation therapy with AMPs and traditional antibiotics proved to be a very useful option.
Additionally, in a study with piperacillin/tazobactam (TZP), the authors [73] reported how
mice treated with Tachyplesin III in combination with TZP demonstrated the greatest effi-
cacy compared to monotherapy, implying that a urethral stent coated with Tachyplesin III
can reduce P. aeruginosa bacterial growth by 1,000-fold.

Finally, the effects of Tachyplesin III and clarithromycin were studied in a mouse
model of Escherichia coli sepsis. It was seen that Tachyplesin III (1 mg/kg intraperitoneally)
alone resulted in greater antimicrobial action and a significant reduction in endotoxin and
TNF-alpha plasma concentrations compared to the control and clarithromycin (50 mg/kg
intraperitoneally) alone groups. The latter showed no antimicrobial activity but resulted
in the reduction of endotoxins and TNF-alpha plasma concentrations. The combina-
tion group of Tachyplesin III and clarithromycin was seen to be the most effective in
all parameters analysed [74].

6.5. LL-37 and Tritrpticin

LL-37, a human cathelicidin, showed an interesting anti-pseudomonas action in neu-
tropenic patients. In a neutropenic mouse model, septic shock was induced by P. aeruginosa,
and then the groups were randomised into those treated with placebo, imipenem, granu-
locyte CSF (G-CSF), LL-37 + G-CSF, or imipenem + G-CSFE. Although all therapy groups
were superior to the control, the LL-37 + G-CSF group was the most effective in pre-
venting sepsis by significantly lowering neutrophil apoptosis in vitro. The authors [75]
reported similar results were obtained by Escherichia coli 0111:B4 LPS and ATCC 25922 in
the murine animal model of sepsis. The authors [76] used treatment groups which consisted
of LL-37, polymyxin B, imipenem, or piperacillin vs. placebo. Despite the fact that all
treatments reduced lethality, only LL-37 and polymyxin B showed a reduction in endotoxin
(<0.015 £ 0.0 EU/mL and <0.015 £ 0.0 EU/mL, respectively, vs. 33.49 + 4.69 ng/mL
piperacillin) and TNF-o plasma levels (0.22 = 0.01 ng/mL and 0.21 &£ 0.01 ng/mL, respec-
tively, vs. 131.12 4 17.0 ng/mL piperacillin, see Figure 2 from [77]). Furthermore, there
were no statistically significant differences in antimicrobial and antiendotoxin activities
between LL-37 and polymyxyn B. Given its anti-inflammatory effect, LL-37 is an excellent
candidate for the treatment of Gram-negative sepsis. Furthermore, LL-37 was combined
with colistin against multidrug-resistant Escherichia coli, demonstrating good activity in
reducing biofilm formation [77].

Another cathelicidin that has shown activity in vitro against P. aeruginosa MDR is
tritrpticin, which completely inhibits the procoagulant activity of lipopolysaccharides and
shows a synergistic effect with beta lactams [78].

6.6. IB-367

The efficacy of topical IB-367, a 17-amino acid synthetic protegrin, was evaluated in a
mouse model [79] of a skin wound infected with P. aeruginosa or E. coli, both MDR, alone
and in combination with colistin or imipenem (intraperitoneal). The group treated with
IB-367 plus colistin showed the greatest inhibition of both bacterial strains, demonstrating
excellent efficacy. In vitro, IB-367 inhibited both bacterial strains with a rapid killing
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time of 40 min. Therefore, IB-367 may be an excellent candidate for topical therapy of
Gram-negative infected wounds in the future.

6.7. Citropin 1.1

Citropin 1.1 is an amphibian peptide studied alone and in combination with tazobactam-
piperacillin (TZP) in a mouse model of E. coli sepsis. When compared to controls, all
treatment groups—intraperitoneal 1 mg/kg cytropin 1.1, 120 mg/kg TZP, or 1 mg/kg
cytropin 1.1 plus 60 mg/kg TZP—reduced lethality. The group with cytropin 1.1 alone
showed a significant reduction in plasma endotoxins and inflammatory cytokines, while
TZP exerted the opposite effect. The combination of cytropin 1.1 and TZP was most
effective in reducing lethality, bacterial growth in blood and peritoneum, and oxidative
stress indices in plasma. Citropin 1.1 is therefore an AMP with not only antimicrobial
but also immunomodulatory properties and may be an interesting option in conditions of
severe Gram-negative infection [80].

All of these AMPs are molecules that showed in vivo action against Gram-negative
MDR bacteria, suggesting a possible use to overcome increasing antibiotic resistance, as
proposed by other in vitro studies. [79-83] However, only some of these molecules, in our
opinion, can be developed for use in humans. Particularly in Gram-negative skin infections,
an interesting role could be played by IB-367 as the only topical agent to be combined with
traditional therapy. Further studies in patients are needed to evaluate both the efficacy and
safety of these molecules in humans.

6.8. Colistin

Colistin, previously studied in combination with pexiganam against Gram-negative
bacterial infection [67], was also combined with teicoplanin or daptomycin in an experi-
mental mouse model of multiresistant Acinetobacter baumannii infection. The permeabilising
effect of colistin on the A. baumannii outer membrane allows glycopeptide and lipopep-
tide molecules to enter, which are normally excluded due to their size, resulting in a
better patient outcome in severe infections caused by multiresistant microorganisms like
A. baumannii (6.7. x 10* & 1.1 x 10* colistin alone, 5.0 x 10° + 1.6 x 10° daptomycin alone,
7.3 x 10° £ 1.8 x 10° teicoplanin alone, 2.9 x 10? 4 0.4 x 10? colistin + daptomycin, and
3.1 x 10? £ 0.2 x 102 colistin + teicoplanin) [83].

7. AMPs and Fungi

Fungal infections represent one of the most frequent public health problems [84],
also considering the progressive increase in resistance to traditional therapies and the
side effects of some antimycotics that limit their use, especially in immunocompromised
patients [85].

For this reason, it is necessary to evaluate new molecules to expand our therapeutic
options. In our experience, we also evaluated the action of AMPs against fungal infections.
Some AMPs show both antibacterial and antibiotic action and can therefore be excellent
options in the treatment of mixed infections, allowing them to act on different mechanisms
of action than current therapies, which mainly affect sterol biosynthesis [84-89].

7.1. IB-367

IB-367 is a protegrin with activity against Gram-negative bacteria as well as fungi.
In an in vitro study, the efficacy of IB-367 alone and in combination with fluconazole,
itraconazole, and terbinafine was evaluated against strains from patients infected with
Trichophyton mentagrophytes, T. rubrumand, and Microsporum canis. In monotherapy, the
lowest MIC was for terbinafine and itraconazole, but there was a synergy of 35% with
IB-367 /fluconazole, 30% with IB-367/ITRA, and 25% with IB-367/TERB [88]. This study
suggests that IB-367 may be a molecule capable of increasing the efficacy of currently
available antifungal therapies.
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In addition, IB-367 showed in vitro a rapid fungicidal action against Candida spp., both
sensitive and resistant to fluconazole. Synergistic action occurred in 41.6% of cases with
fluconazole and 44% of cases with amphotericin B, without antagonism [89]. For these
reasons, IB-367 is also a very promising molecule for treating candida infections.

7.2. Lipopeptide PAL-Lys-Lys-NH,

The short lipopeptide palmitoyl PAL-Lys-Lys-NH, (PAL) was evaluated in vitro
against Candida spp. alone and in combination with fluconazole, amphotericin B, and
caspofungin. All drugs showed good activity against Candida strains; however am-
photericin B and caspofungin had the lowest MIC. PAL showed relevant synergistic ac-
tion with PAL/fluconazole (81.25%), PAL/amphotericin B (75%), and particularly with
PAL/caspofungin (87.5%) [90]. In our opinion, the combination of PAL/caspofungin may
be a new therapeutic option in cases of severe candida infection.

In cases of severe Cryptococcus neoformans infections, PAL was also effective in vitro,
showing synergy in 21.4% of cases with amphotericin B, suggesting its possible use in
infected patients to reduce the dosage and side effects of amphotericin B [91].

PAL was also studied in vitro against several clinical isolates of dermatophytes [92,93].
PAL and fluconazole showed a lower MIC and lower fungal biomass than gamma-terpinene,
a component of tea tree oil. Finally, PAL was superior to fluconazole in reducing hyphal
viability against both dermatophytes, suggesting its possible role in the treatment of these
fungi as well.

7.3. Tachyplesin 111

As seen against Gram-negatives, Tachyplesin III was also evaluated in mycotic der-
matophyte infections in vitro. Terbinafine had a significantly lower MIC than Tachyplesin
III (p < 0.001). The combination of the two therapies showed synergistic activity in 30% of
cases, and no antagonism was recorded. Interestingly, both Tachyplesin III and terbinafine
significantly reduced growth in M. canis (p < 0.01) [94]. This AMP could therefore be useful
in combination with terbinafine to lower the dose of the antifungal while maintaining
efficacy and safety.

7.4. C14-NIeRR-NH, and C14-WRR-NH,

Two lipopeptides (C14-NleRR-NH; and C14-WRR-NH,) were studied to assess the
antifungal activity against azole-resistant Aspergillus fumigatus. Both lipopeptides showed
antifungal activity, with MICs ranging from 8 to 16 mg/L, and a dose-dependent effect was
confirmed by both time-kill curves and XTT assays. Moreover, microscopy showed that
hyphae growth was hampered at concentrations equal to or higher than MICs. Our results
showed that both C14-NIeRR-NH; and C14-WRR-NH; are effective against the resistant
isolates tested, and this further prompts the research of lipopeptides as alternatives in
antifungal therapy [95].

Finally, our experience also includes studies [96,97] evaluating the in vitro efficacy of
AMPs on Pneumocystis carinii taken from patients with pneumonia. Cecropin P1, magainin
II, indolicidin, and ranalexin alone and in combination with macrolides and dihydrofolate
reductase inhibitors (DHFRs) were investigated. The four peptides suppressed the growth
of P. carinii with no change in combination, with the exception of ranalexin, which showed
synergistic activity with the macrolide [96]. Furthermore, an in vitro study on cell mono-
layers revealed that cecropin P1 and magainin II may be effective in inhibiting P. carinii
growth at non-toxic cell monolayer concentrations [97].

8. Conclusions

In conclusion, our experience shows that AMPs can be a key option for treating infec-
tions sustained by multiresistant microorganisms and overcoming resistance mechanisms
against currently used antibiotics or antifungals. The combination of AMPs allows antibi-
otics and antifungals that are no longer effective due to resistance to exploit the synergistic
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effect by restoring their efficacy. This will be crucial in the near future, considering the
growing spread of antibiotic resistance. In conclusion, our experience shows that AMPs
can be a key option for treating infections sustained by multiresistant microorganisms and
overcoming resistance mechanisms against currently used antibiotics or antifungals. The
combination of AMPs allows antibiotics and antifungals that are no longer effective due
to resistance to exploit the synergistic effect by restoring their efficacy. Our research has
shown that the peptides allow the penetration of antibiotic molecules inside the bacterial
bodies, which would otherwise be primarily ineffective against those bacterial species,
thus allowing an antibiotic action in some ways “unexpected” as in the case of some beta-
lactams, macrolides, or tetracyclines when combined with peptides for the treatment of
Gram-negative microorganism infections.

This will be crucial in the near future, considering the growing resistance.

Moreover, our studies and other more recent ones have highlighted the possibility
of coating some devices with peptides (we did it by hand by immersing the device, e.g.,
Dacron, in a peptide solution), and now other researchers do it with covalent bonds. This
possibility can be exploited, for example, for orthopedic prostheses, long-lasting catheters,
etc. A current limitation is the lack of data on human patients, the high cost of some AMPs,
and their safety (which is improving thanks to cytotoxicity studies on cell monolayers). In
addition, the problem of the frequent peptides’ short half-life must be considered. This
issue will have to be addressed in the future by seeking solutions similar to those obtained
with glycopeptides such as dalbavancin and oritavancin, glycolipopeptides with prolonged
half-lives (250-350 h), allowing once-weekly (dalbavancin) administration or a unique
single-dose regimen (oritavancin).
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Abstract: Lacticaseicin 30 is one of the five bacteriocins produced by the Gram-positive Lacticas-
eibacillus paracasei CNCM 1-5369. This 111 amino acid bacteriocin is noteworthy for being active
against Gram-negative bacilli including Escherichia coli strains resistant to colistin. Prediction of the
lacticaseicin 30 structure using the Alphafold2 pipeline revealed a largely helical structure including
five helix segments, which was confirmed by circular dichroism. To identify the structural require-
ments of the lacticaseicin 30 activity directed against Gram-negative bacilli, a series of variants, either
shortened or containing point mutations, was heterologously produced in Escherichia coli and assayed
for their antibacterial activity against a panel of target strains including Gram-negative bacteria and
the Gram-positive Listeria innocua. Lacticaseicin 30 variants comprising either the N-terminal region
(amino acids 1 to 39) or the central and C-terminal regions (amino acids 40 to 111) were prepared.
Furthermore, mutations were introduced by site-directed mutagenesis to obtain ten bacteriocin vari-
ants E6G, T7P, E32G, T33P, T52P, D57G, A74P, Y78S, Y93S and A97P. Compared to lacticaseicin 30, the
anti-Gram-negative activity of the N-terminal peptide and variants E32G, T33P and D57G remained
almost unchanged, while that of the C-terminal peptide and variants E6G, T7P, T52P, A74P, Y78S,
Y935 and A97P was significantly altered. Finally, the N-terminal region was further shortened to keep
only the first 20 amino acid part that was predicted to include the first helix. The anti-Gram-negative
activity of this truncated peptide was completely abolished. Overall, this study shows that activity
of lacticaseicin 30, one of the rare Gram-positive bacteriocins inhibiting Gram-negative bacteria,
requires at least two helices in the N-terminal region and that the C-terminal region carries amino
acids playing a role in modulation of the activity. Taken together, these data will help to design
forthcoming variants of lacticaseicin 30 as promising therapeutic agents to treat infections caused by
Gram-negative bacilli.

Keywords: Escherichia coli; antimicrobial activity; structure-activity relationship; helical conformation

1. Introduction

The antibiotic crisis is now well acknowledged worldwide as a serious health problem.
Antibiotics which enabled saving millions of lives in the world since their discovery
are now facing a rapid decrease in efficiency due to the bacterial resistance crisis. The
reasons usually reported to explain such a situation include the overuse and misuse of
conventional antibiotics, and their inappropriate prescription. Moreover, possibilities to
refill the antibiotic pipeline will be very limited in the near future due to reduced economic
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incentives expected by the major pharmaceutical companies [1,2]. In 2014, antimicrobial
resistance (AMR) was estimated to cause 10 million deaths per year by 2050 [3]. To face
this overwhelming situation, numerous alternatives to antibiotics have been explored,
among which bacteriophage therapy [4,5], predatory bacteria [6], competitive exclusion of
pathogens [7] and bacteriocins [8-10] are included. These approaches offer clear advantages,
such as their specificity and low detrimental impact on beneficial microbial communities,
unlike antibiotics which generally have collateral damage on commensal bacteria [11].

Bacteriocins are ribosomally synthesized antimicrobial peptides (AMPs) produced
by Gram-positive and Gram-negative bacteria as well as Archaea [12,13]. They exhibit
extensive variations in their molecular masses, inhibitory spectra, modes of action, and
mechanisms of biosynthesis, export and self-protection of the producing strains [14]. These
AMPs are considered to be significant actors of microbial competitions because of their role
in colonizing niches, killing competing strains and their use of cross-talk or quorum-sensing
networks within bacterial communities [15-17]. Bacteriocins from Gram-positive bacteria
are predominantly produced by lactic acid bacteria (LAB). These bacteriocins, referred to
here as LAB-bacteriocins, are safe for cells from the Eukarya domain [18,19]. They show
most often a narrow spectra of activity, acting therefore selectively on members of species
identical or closely related to the producer, and in rarer cases they exhibit broad spectra,
thus targeting other species [20,21]. During the last few years, several classifications of
LAB-bacteriocins have been proposed [17,22,23]. Among those, the classification proposed
by Alvarez-Sieiro et al. [22], dividing LAB-bacteriocins into three main classes, is largely
used. According to this classification, the class I of bacteriocins includes peptides that
have undergone extensive post-translational modifications during their biosynthesis, re-
sulting in the introduction of rare amino acids, such as lanthionines that are present in
lanthipeptides. Class II includes unmodified bacteriocins having molecular masses below
10 kDa, while class III contains thermo-labile unmodified bacteriocins of more than 10 kDa
with a bacteriolytic or non-lytic mechanism of action [23]. Depending on their structural
and functional characteristics, many LAB-bacteriocins act on the cytoplasmic membrane
of target bacteria by forming pores, leading to the leakage of ions and small essential
molecules, or by degrading the cell walls. With continuing research, LAB-bacteriocins have
been allocated with further functions such as antiviral activity or inhibition of prolifer-
ation of unscheduled and unregulated tumor cell lines [17,24]. Gram-negative bacteria
are generally resistant to LAB-bacteriocins due to their outer membrane, which confers
upon them supplementary protection against antimicrobial agents. Nonetheless, a limited
number of LAB-bacteriocins possessing activity against Gram-negative bacteria, including
Escherichia coli, have been reported in the literature [25-27]. However, if the mode of action
of LAB-bacteriocins against Gram-positive bacteria is globally well documented [8,28],
while their action against Gram-negative bacteria remains to be understood.

Here, we focused on Lacticaseibacillus paracasei CNCM 1-5369, a strain isolated from
an Algerian dairy product recently shown to produce five class II bacteriocins endowed
with activity at pH 5 against Gram-negative bacteria including E. coli strains resistant to
colistin [29]. Moreover, we have heterologously produced each of these bacteriocins, which
are encoded by orf010, orf012, orf023, orf030 and orf038. The bacteriocin encoded by o0rf030,
here referred to as lacticaseicin 30, was obtained in large quantities in the soluble fraction,
contrarily to the other produced peptides [30], and was shown to exhibit potent activity
against E. coli.

In this study, the structure-activity relationship of lacticaseicin 30 was investigated.
For this purpose, the predicted secondary structure of this bacteriocin, which includes
five helices distributed over the 111 amino acid sequence, was used to design a series of
variants, exhibiting either truncated sequences including one helix, two helices or three
helices, or specific point mutations. All lacticaseicin 30 variants were assessed for their
anti-Gram-negative activity.
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2. Materials and Methods
2.1. Bacterial Strains, Plasmids and Culture Conditions

Bacterial strains and plasmids used in this work are given in the supplementary
materials (Table S1). E. coli strains were grown in Luria—Bertani (LB) broth [31] at 37 °C,
with shaking at 160 rpm and, when necessary, ampicillin at 100 ug/mL (Sigma Aldrich,
St Louis, MO, USA) was added to the medium. Strains used as target organisms to assess
antibacterial activity were cultivated, without shaking, in brain heart infusion (BHI, Sigma
Aldrich, Saint Louis, MO, USA) medium at 37 °C for 12-18 h before use.

2.2. Construction of Lacticaseicin 30 Variant Peptides Carrying N-Terminal Part
(N-Ter Lacticaseicin 30), or the Central and C-Terminal Parts (C-Ter Lacticaseicin 30) and Their
Expression in E. coli Cells

All oligonucleotides used in this work are listed in the supplementary materials
(Table S2). The molecular cloning and other standard techniques were used thereof to per-
form genetic construction of lacticaseicin 30 and variants. N-ter-lacticaseicin 30, C-ter lacti-
caseicin 30 and N-ter-H1 lacticaseicin 30 plasmids were described by Sambrook et al. [32].
The 0rf030, orf030-nter, orf030-cter and orf030-nter-h1 were amplified by PCR using pT7-6his-
030 plasmid as template and F-BamHI-030 and R-030-HindllI (for orf030), F-BamHI-030 and
R-Nter_030-HindlIll (for orf030-nter), F-BamHI-Cter_030 and R-030-HindIlI (for orf030-cter)
and F-BamHI-030 and R-Nter-H1_030-HindlIII (for orf030-nter-h1) primers. Then, each PCR
product was cloned between the BamHI and HindllI sites of the pET-32b(+) plasmid.

Phusion High-Fidelity DNA Polymerase, restriction endonucleases and T4 ligase were
obtained from ThermoFisher Scientific (Thermo Scientific, Waltham, MA, USA) and used
in accordance with the manufacturer’s instructions. Plasmids and PCR products were
purified using NucleoSpin kits (Macherey-Nagel, Diiren, Germany) and the final plasmid
constructions were verified by PCR and sequencing (Eurofins, Ebersberg, Germany). The
resulting sequences were analyzed using the SnapGenes tool (GSL Biotech LLC, San Diego,
CA, USA).

2.3. Construction of Lacticaseicin 30 Variant Plasmids for Expression in E. coli Cells

Each lacticaseicin variant plasmid was generated by site-directed mutagenesis us-
ing the pT7-6his-030 plasmid as template and the appropriate primers (Table S2), the
QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA),
and following the recommended instructions.

2.4. Expression and Purification of Lacticaseicin 30 and Its Variants

Each plasmid constructed in this work was expressed in E. coli Rosetta and grown
at 37 °C in LB broth, supplemented with ampicillin, until reaching the mid-log phase.
Expression was then induced by adding 0.5 mM isopropyl (3-D-1-thiogalactopyranoside
(IPTG, Sigma Aldrich, St Louis, MO, USA), and the cells were incubated for three additional
hours at 37 °C with shaking at 160 rpm. Cells were then harvested by centrifugation and
resuspended in the Tris—HCl buffer (20 mM Tris—HCl pH 8, 300 mM NaCl). Finally, cells
were lysed by sonication (OmniRuptor 4000 Ultrasonic Homogenizer, Omni International,
Kennessaw, GA, USA) on ice-cold water and centrifuged at 11,000 x g for 1 h. The super-
natant was loaded onto a nickel resin grafted on a nitrilo-tri-acetic matrix (Protino Ni-NTA
Agarose, Machery-Nagel, Diiren, Germany) column previously equilibrated with Tris—HCl
buffer. The nickel resin was washed with 2 x 10 column volumes of the same buffer supple-
mented with 30 mM imidazole and the bacteriocins were eluted using 5 column volumes
of the previous buffer supplemented with 200 mM imidazole. A desalting step was per-
formed using PD miditrap™ columns (GE Healthcare Life Science, Pollard, UK) to remove
imidazole. The histidine-tag was removed with Tev-protease (Sigma Aldrich, St Louis,
MO, USA), while the TRX-tag of lacticaseicin 30 peptide variants (Nter-lacticaseicin 30,
Cter-lacticaseicin 30 and Nter-H1-lacticaseicin 30) was removed with enterokinase (New
England Biolabs, Ipswich, MA, USA). To separate the tag and the peptide without the tag,

43



Pharmaceutics 2022, 14, 1921

additional Ni-NTA chromatography was performed. The purity was verified by Tricine-
SDS-PAGE [33]. When necessary, desalted bacteriocin suspensions were lyophilized using
the freeze dryer Lyolab 3000 (Thermo Scientific, Waltham, MA, USA) following the rec-
ommended instructions. The final concentration of each purified peptide was determined
with the bicinchoninic acid assay protein kit (BCA, Sigma Aldrich, St Louis, MO, USA), as
recommended by the supplier.

2.5. Matrix-Assisted Laser Desorption lonization Time-of-Flight Mass Spectrometry
(MALDI-TOF MS)

Prior to MALDI-TOF-MS analysis, a purified Ser-lacticaseicin 30 suspension was con-
centrated using Pierce™ C18 tips (Thermo Scientific, Waltham, MA, USA) according to the
manufacturers’ instructions. MALDI-TOF mass-to-charge (11/z) ratios of Ser-lacticaseicin
30 were obtained using «-cyano-4-hydroxycinnamic acid (HCCA, 10 mg/mL) as matrix on
an Autoflex Speed™ (Bruker Daltonics, Bremen, Germany), running Flexcontrol 3.4 soft-
ware (Bruker Daltonics). The Bruker bacterial test standard (Bruker Daltonics) was used to
calibrate the mass spectrometer according to the manufacturer’s recommendations. Mass
spectra were acquired in the positive linear ion mode across a /z ratio of 2000-20000 Da
using the manufacturer’s automatic method MBT_FC.par. The MALDI-TOF-MS spectra
corresponded to an accumulation of 3000 laser shots, in 500 shot steps performed randomly
on different areas of the spot. MALDI-TOF-MS spectra were managed using FlexAnalysis
3.4 software (Bruker Daltonics).

2.6. Reverse Phase-High Performance Liquid Chromatography (RP-HPLC) Coupled to Electrospray
Ionization-Mass Spectrometry (ESI-MS)

Chloroform/methanol precipitation was performed, according to [34], from 200 pL of
desalted Ser-lacticaseicin 30 suspension before RP-HPLC-ESI-MS analysis. Precipitated Ser-
lacticaseicin 30 was redissolved in 40 puL of 25 mM ammonium bicarbonate buffer and 10 nL
was chromatographically separated on an ACQUITY UPLC system (Waters Corporation)
using a C18 column (150 x 3.0 mm, 2.6 pm, Uptisphere CS Evolution, Interchim, Montlugon,
France). Eluent A was milliQ H,O containing formic acid (0.1%, v/v) and eluent B was
acetonitrile (ACN) containing formic acid (0.1%, v/v). The ACN gradient (flow rate
0.5 mL/min) was as follows: from 5% to 40% eluent B over 45 min, from 40% to 95% eluent
B over 5 min, followed by washing and equilibrating procedures with 95% and 5% solvent
B for 5 min each, respectively. The eluate was directed into the electrospray ionization
source of the Q-TOF Synapt G2-Si™ (Waters Corporation, Manchester, UK). MS analysis
was performed in sensitivity, positive ion and data-dependent analysis (DDA) modes. The
source temperature was set at 150 °C and the capillary and cone voltages were set to 3000
and 60 V, respectively. MS data were collected for m/z values in the range of 50 to 2000 Da
with a scan time of 0.2 s and a lock mass correction with 556.632 11/z, corresponding to
simply charged leucine encephalin. The mass spectrum corresponding to the sum of 400 ms
acquisition was deconvoluted using UniDec software [35]. The molecular mass range was
fixed to an upper limit of 20 kDa while the charge range was fixed between 1 and 50.

2.7. Analysis of the Ser-Lacticaseicin 30 Amino Acid Sequence by Peptide Fingerprinting

In total, 10 uL of native Ser-lacticaseicin 30, redissolved in 25 mM ammonium bi-
carbonate buffer, were hydrolyzed by 1 uL of trypsin/Lys-C mixture at 0.1 ug/uL for
3 h at 37 °C and again by adding another 1 pL of the enzyme mixture for 16 h at 37 °C
and centrifuged for 10 min at 8000 g. The pellet was removed and the peptides in the
supernatant were subjected to fingerprinting using the Q-TOF Synapt G2-5i™ spectrometer
and the same HPLC and MS acquisition conditions as described above. A maximum of
10 precursor ions was chosen for MS/MS analysis with an intensity threshold of 10,000.
MS/MS data were collected using the collision-induced dissociation (CID) mode and a
scan time of 0.1 s at an energy collision of 8 V to 9 V for low m/z and at a range of 40 V to
90 V for high m/z.
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For peptide identification, database searches were performed via PEAKS Studio Xpro
software (Bioinformatics Solutions Inc., Waterloo, Canada) using the UniProtKB/Swiss-
Prot-TrEMBL databases restricted to Lactobacillus (https://www.uniprot.org/, accessed
on April 2022). Mass tolerance of 35 ppm and MS/MS tolerance of 0.2 Da were allowed.
Data searches were performed, assigning trypsin as protease and three missed cleavage
sites were allowed. Variable methionine oxidations were also considered. The relevance of
peptide identities was judged according to their identification score returned by PEAKS
Studio Xpro using a p-value of 0.05 (p < 0.05) and a false discovery rate (FDR) < 0.1%.

2.8. Alphafold2 Structure Prediction of Lacticaseicin 30 and Its Truncated Variants

AlphaFold2 [36] running locally at an Ubuntu 20.04 workstation and the full_dbs
preset were used to predict structures based on the corresponding FASTA sequences of
lacticaseicin 30, N-ter-lacticaseicin 30, N-ter-H1-lacticaseicin 30 and C-ter-lacticaseicin 30.
AMBER99SB [37] relaxation and OpenMM [38] energy minimization were performed
and the five models that were generated were ranked based on their pLDDT confidence
score. The highest-ranked conformation was selected for each peptide and the struc-
tures were visualized using UCSF ChimeraX [39]. Structural alignments were also per-
formed in ChimeraX using the maker command and the following default parameters:
chain pairing:bb; Needleman-Wunsch alignment algorithm; BLOSUM-62 similarity matrix
(Figure S1).

2.9. Circular Dichroism Spectroscopy

Circular dichroism measurements were performed in a 1 mm quartz cuvette using
the JASCO 810 spectrophotometer (Jasco, Tokyo, Japan) without or with 10 mM of sodium
dodecyl sulfate (SDS) micelle. Acquisition of the spectra was performed at 25 °C, in the
wavelength range 190-260 nm for all samples and under nitrogen atmosphere. Before
the measurement, the lyophilized bacteriocin was dissolved in phosphate buffer at pH 7
or pH 5 [40] to obtain a final concentration of 12 pug/mL. All spectra were recorded with
appropriate blank subtractions and averaging of three independent measurements. The
amounts of structural motifs were calculated using the BeStSel server [41]. Prediction of
the secondary and three-dimensional structures of lacticaseicin 30 was performed using
the I-Tasser tool [42,43].

2.10. Antimicrobial Activity

The antimicrobial activity of lacticaseicin 30 and its variants (500 pg/mL) was tested by
the critical dilution micromethod using different target strains [44]. Samples were acidified
to pH 5 and sterilized by filtration. Serial double dilutions of the filtrate samples were made
in 200 pL volumes of BHI in a sterile 96-well Falcon microtiter plate (Corning, Tewksbury,
MA, USA). Each well was inoculated with 2 pL of overnight culture of the target strain.
Then, microplates were incubated at 37 °C for 24 h without agitation. Bacterial growth was
estimated by measuring absorbance at 620 nm using a microtiter plate scanner (Biotech
Instruments Inc., Winooski, VT, USA). The antibacterial activity was determined in arbitrary
units per milliliter (AU/mL) according to the following formula: 2" x (1000 pL/deposited
volume), with # corresponding to the highest number of dilution at which growth inhibition
of the sensitive strain is observed [45]. Therefore, the minimum inhibitory concentration
(MIC) was directly determined from the bacteriocin activity and defined as the lowest
concentration of bacteriocin resulting in no visible turbidity after 24 h of incubation.

3. Results
3.1. Heterologous Expression and Characterization of Lacticaseicin 30

The pT7-6his-030 plasmid [30] was transferred to E. coli Rosetta strain. Production of
lacticaseicin 30 was induced by addition of isopropylthio-f3-galactoside (IPTG). Lacticase-
icin 30 was purified by Ni-NTA chromatography, and the 6his-tag was removed using the
TEV-protease. The purified and his-tag-depleted bacteriocin, produced by heterologous
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expression, was characterized by mass spectrometry (MS) (Figure 1) to confirm the bacte-
riocin amino acid sequence. According to the plasmid construction and the Tev-protease
manufacturer’s instructions, the histidine-tag removal with Tev-protease leaves a serine
residue at the N-terminal position (Ser-lacticaseicin 30), and therefore the calculated average
theoretical molecular mass (MM) of the Ser-lacticaseicin is 12,339.2 Da (using ProtParam
(https:/ /web.expasy.org/protparam/, accessed on April 2022)). As shown in Figure 1A, the
most intense mass signal (mass-to-charge ratio (1/z) of [M + H]* bacteriocin ions = 12,350.2)
and the second main mass signal (m/z = 6178.3) corresponding to [M + 2H]?* bacteriocin
ions matched well with the theoretical MM of the Ser-lacticaseicin 30. Consequently, the
MALDI-TOF-MS measured MM was assessed as 12,349.2 Da for the heterologous expressed
Ser-lacticaseicin 30. To accurately measure the molecular mass of Ser-lacticaseicin 30, this
latter was concentrated by organic solvent precipitation, redissolved in ammonium bicar-
bonate buffer and subjected to reverse-phase high-performance liquid chromatography
coupled to an electrospray ionization (ESI) high-resolution mass spectrometer. Figure 1B
shows the ESI-MS spectrum and the corresponding deconvoluted mass spectrum, revealing
an MM of 12,340 Da, confirming (i) that the purified and his-tag-depleted bacteriocin,
produced by heterologous expression is the Ser-lacticaseicin 30, and (ii) that no further
proteolytic maturation occurred. The entire amino acid sequence of the heterologously
expressed lacticaseicin 30 was confirmed by peptide fingerprinting (Figure 1C). Indeed,
after trypsin/Lys-C hydrolysis, the Ser-lacticaseicin-30-issued peptides were subjected
to an RP-HPLC-MS/MS analysis, and the obtained LC-MS/MS data were submitted to
PEAKS Studio Xpro for peptide identification against the UniProtKB/Swiss-Prot-TrEMBL
databases restricted to Lactobacillus (accessed on April 2022). As shown in Figure 1C,
PEAKS studio Xpro returned the identification of pre-bacteriocin from Lactobacillus casei
with a protein identification score (—10logP) of 172.53, a sequence coverage of 88% for
20 identified peptides. Only three short-size amino acid sequences were not identified:
(i) as expected due to the addition of a serine residue at the N-terminal extremity, the
first five N-terminal amino acids; (ii) the six amino acid sequence AEPALR; and (iii) the
dipeptide YR in the C-terminal region. Note that the methionine oxidations are due to the
fingerprinting experimental procedure, and therefore the methionine residues of purified
Ser-lacticaseicin are not oxidized. All together, these MS data evidenced that the amino
acid sequence of the heterologously expressed, purified and His-tag-depleted bacteriocin
corresponds to Ser-lacticaseicin 30.

The antimicrobial activity of the purified lacticaseicin 30 was tested at pH 5, with and
without the 6 xhis-tag, and the MICs were determined using E. coli ATCC 8739 as the target
strain. Lacticaseicin 30 displayed the same MIC value of 40 pug/mL, with and without the
6xhis-tag.

3.2. Conformational Analysis of Lacticaseicin 30

The secondary and three-dimensional (3D) structures of lacticaseicin 30 were predicted
using AlphaFold2 [36], a machine learning approach that was proven to deliver highly
accurate and reliable protein structure prediction [46]. As seen on Figure 2, the predicted
secondary structure of lacticaseicin 30 is characterized by the presence of five helices
(73 amino acids out of 111, i.e., 66%), several connecting coiled regions (38 amino acids
out of 111, i.e., 34%) and five potential H-bonds indicating interactions between these
distinct helical segments. The predicted largely helical structure was further confirmed
by circular dichroism (CD). CD spectra were obtained at pH 7 and 5, in the presence or
absence of sodium dodecyl sulfate (SDS) micelles used as a model of the anionic membrane
bilayer [47]. The CD spectra showed that lacticaseicin 30 adopts a helical structure at both
pH 5 and 7, and in the absence or presence of SDS micelles (Figure 3A). The content of
the different secondary structures, in terms of helix, antiparallel and parallel 3-sheets and
turns, was evaluated using the BestSel software (Figure 3B). The percentage of «-helix
in the presence of SDS micelles was 29% and 63% at pH 7 and 5, respectively, while it
was estimated at 41% and 54%, respectively, in the absence of SDS micelles. These results
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show that interaction with a membrane-like environment is not required to trigger the
organization of lacticaseicin 30 in a helical structure, which is intrinsically acquired even in
buffer. Moreover, they show that an acidic pH environment favors a higher proportion of
helix, suggesting it helps in folding the active structure of lacticaseicin 30 (Figure 3B).
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Figure 1. Mass spectrometry analyses of 6his-tag-depleted Ser-lacticaseicin 30 (average molecular
mass 12,339.2 Da). (A) Linear positive MALDI-TOF mass spectrum illustrating the [M + H]* and
[M + 2H]** mass signals obtained. The measured MALDI-TOF-MS molecular mass was evalu-
ated as 12,349.2 Da. (B) ESI mass spectrum and deconvoluted molecular mass (UniDec DScore:
54.16) revealing a molecular mass of 12,340 Da. (C) Peptide mapping of the 6his-tag-depleted
Ser-lacticaseicin 30 after tryptic hydrolysis. Blue lines correspond to identified peptides along the
lacticaseicin 30 sequence following the bioinformatic retreatment of RP-HPLC-MS/MS data us-
ing PEAKS Studio Xpro and the UniProtKB/Swiss-Prot-TrEMBL protein databases restricted to
Lactobacillus (https:/ /www.uniprot.org/, accessed on April 2022).

3.3. Design of Lacticaseicin 30 Variants

Lacticaseicin 30 variants were designed and constructed in order to locate the regions
and amino acids specifically involved in the anti-Gram-negative activity, since such activity
is rarely reported for LAB-bacteriocins. To this end, the DNA coding for the N-terminal
region carrying the first two helices (from Met1 to Asp39), or the central and C-terminal
regions carrying the last three helices (from Glu40 to His111) were cloned into the pET-32b
plasmid, leading to the N-ter-lacticaseicin 30 and C-ter-lacticaseicin 30 variants, respectively
(Figure 4). In addition, a shortened N-terminal region (from Met1 to Thr20) carrying only
the first «-helix, designed as N-ter-H1-lacticaseicin 30 (Figure 4), was also expressed in
the same system, considering nonetheless that thioredoxin (TRX) and 6his-tags located
upstream of the multicloning site improve solubility of the variant peptides and their
purification by the Ni-NTA chromatography.

In addition, several mutants were generated by site-directed mutagenesis, in order
to identify the amino acids which, play a role in the anti-Gram-negative activity, and to
understand the involvement of the predicted helical segments. To this purpose, charged
(Glu, Asp) or aromatic (Tyr) amino acids located inside each x-helix were replaced by
uncharged amino acids (Gly, Ser) (Figures 4 and S1). Furthermore, amino acids located in
the center of each helix were substituted with proline, which is known for its role in breaking
or introducing kinks in helices due to the lack of amide proton (Figures 4 and S1).
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Figure 2. AlphaFold2 predicted structure of lacticaseicin 30 showing five helices (various shades of

red) connected by coil regions (green). Five predicted H-bonds (blue) stabilize the position of the
three helices.
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lacticaseicin 30 at pH 7 and 5 was predicted using the BestSel Software.
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Figure 4. Amino acid sequence and predicted three-dimensional structure of lacticaseicin 30. The
predicted helical regions (helix 1 to helix 5) are underlined. Truncated forms of lacticaseicin 30 are
shown by colored dotted lines (red: N-ter-Lacticaseicin 30, orange: N-ter-H1-Lacticaseicin 30 and
blue: C-ter-Lacticaseicin 30). Mutated amino acids of variants are in red. Lacticaseicin 30 variants
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range as native lacticaseicin 30 and total absence of activity are shown by + and —, respectively; * and
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3.4. The N-Terminal Region Is Sufficient to Exert Anti-Gram-Negative Activity

After being produced, purified and quantified, lacticaseicin 30 and its variants, N-ter-
lacticaseicin 30, C-ter-lacticaseicin 30 and N-ter-H1-lacticaseicin 30, were assessed for their
antibacterial activity, which was determined at pH5 against four Gram-negative bacterial
strains and Listeria innocua CIP 80.11 as Gram-positive bacterium (Table 1). Lacticaseicin
30 inhibited the growth of all target bacteria (Table 1), and particularly of Escherichia
coli ATCC 8739 and Proteus vulgaris ATCC 33420, against which MIC values were the
lowest (40 pg/mL), contrary to those obtained against Pseudomonas aeruginosa ATCC
27853 (160 png/mL). The antibacterial activity against Gram-negative bacteria was clearly
evidenced. Remarkably, the shortened variants, N-ter-lacticaseicin 30 and C-ter-lacticaseicin
30, both exhibited significant activity against the aforementioned Gram-negative target
bacteria, as well as against the Gram-positive Listeria innocua CIP 80.11 (Table 1). The
MIC values obtained with the N-ter-lacticaseicin 30 and C-ter-lacticaseicin 30 variants
revealed that the N-terminal 1-39 region of lacticaseicin 30 was sufficient for the anti-
Gram-negative activity against most of the targets (P. aeruginosa was no longer inhibited
efficiently), whereas that of the truncated N-terminal peptide N-ter-H1-lacticasecin 30 was
fully abolished, arguing that the first helix at the bacteriocin N-terminus is insufficient for
the anti-Gram-negative activity.
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Table 1. Minimum inhibitory concentrations (MIC) values (ug/mL) of lacticaseicin 30 and its trun-
cated forms.

Lo . Salmonella Proteus Pseudomonas  Listeria
. Molecular Mas Escherichia coli . . . .
Peptides (Da) ATCC 8739 enterica Serotype  vulgaris ATCC aeruginosa innocua CIP
Newport 6962 3342 ATCC 27853 80.11
Lacticaseicin 30 12,252.09 40 80 40 160 100
N-ter Lacticaseicin 30 4236.03 40 80 40 320 100
C-ter Lacticaseicin 30 8034.08 160 160 160 320 100
N-ter-H1 Lacticaseicin 30 1905.27 - - - - 100

3.5. Amino Acids Critical for the Anti-Gram-Negative Activity of Lacticaseicin 30

Different variants of lacticaseicin 30 were generated by site-directed mutagenesis using
the pT7-6his-030 plasmid. These substitutions were performed in regions expected to play
a key role in the folding of the bacteriocin. Importantly, these amino acid substitutions were
introduced in the middle of each predicted «-helix in order to induce a conformational
change. The antibacterial activity of lacticaseicin 30 and its variants was measured against
the four selected Gram-negative bacteria (Table 2). Overall, amino acid substitutions led to
a decrease in the antibacterial activity, except for E32G, T33P and D57G peptides; these MIC
values remained unchanged and similar to those of lacticaseicin 30 (Table 2). Furthermore,
when Glu6, Tyr78 and Tyr93 are mutated, they induce a net decrease of activity, suggesting a
role in the anti-Gram-negative activity. Moreover, the MIC values obtained for lacticaseicin
30 and its truncated forms suggested that the Gram-negative activity (E. coli, Salmonella,
Proteus and Pseudomonas) require the presence of helix 1. Helix 2 and its acidic residue
E32 appeared to not be a determinant for the anti-Gram-negative activity evaluated in
this study. Helix 3 and its aromatic residue T52 seems to be weakly required for the anti-
Gram-negative activity. Helix 4 and its aromatic residue Y78 is, however, important for the
anti-Gram-negative activity. Remarkably, helix 5 is important for activity against Escherichia
coli and Proteus but is less important against Salmonella and Pseudomonas (Tables 1 and 2).

Table 2. Minimum inhibitory concentrations (ug/mL) of lacticaseicin 30 and its variant peptides.

Molecular Mass Escherichia coli Salmonella Pro.teus Pseudo.monas
Peptides (Da) Putative Helix ATCC 8739 Newport ATCC vulgaris ATCC aeruginosa
6962 33420 ATCC 27853

Lacticaseicin 30 12,252.09 - 40 80 40 100
E6G 12,180.03 H1 100 160 100 400
T7P 12,248.10 H1 60 160 60 200
E32G 12,180.03 H2 40 80 40 100
T33P 12,248.10 H2 40 80 40 100
T52P 12,248.10 H3 70 140 70 200
D57G 12,194.06 H3 40 80 40 100
A74P 12,278.13 H4 100 160 100 200
Y78S 12,176.00 H4 100 200 100 400
Y93S 12,176.00 H5 70 140 70 200
A97P 12,278.13 H5 60 100 60 200

4. Discussion

A notable number of AMPs including some bacteriocins exhibit potent and broad-
spectrum antimicrobial activities. Some of them are cationic and perturb the permeability
of the bacterial membrane bilayers. The presence of positive charges and hydrophobic
residues constitutes a common trait of the AMPs which interact with the bacterial mem-
brane, causing pores and membrane depolarization or altering the microbial metabolic
pathways or inhibiting DNA /RNA /protein synthesis [40,48-50]. Bacteriocins can be bac-
teriostatic or bactericidal, induce a rapid killing effect and are thought to have a lower
propensity to develop resistance than conventional antibiotics [10,20,49,51]. Overall, the
modes of action of LAB-bacteriocins acting against Gram-positive bacteria have been well
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studied [8,28], but those used by LAB-bacteriocins acting against Gram-negative bacteria
are much less documented [25,26,29], and remain to be fully explored.

Recently, we have isolated the L. paracasei CNCM I-5369 strain, and shown its po-
tential to produce five distinct class II bacteriocins and inhibit Gram-negative bacteria,
including strains of E. coli resistant to colistin [29]. Here, we focused on lacticaseicin 30,
one of these bacteriocins, which was then used as a model to understand this original
activity. Of note, its antibacterial activity may result from the combined action between the
peptide itself and an acidic pH (pH 5) [29,30]. According to the classification proposed by
Alvarez-Sieiro et al. [22], lacticaseicin 30 appeared to have the characteristics of class Ilc
bacteriocins. Indeed, this bacteriocin is synthesized without a leader sequence and does
not undergo post-translational modifications, suggesting it could be a novel leaderless
bacteriocin. Pérez-Ramos et al. [21] reported that leaderless bacteriocins disrupt the cell
membrane of target bacteria and most of them do not require any docking molecule for
their antimicrobial activity.

As with a few AMPs already reported [52,53], lacticaseicin 30 contains a higher number
of negatively charged residues (Asp and Glu) than of positively charged ones (Arg and
Lys), with an isoelectric point (pI) of 6.05, and many hydrophobic residues. At a neutral
pH (pH > pl), the peptide is anionic while at an acidic pH (pH < pl), it is cationic. As
previously mentioned, hydrophobic and cationic residues are one of the main characteristics
of AMPs, and the presence of cationic residues can mediate interactions with negatively
charged bacterial lipids, while the hydrophobic residues could contribute to the membrane
perturbation [54].

The lacticaseicin 30 amino acid sequence is structurally organized into five distinct
helices (H1 to H5) (Figure 2), based on the AlphaFold2 predictions and the circular dichro-
ism spectroscopy data obtained in the absence or presence of SDS micelles at pH 5 or 7
(Figure 3).

As indicated in Table 1, the activity against Gram-negative bacteria appeared to be
exerted in a strain-dependent manner. On the other hand, we observed an increase of
the MIC values with the shortened peptide carrying the C-terminal region of lacticaseicin
30 (C-ter-lacticaseicin 30), in comparison with the native peptide (Table 1). Accordingly,
the antibacterial susceptibility has decreased 4-fold against E. coli ATCC 8739 and 2-fold
against Salmonella enterica serovar Newport ATCC 6962 and Proteus vulgaris ATCC 33420.
Remarkably, these shortened analogs displayed similar activity against Pseudomonas aerugi-
nosa ATCC 27853. It is worthy of note that antibacterial assays performed on different E. coli
strains carrying or not carrying modifications on their LPS were conducted with novel
bacteriocins including thereof the class Il lacticaseicin 30 [29], and the results obtained did
not suggest LPS as the main target of these novel class II bacteriocins. Nonetheless, the
activity against Listeria innocua CIP 80.11, used as the Gram-positive target strain, remained
unchanged. These results delineate the dual role of the N-terminal region composed of
helix 1 and helix 2, while the C-terminal region and more particularly helices 4 and 5 could
modulate the antibacterial activity according to the target bacteria, suggesting another
mechanism of action that remains to be determined. This study is in line with that of
Van Kraaij et al. [55], who showed the role of the C-terminal region of nisin across the
membrane. Similarly, Johnsen et al. [56] and Rihakova et al. [57] revealed the involvement
of the C-terminal region of pediocin-like bacteriocins (class Ila bacteriocins) in determining
their antibacterial spectrum.

To gain further insights on the antibacterial activity of lacticaseicin 30, another analog
named N-ter-H1-lacticaseicin 30, consisting of a shortened N-terminal region carrying the 1
to 20 amino acids and including only the first predicted o-helix, was designed, expressed
and produced. Interestingly, the antibacterial activity remained unchanged against the
Gram-positive target strain, whereas it was completely abolished against the Gram-negative
target bacteria (Table 1). This result argues that at least two helices located in the N-terminal
region are required for activity against Gram-negative bacteria. Furthermore, substitutions
of selected amino acids have been performed by site-directed mutagenesis with the aim
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to understand their roles in the global antibacterial activity. Site-directed mutation refers
to the redesign of natural antimicrobial peptides by adding, deleting or replacing one or
several amino acid residues [58]. Therefore, two types of key mutations have been created.
The first one consisted of replacing glutamic acid, aspartic acid or tyrosine by glycine
or serine, and the second consisted of replacing threonine or alanine by proline. These
mutations have been created inside each predicted o-helix. Then, the peptide variants
E6G, T7P, D57G, A74P, Y78S, Y93S, A97P, E32G, T33P and T52P were tested for their
activities against the target Gram-negative bacteria. Overall, they exhibited a loss in the
antibacterial activity except for E32G, T33P and T52P, for which anti-Gram-negative activity
remained unchanged (Table 2). Proline is a non-polar amino acid and proline-rich AMPs act
differently from other AMPs. Indeed, some proline-rich AMPs have been shown to enter
the bacterial cytoplasm through the inner membrane transporter SbmA instead of killing
bacteria through membrane disruption [59]. Once in the cytoplasm, some proline-rich
AMPs target ribosomes and block the binding of aminoacyl-tRNA to the peptidyltransferase
center and interfere with protein synthesis [60], while others bind and inhibit DnaK [61].
In the case of lacticaseicin 30, which is devoid of proline residues, the substitution of
17, T52, A74 or A97 with prolines decreases the activity of the corresponding peptides,
indicating that the mechanism implied in the anti-Gram-negative activity of lacticaseicin 30
is perturbed by the presence of proline. On the other hand, glycine is generally classified as
a non-polar amino acid that induces flexibility of the peptide backbones [62,63].

5. Conclusions

To sum up, lacticaseicin 30 is predicted to adopt a secondary structure characterized
by five helices. The generation of peptide variants carrying single point mutations, or
truncated sequences, enabled some amino acids that play a major role in the structure of
lacticaseicin 30 and its activity against Gram-negative bacteria, including strains of E. coli
resistant to colistin. Moreover, this study permitted us to establish that at least two helices
located in the N-terminal region are required for the anti-Gram-negative activity, while the
C-terminal region would serve as a modulator of the activity, conferring its selectivity. These
promising achievements open a new avenue in the characterization of LAB-bacteriocins
endowed with activity against Gram-negative bacteria. Further experiments consisting of
designing novel variants with enhanced antibacterial activity directed especially against
resistant strains constitute our next goal.
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N-ter-lacticaseicin 30 (transparent red, RMSD between 37 pruned atom pairs 0.381 angstroms; across
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Abstract: The multifunctional properties of host defense peptides (HDPs) make them promising drug
candidates to tackle bacterial infections and tissue inflammation. However, these peptides tend to
aggregate and can harm host cells at high doses, potentially limiting their clinical use and applications.
In this study, we explored the influences of both pegylation and glycosylation on the biocompatibility
and biological properties of HDPs, particularly the innate defense regulator IDR1018. Two peptide
conjugates were designed by attaching either polyethylene glycol (PEG6) or a glucose moiety to the
peptide towards the N-terminus. Significantly, both derivatives reduced the aggregation, hemolysis,
and cytotoxicity of the parent peptide by orders of magnitude. In addition, while the pegylated
conjugate, PEG6-IDR1018, retained an excellent immunomodulatory profile, similar to that observed
for IDR1018 itself, the glycosylated conjugate, Glc-IDR1018, significantly outperformed the parent
peptide in inducing anti-inflammatory mediators, MCP1 and IL-1RA and in suppressing the level
of lipopolysaccharide-induced proinflammatory cytokine IL-13. Conversely, the conjugates led to a
partial reduction in antimicrobial and antibiofilm activity. These findings underline the impacts of
both pegylation and glycosylation on the biological properties of the HDP IDR1018 and indicate the
potential of glycosylation to enhance the design of highly effective immunomodulatory peptides.

Keywords: antimicrobial peptides; biofilm; anti-inflammatory; PEGylation; glycosylation

1. Introduction

Bacterial infections are the second leading cause of death worldwide with an estimated
7.7 million deaths annually, of which 5 million are associated with antimicrobial resistance
(AMR) to existing antibiotics [1]. They are a constant threat to global health systems and a
continuing threat to human lives. Certainly, highly effective therapeutic interventions are
needed more than ever to target bacterial infections and offset the rise in AMR. While vari-
ous innovative approaches to discovering and developing new antibacterial agents have
been proposed or undertaken such as the use of antibodies [2], aptamers [3], nucleic acid
materials [4], nanoparticles of metal oxides [5-7], small synthetic chemical compounds [8,9],
and others [10], antimicrobial host defense peptides (HDPs), which are part of the innate
immune system, have been proven as a promising potential therapeutic strategy to confront
bacterial infections and tackle the clinical threats of biofilm-forming drug-resistant strains
due to the multiple advantages they offer [11]. HDPs are relatively small polymers (usually,
4-50 amino acid residues) that can be easily synthesized and modified at minimal costs.
Unlike antibodies and small chemical compounds of nucleic acid-based drugs, antimicro-
bial HDPs often exhibit broad-spectrum activity against a wide range of bacteria species,
including Gram-positive and Gram-negative pathogens, and usually, they tend to have a
low propensity to develop antimicrobial resistance due to their multifaceted mechanism
of actions [12,13]. These HDPs are also biodegradable, and tend to degrade easily; thus,
they do not persist in the body and do not pose any undesirable side effects [13]. Further-
more, the ability of these antimicrobial peptides to disperse and eradicate mature bacterial
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biofilms and high-density bacterial infections both in vitro and in vivo gives them advan-
tages over current antibiotics and other molecules as excellent antimicrobial and antibiofilm
drug candidates [11]. Also, the ability of HDPs to act as anti-infective immune modulators
with promising anti-inflammatory activity makes them clinically attractive candidates for
multipurpose applications [14,15]. However, despite their advantages, as pharmaceutical
products, HDPs endure several constraints that limit their ease of accessibility and use,
including their systemic aggregation and toxic side effects typically at higher doses, in addi-
tion to their poor stability against blood-borne proteases [13,16]. While various approaches
including, for instance, formulation strategies, sequence modifications and designing HDP
mimetics have been explored to circumvent some of these shortcomings of HDPs, only
limited successes for different peptides were achieved [13,17-23]. In this study, we decided
to explore the special effects of both pegylation and glycosylation on the physiochemical
properties as well as the biological activity properties of the HDP, IDR1018, which is a
synthetic multifaceted peptide with immunomodulatory and antibiofilm activities [24,25].
Pegylation and glycosylation are modifications utilized in peptide/protein drug design
and are often used to improve the stability and pharmacokinetic assets of potential drug
candidates while reducing toxicities and potentially harmful side effects [26-29]. Pegy-
lation is a process by which peptides are chemically conjugated to polyethylene glycol
(PEG) in order to change their physicochemical or biological properties [30]. As PEG and
its derivatives are inert, water-soluble, non-toxic and non-immunogenic, they are widely
used to overcome limitations associated with biopharmaceutical products including water
solubility issues, aggregations, toxicity against mammalian cells and immunogenicity [30].
Pegylation offers significant advantages for biopharmaceutical products, as attaching PEG
improves proteolytic stability, helps mitigate the immunogenicity, increases resistance to
bacterial-secreted enzymes, boosts blood circulation half-lives and enhances biodistribution
as well as drug bioavailability [28,30]. Nevertheless, despite these advantages, pegylation
is often associated with a partial or complete reduction in the antimicrobial activity of
HDPs [30]. Glycosylation is a process by which a sugar moiety is chemically attached
to biopharmaceutical molecules such as peptides, proteins, antibodies, etc., in order to
change their physicochemical properties or produce better bioactive compounds [31]. As
with pegylation, glycosylation can have a significant influence on the properties of HDPs,
for example, modifying toxicities, resistance to proteolytic degradation, pharmacokinetics
and dynamic properties [27,31,32]. However, as with pegylation, glycosylation does not
always improve the antibacterial activity of HDPs since the attaching surges change the
chemical structure, hydrophobicity and overall charge of the peptides, which can impact
the insertion and interaction of peptides with bacterial membranes [31].

Indeed, the overall influence of pegylation and glycosylation on drug design is remark-
able with many clinically accepted drugs being pegylated and glycosylated. Since little is
known about the influence of both conjugations on the multifaceted properties of HDPs,
especially the immunomodulatory functionality, we aimed in this study to look at their
overall impacts by covalently modifying the antimicrobial HDP IDR1018 with short-chain
PEG (PEG6) and a glucose moiety (N-acetyl glucosamine (GlcNAc)).

2. Materials and Methods
2.1. Peptide Synthesis, Pegylation, and Glycosylation

IDR1018 peptide (sequence, VRLIVAVRIWRR-NH;) was purchased from GenScript
(Piscataway, NJ, USA) at >95% purity. The pegylated IDR1018 [PEG6; VRLIVAVRIWRR-
NH;] as well as the glycosylated IDR1018 [Glc-IDR1018; T(GIcNAc)VRLIVAVRIWRR-NH;],
were obtained at >95% purity from Biomatik LLC (Wilmington, DE, USA) (Table 1).
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Table 1. IDR1018 and its conjugated derivatives, HPLC, and mass spectra data.

Peptide and Derivatives Sequence }.IPLC (I'{et. MW (Calc) MW (Obs.) Purity (%)
Time (min))
IDR1018 VRLIVAVRIWRR-NH, 9.1 1535.8 1535.8 >95.0
PEG6-IDR1018 PEG6-VRLIVAVRIWRR-NH, 17.9 1872.3 1872.6 >95.0
Glc-IDR1018 T(GIcNAc)VRLIVAVRIWRR-NH, 14.3 1841.4 1841.3 >92.0

HPLC, high-performance liquid chromatography; Ret. Time, retention time in minutes; MW, molecular weight;
Calc., calculated; Obs., observed.

2.2. Aggregation Assay

Solutions of IDR1018 peptide and the conjugates were tested for aggregation in saline
(0.9% NaCl), 5% dextrose, and 10% RPMI tissue culture medium at 1 mg mL~1. The
solutions were placed in 96 well plates and sterile water was used as a negative control. The
turbidity was determined for each sample as described in earlier reports [19,33]. Similarly,
the conjugates were screened for aggregation in the presence of sodium salts of polyatomic
anions (citrate or phosphate) at various strengths (0.1—1000 mM). The % of aggregates was
assessed relative to the ODg of sterile water.

Furthermore, isolated peripheral blood mononuclear cells (PBMCs) seeded in 96-well
flat-bottom tissue culture plates (Corning Inc., Corning, NY, USA) at a concentration of
2 x 10° in RMPI media were treated with the two conjugates at a final concentration of
32 ug mL ™1, incubated for 4 h at 37 °C in 5% CO,, and visualized on a Nikon Eclipse TS100
microscope. Experiments were performed in triplicate in three independent experiments.
Representative images of the microscopy are presented in Figure 1.

2.3. Hemolysis Test

Red blood cells (RBCs) were isolated and used to test the hemolytic activity of the
peptide conjugates according to documented procedures [27,34] with some modifications.
The blood samples were collected from healthy donors according to the University of
British Columbia ethics certification and guidelines. Informed consent was obtained from
all donors involved in the study. A 0.5% (v/v) RBC suspension in PBS was transferred into
96 well plates, where pre-diluted peptides series were incubated. The samples were placed
at 37 °C for 1 h prior to reading the hemoglobin release at 414 nm and 546 nm. Triton X-100
(1% final concentration) was used as a positive control (100% hemolysis). The % hemolysis
was then determined relative to the negative control (untreated samples).

2.4. Cytotoxicity and Immunomodulatory Assays

The cytotoxicity of the conjugates was assessed in vitro against PBMCs as described
earlier using the lactate dehydrogenase (LDH)-based assay [35]. Blood samples were
collected from healthy donors with ethics approval and PBMCs were isolated following
our previously reported protocol [35]. The cells were resuspended in RPMI medium
supplemented with 10% FBS and seeded in tissue culture-treated plates at a final density of
1 x 10° cells well 1. Subsequently, the cells were treated with the conjugates or IDR1018
and incubated for 24 h at 37 °C in 5% CO,, to determine the LDH release. Triton X-100
(1% final concentration) was used as a toxic (positive) control.

To evaluate the capacity of the conjugates to modulate the immune system, sus-
pended PBMCs (a final density of 1 x 10° cells well~!) were treated with the conjugates
at 8 pg mL~! in the presence or absence of 20 ng mL~! P. aeruginosa LPS, incubated for
24 h, centrifuged, and then the supernatants were collected to quantifying the levels of
monocyte chemoattractant protein 1 (MCP-1), the tumor necrosis factor-alpha (TNFa), and
interleukins (IL) IL-1f3, IL-10, and the anti-inflammatory IL-1 receptor antagonist (IL-1RA)
using specific ELISA assays (ELISA kits, eBioscience, Carlsbad, CA, USA). All experiments
were conducted in triplicate in three independent experiments and average values were
presented.
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Figure 1. In vitro aggregation experiments of IDR1018 and its conjugates as tested in various solvents
under different conditions. The aggregations of the peptides are indicated by the level of turbidity
when dissolved in water, saline, 5% dextrose, or RPMI medium (a), or when dissolved in various
concentrations of sodium citrate (b), and sodium phosphate (c). Microscopic images show PBMCs
after treatment with IDR1018 or its conjugates, indicating aggregation by IDR1018 cf. the conjugates
(d). Black arrows point to clusters that formed when PBMCs were treated with IDR1018 in a tissue
culture medium. Data were described as means + standard deviations, and significant values (**)
were determined using the analysis of variance (ANOVA) test; ns in (a) indicates no significance. The
scale bar is 500 pm.

2.5. Minimal Inhibitory Concentration (MIC)

The MIC was conducted using the liquid broth inhibition assay as previously de-
scribed [36]. MHB was used as a medium for bacterial growth, and bacteria (either MRSA
SAP0017, P. aeruginosa PA14, E. coli ATTC489 or A. baumannii 5015) were suspended at
~1 x 10® CFU mL~. The peptide conjugates were incubated with the bacterial cultures at
various concentrations for ~18 h prior determination of bacterial growth optical density at
600 nm (ODggp). The MIC was defined as the lowest concentration that led to no growth in
the wells. All values are modal values of three independent experiments.

2.6. Biofilm Biomass and Biofilm Eradication Assays

The ability of the designed conjugates to decrease the biomass of bacterial biofilms
was assessed in 96-well microtitre plates using the crystal violet staining assay as described
previously [37]. A bacterial suspension of 1 x 107 CFU mL~! was used to establish
biofilms prior to treatment with the peptides. Appropriate nutrient media for optimal
biofilm formation were used, including TSB supplemented with 1% glucose for MRSA
SAP0017, BM2 glucose for P. aeruginosa PA14, and LB media supplemented with 1% glucose
for E. coli ATTC489 and A. baumannii 5015. In the crystal violet-based assay, untreated
bacterial culture and sterile media were used as positive and negative controls, where
the % of biofilm biomass was considered 100 and 0%, respectively. The % of biomass
in the treated samples was determined relative to the positive and negative controls. A
biofilm eradication assay [17] was also performed, for which the residual viable biofilm
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(a)

(b)

cell count (CFU mL~1) was determined. Experiments were conducted in triplicate, in three
independent experiments, and average values were presented with & standard deviations.

2.7. Statistical Analysis

GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA) and Origin Pro Software
were used in the analysis. Whenever applicable, data were described as means =+ stan-
dard deviations, and significant values were determined using the analysis of variance
(ANOVA) test.

3. Results and Discussion
3.1. Peptide Conjugation Design

The antimicrobial HDP IDR1018 was chosen for this study due to its promise as a
therapeutic agent [38]. The well-known properties of IDR1018, including its ease and cost
of synthesis as a linear peptide with 12 amino acid residues, as well as easily accessible
sites for modifications, make it an excellent candidate for testing new modification ap-
proaches [17,19,38]. The original IDR1018 peptide sequence (Table 1) was modified by the
addition of either PEG6 or a glucose moiety (GlcNAc) at the N-terminus to generate new
derivatives, namely PEG6-IDR1018 and Glc-IDR1018, respectively. In PEG6-IDR1018, the
PEG was attached to the amine terminus of the amino acid, valine, while in the glycosyla-
tion strategy, the GIcNAc was introduced into the peptide through O-linked glycosylation
in an additional threonine residue. The resulting peptide conjugates are described in Table 1
while the chemical structures are shown in Scheme 1.

HN NH2
H o
N\)k” NQI\NH2
1 W
NH NH
HN)\NHZ HN)\NH2
HN_ NH,
PEG6 T]\I/H
0 0 J——
HO ™0 0 NH H O H ©O
ﬁ\ SWHOY
NH NH
HzN*NH HN)\NHz HN)\NHZ
HN_ _NH,
G\C\AP\G ' Y
y O o
N\AN N\)k N\)J\N N\E)I\NHZ
OH OH H
i DL
NH NH
HZN/KNH HN)\NHZ HN)\NHz

Scheme 1. IDR1018 conjugates, (a) the antimicrobial HDP IDR1018, (b) the pegylated derivative
PEG6-IDR1018, where a carboxylated PEG chain was attached to the N-terminal of the peptide and
(c) the glycosylated derivative, Glc-IDR1018, where N-acetyl glucosamine (GlcNAc) was attached to
the hydroxyl (-OH) group of the amino acid threonine (T).
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3.2. In Vitro Peptide(s) Aggregation

Aggregation is typically a limitation of HDPs since it not only impacts biological
activity but also biocompatibility and immunogenicity [39,40]. In previous studies, the
HDP IDR1018 was found to aggregate in various in vitro solvents as well as in vivo under
certain conditions and as a consequence, a reduction in the immunomodulatory activity
was observed under conditions that promote aggregation [19,33]. Here, we examined the
aggregation tendency of peptide conjugates in multiple solutions, including water, saline
(0.9% NaCl), 5% dextrose, and 10% RPMI tissue culture medium with 1% fetal bovine
serum (FBS). While no aggregation (measured by turbidity) was observed in water, saline,
or 5% dextrose for any sample, including IDR1018 (Figure 1a), a substantial increase in
aggregation was detected in tissue culture medium for parent peptide IDR1018 but not for
the pegylated and glycosylated derivatives.

When the peptides were prepared in sodium salts of abundant polyatomic anions,
such as citrate and phosphate (Figure 1b,c), a substantial increase in turbidity was observed
with IDR1018 at solute concentrations as low as 10 mM. In contrast, no turbidity increase
was detected with PEG6-IDR1018 or Glc-IDR1018 at higher solute concentrations, sug-
gesting a significant reduction in the salt-induced peptide aggregation. When incubated
with PBMCs in tissue culture, neither peptide conjugate, PEG6-IDR1018, and Glc-IDR1018
showed any obvious sign of aggregation, in strong contrast to IDR1018, which showed
amorphous aggregates (Figure 1d). These results, indeed, were consistent with earlier re-
ports, that demonstrated the utility of pegylation and glycosylation in increasing solubility
and diminishing aggregation for other antimicrobial peptides [31,41].

3.3. Hemolysis, Cytotoxicity and Immunomodulatory Activity

Compared to the parent IDR1018 peptide, which appeared to be hemolytic against
RBCs as well as toxic to PBMCs at high doses (up to 20% at 128 pug mL~!), neither of the
conjugated derivatives exhibited any hemolysis or cytotoxicity at the highest concentration
tested (Figure 2a,b). Consistent with other previous studies for other peptides [30,31,42,43],
pegylation and glycosylation worked well in reducing HDP toxicity.
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Figure 2. Hemolysis and Cytotoxicity of the peptide conjugates vs. IDR1018 itself. (a) displays the
hemolysis analysis against RBCs while (b) depicts the cytotoxicity against PBMCs. Experiments were
conducted in triplicate in three independent experiments and mean values + standard deviation are
presented.

The capacity of conjugated peptide derivatives to modulate the innate immune system
was tested by assessing the induction and suppression of chemokines and cytokines from
human PBMCs. These tested modulators including MCP1, TNF«, IL-1f3, IL-1RA and IL-10,
were selected based on previous studies where IDR1018 demonstrated an excellent ability
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to modulate them in vitro and in vivo [17,19,24,38,44,45]. In addition, these immunity
modulators are involved in multiple systemic mechanisms essential to suppress inflam-
mations and indirectly defend against bacterial infections. For instance, MCP-1 attracts
macrophages and enhances the recruitment of monocytes at the sites of infections, injuries
and inflammations [46], while the anti-inflammatory cytokines, IL-1RA and IL-10 act as
natural inhibitors of the harmful effect of pro-inflammatory immune mediators such as
IL-1oc and IL-1B [47]. Interestingly, in the absence of an LPS stimulant, PEG6-IDR1018
maintained a similar ability to modulate chemokine and cytokine expression to that ob-
served for unmodified IDR1018. However, Glc-IDR1018 exhibited a significant increase
in the expression of the immune mediators relative to unmodified IDR1018. Thus Glc-
IDR1018 boosted the level of MCP1 and IL-1RA by 2-5 fold,1.5 ng mL~! and 0.8 ng mL "1,
respectively, compared to only 0.7 and 0.15 ng mL~! induced by the unmodified IDR1018
(Figure 3a,b). These peptides did not induce TNF« (Figure 3c).
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Figure 3. Enhanced effect of glycosylation on the immunomodulatory activities of IDR1018-derived
peptides. (a—c) The effect of the peptides at 8 pg mL~! in inducing chemokine MCP1 and cytokines
IL-1RA and TNF« production by PBMCs in the absence of LPS stimulation. (d) the effect of peptides
on the immune mediator expression when co-treated with 20 ng mL~! LPS (% of fold changes relative
to LPS-stimulated cells). Data are presented as mean + standard deviation from three independent
experiments (* represents p < 0.05, based on ANOVA analysis with Tukey’s correction for multiple
testing).

When stimulated with LPS which amplified the secretion of immune mediators,
substantial reductions in the proinflammatory TNFo« were detected due to peptide action,
with no significant difference between all three peptides. However, the expression of
IL-1p was significantly suppressed when cells were treated with Glc-IDR1018 cf. the other
peptides (Figure 3d). Moreover, remarkable peptide-induced increases in MCP1, IL-1RA
and IL-10 induction levels were also detected with substantially higher expression values
associated with Glc-IDR1018 treatment. In agreement with previous reports, the results
indicated that pegylation had no marked effect on the immunomodulatory properties of
the HDP IDR1018 [43,48]. However, this was the first report we have observed indicating
that glycosylation markedly improves the immunomodulatory properties of HDPs. While
the mechanistic effects of glycosylation on the immunomodulatory properties of IDR1018
as well as the underlying biophysical processes remain to be elucidated, the overall results
showed exciting data with excellent outcomes for this peptide conjugate in modulating the
immune system with efficacy exceeding that for previously reported HDPs [15,19].
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3.4. Antimicrobial Activity

The two peptide conjugates (Table 1) were intended to mimic and/or enhance the
activity of the parent IDR1018 while improving biocompatibility and physicochemical
properties. Despite an enhancement or retention of immunomodulatory activities, there
was a 2 to 8-fold reduction in antimicrobial activity (i.e., higher MIC values) when compared
to the parent IDR1018 (Table 2).

Table 2. Activities of the peptide conjugates vs. planktonic bacteria.

MIC (ug mL~1)

Bacteria
IDR1018 PEG6-IDR1018 Glc-IDR1018
S. aureus MRSA0017 16 32 64
P. aeruginosa PA14 16 64 128
E. coli ATTC489 16 64 64
A. baumannii 5015 16 64 64

The MICs of the PEG6-IDR1018 ranged between 32-64 j1g mL~!, while the MICs of the
Glc-IDR1018 ranged between 64-128 g mL~! based on the strains tested. According to the
literature, [26,29,43,49,50], such decreases in antimicrobial activity are not uncommon for
PEGylated and glycosylated peptides. The activity of the antimicrobial peptide Nisin, for
instance, was reduced by conjugation with polyethylene glycol [50]. Likewise, the activity
of other antimicrobial HDPs, such as o defensine 1 [51], tachyplestin I [52], magainin
2 [49], aurein 2.2 [53] and others [26], all exhibited reduced antimicrobial activity when
pegylated. It is worth noting that previous results for pegylation and glycosylation appear
to depend on the type of ligation, the PEG or glycan composition and structure, the
nature of the PEG or the sugar-peptide bond and their lengths, and the overall structural
conformation of the generated molecules [54,55]. In a study by Falciani C et al., for instance,
pegylation at the C-terminus of the antimicrobial peptide M33 was shown to improve the
stability of the peptide against Pseudomonas aeruginosa elastase [56]. While on the contrary,
conjugation at the N-terminus of HDPs, LL-37 and cecropin A, derivatives (PEG-CaLL),
showed to improve the antimicrobial activity against various bacterial strains, including
B. anthracis (including vegetative and spore forms), Escherichia coli and Staphylococcus aureus
when compared to the LL-37 peptide [57]. By analogy, in a study by Talat et al., the
activity of the glycosylated peptides was shown to be impacted by the stereochemistry
of attached sugars [58]. The study also showed that (3-linked sugars induce more flexible
and conformationally unstrained conjugates in contrast to the «-linked counterparts which
cause more rigid and highly stable conjugates [58]. Although the N and C termini of
peptides tend to show conformational flexibility, further studies would be required to
investigate if these conjugations impacted the overall HDP IDR1018 chemical structure
including its secondary structure, in order to understand the potential reasons behind the
reduced activity. It would also be worthwhile investigating the impact of these conjugations
on other antimicrobial HDPs, including IDR1018 analogs.

3.5. Antibiofilm Activity

Effects on bacterial biomass were first tested using a crystal violet staining assay. While
none of the peptides exhibited complete eradication of the biomass staining in the wells at
the MIC values, the results showed a reduced ability of the designated conjugates to reduce
the adhered biofilm mass by >90%, at much higher concentrations compared to the original
IDR1018 (Figure 4). The best antibiofilm activity of the conjugates was observed against S.
aureus MRSA0017, where >90% of the biomass reduction was observed at 64 ug mL~! for
both PEG6-IDR1018 and Glc-IDR1018 peptides. The results were supported by determining
the viable biofilm cell counts (CFU) following biofilm treatments in the biofilm eradication
assay (where biofilms were pre-formed), indicating comparable outcomes to the biomass
dispersal results (Table 3). The peptide conjugates exhibited a 3 to 16-fold reduction in
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Biofilm mass %

the antibiofilm activity (i.e., higher minimal biofilm eradication concentration values or
MBEC = 64-256 g mL~!) compared to the unmodified IDR1018 (MBEC = 16 ug mL~!) for
all tested strains. Thus, in agreement with the MIC results, the pegylation and glycosylation
led to maintenance but a weakening of the antibiofilm properties of the IDR1018. It is clear
from these results that pegylation and glycosylation modifications did not generate more
efficacious antimicrobial or antibiofilm peptides and that their influences on the HDPs’
antimicrobial and antibiofilm activity seemed peptide-specific.
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Figure 4. Effect of the peptide conjugates in reducing bacterial biofilm mass as assessed by the crystal
violet staining assay. (a—d) show the antibiofilm activity against S. aureus MRSA0017, P. aeruginosa
PA14, E. coli ATTC489, and A. baumannii 5015, respectively. The % of biofilm mass reduction was
determined relative to untreated samples. The data represents the mean values + standard deviation.
All experiments were conducted three times. The green and grey shades indicate relative MBECs.

Table 3. Activities of the peptide conjugates vs. preformed bacterial biofilms (minimal biofilm
eradication concentrations, MBECs).

MBEC (ug mL—1)

Bacteria
IDR1018 PEG6-IDR1018 Glc-IDR1018
S. aureus MRSA0017 16 64 64
P. aeruginosa PA14 16 256 256
E. coli ATTC489 16 128 128
A. baumannii 5015 16 128 256

4. Conclusions

Two conjugated derivatives of the antimicrobial HDP IDR1018 were designed based
on N-terminal pegylation and glycosylation, in order to improve the biocompatibility and
biological properties of the original peptide sequence. While additional studies remain
to be explored, such as using different sugar moieties, different lengths of PEG chains,
and different ligation approaches, the current conjugates significantly reduced the aggre-
gation, hemolysis, and cytotoxicity of the parent peptide. Moreover, while pegylation
conserved the immunomodulatory properties of the peptide, glycosylation generated a
superior immunomodulating conjugate with a strong ability to stimulate the release of
chemokine MCP-1 and the anti-inflammatory cytokine IL-1RA while suppressing the LPS-
induced production of proinflammatory cytokines TNFa and IL-1§3, suggesting a novel
anti-inflammatory drug candidate. Consistent with several previously reported studies,
both conjugations led to partial reductions in antimicrobial as well as antibiofilm activity cf.
the original IDR1018. Overall, the study reported here clearly demonstrates the usefulness
of these conjugation approaches in optimizing the physicochemical properties of therapeu-
tic peptides and highlight a new potential opportunity for enhancing immunomodulatory
HDPs through glycosylation.

65



Pharmaceutics 2023, 15, 1391

Author Contributions: Methodology, H.E.; Formal analysis, FY.; Investigation, H.E. and FY,;
Writing—original draft, H.E.; Writing—review & editing, H.E. and R.E.W.H.; Supervision, H.E.
and R.E.W.H.; Project administration, R.E.W.H.; Funding acquisition, R.E.W.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Canadian Institutes for Health Research (CIHR) Founda-
tion grant (FDN-154287). H.E. is the recipient of the Michael Smith Health BC Research Fellowship.
R.E.W.H. holds a UBC Killam Professorship.

Institutional Review Board Statement: All experiments performed on human blood adhered to the
Declaration of Helsinki and approved by the Institutional Review Board and Ethics Committee of
the University of British Columbia, Vancouver, BC, Canada (protocol code H-2100727 and date of
approval 7 January 2022).

Informed Consent Statement: In all experiments involved human samples, informed consent was
obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The parent peptide IDR-1018 has been filed by the University of British
Columbia for patent protection with REWH as an inventor and is the subject of several issued
patents US Patent US8343475, New Zealand patent 574758, Australian Patent 2007288080, European
patent EP2061886, Denmark patent #2061886, Spain patent 2061886, and Canadian patent 2,660,668.
It has been licensed to ABT Innovations Inc., in which REWH has shares. The other authors declare
no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Ikuta, K.S.; Swetschinski, L.R.; Aguilar, G.R.; Sharara, F.; Mestrovic, T.; Gray, A.P.; Weaver, N.D.; Wool, E.E.; Han, C.; Hayoon,
A.G. Global mortality associated with 33 bacterial pathogens in 2019: A systematic analysis for the global burden of disease study
2019. Lancet 2022, 400, 2221-2248. [CrossRef] [PubMed]

El-Kafrawy, S.A.; Abbas, A.T.; Oelkrug, C.; Tahoon, M.; Ezzat, S.; Zumla, A.; Azhar, E.I. IgY antibodies: The promising potential
to overcome antibiotic resistance. Front. Immunol. 2023, 14, 1065353. [CrossRef] [PubMed]

Li, W. Prospective Application of aptamer-based assays and therapeutics in bloodstream infections. Mini Rev. Med. Chem. 2020,
20, 831-840. [CrossRef]

Sun, Y.; Meng, L.; Zhang, Y.; Zhao, D.; Lin, Y. The application of nucleic acids and nucleic acid materials in antimicrobial research.
Curr. Stem Cell Res. Ther. 2021, 16, 66-73. [CrossRef] [PubMed]

Pino, P; Bosco, E; Mollea, C.; Onida, B. Antimicrobial nano-zinc oxide biocomposites for wound healing applications: A Review.
Pharmaceutics 2023, 15, 970. [CrossRef]

Akshaya, S.; Rowlo, PK.; Dukle, A.; Nathanael, A.J. Antibacterial coatings for titanium implants: Recent trends and future
perspectives. Antibiotics 2022, 11, 1719. [CrossRef]

Sun, C.; Wang, X.; Dai, J.; Ju, Y. Metal and metal oxide nanomaterials for fighting planktonic bacteria and biofilms: A review
emphasizing on mechanistic aspects. Int. . Mol. Sci. 2022, 23, 11348. [CrossRef]

Zha, G.E; Preetham, H.D.; Rangappa, S.; Sharath Kumar, K.S.; Girish, Y.R.; Rakesh, K.P.; Ashrafizadeh, M.; Zarrabi, A.; Rangappa,
K.S. Benzimidazole analogues as efficient arsenals in war against methicillin-resistance Staphylococcus aureus (MRSA) and its SAR
studies. Bioorg. Chem. 2021, 115, 105175. [CrossRef]

Mousavifar, L.; Roy, R. Recent development in the design of small ‘drug-like” and nanoscale glycomimetics against Escherichia coli
infections. Drug Discov. Today 2021, 26, 2124-2137. [CrossRef]

Hemmati, F.; Rezaee, M.A.; Ebrahimzadeh, S.; Yousefi, L.; Nouri, R.; Kafil, H.S.; Gholizadeh, P. Novel strategies to combat
bacterial biofilms. Mol. Biotechnol. 2021, 63, 569-586. [CrossRef]

Hancock, RE.W.; Alford, M.A.; Haney, E.F. Antibiofilm activity of host defence peptides: Complexity provides opportunities.
Nat. Rev. Microbiol. 2021, 19, 786-797. [CrossRef] [PubMed]

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

Etayash, H.; Hancock, R.E.W. Host defense peptide-mimicking polymers and polymeric-brush-tethered host defense peptides:
Recent developments, limitations, and potential success. Pharmaceutics 2021, 13, 1820. [CrossRef] [PubMed]

Kim, J.; Cho, B.H.; Jang, Y.S. Understanding the roles of host defense peptides in immune modulation: From antimicrobial action
to potential as adjuvants. J. Microbiol. Biotechnol. 2023, 33, 288-298. [CrossRef]

Hancock, R.E.W.; Haney, E.E; Gill, E.E. The immunology of host defence peptides: Beyond antimicrobial activity. Nat. Rev.
Immunol. 2016, 16, 321-334. [CrossRef]

66



Pharmaceutics 2023, 15, 1391

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ting, D.S.J.; Beuerman, RW.; Dua, H.S.; Lakshminarayanan, R.; Mohammed, I. Strategies in translating the therapeutic potentials
of host defense peptides. Front. Immunol. 2020, 11, 983. [CrossRef]

Etayash, H.; Alford, M.; Akhoundsadegh, N.; Drayton, M.; Straus, S.K.; Hancock, R.E.W. Multifunctional antibiotic-host defense
peptide conjugate kills bacteria, eradicates biofilms, and modulates the innate immune response. J. Med. Chem. 2021, 64,
16854-16863. [CrossRef] [PubMed]

Etayash, H.; Qian, Y.; Pletzer, D.; Zhang, Q.; Xie, J.; Cui, R.; Dai, C.; Ma, P; Qi, F; Liu, R; et al. Host defense peptide-mimicking
amphiphilic 3-peptide polymer (Bu:DM) exhibiting anti-biofilm, immunomodulatory, and in vivo anti-infective activity. J. Med.
Chem. 2020, 63, 12921-12928. [CrossRef]

Etayash, H.; Pletzer, D.; Kumar, P; Straus, S.K.; Hancock, R.E.W. Cyclic derivative of host-defense peptide IDR-1018 improves
proteolytic stability, suppresses inflammation, and enhances in vivo activity. . Med. Chem. 2020, 63, 9228-9236. [CrossRef]
Gongalves da Costa Sousa, M.; Concei¢ao de Almeida, G.; Martins Mota, D.C.; Andrade da Costa, R.; Dias, S.C.; Limberger, S.N.;
Ko, F; Lin, L.T.; Haney, E.E; Etayash, H.; et al. Antibiofilm and immunomodulatory resorbable nanofibrous filing for dental pulp
regenerative procedures. Bioact. Mater. 2022, 16, 173-186. [CrossRef]

Thapa, R.K.; Diep, D.B.; Tennesen, H.H. Topical antimicrobial peptide formulations for wound healing: Current developments
and future prospects. Acta Biomater. 2020, 103, 52—67. [CrossRef] [PubMed]

Gaglio, S.C.; Jabalera, Y.; Montalban-Lopez, M.; Millan-Placer, A.C.; Lazaro-Callejon, M.; Maqueda, M.; Carrasco-Jimenez, M.P,;
Laso, A.; Ainsa, J.A.; Iglesias, G.R.; et al. Embedding biomimetic magnetic nanoparticles coupled with peptide AS-48 into PLGA
to treat intracellular pathogens. Pharmaceutics 2022, 14, 2744. [CrossRef] [PubMed]

van Gent, M.E.; Ali, M.; Nibbering, P.H.; Klodziniska, S.N. Current advances in lipid and polymeric antimicrobial peptide delivery
systems and coatings for the prevention and treatment of bacterial infections. Pharmaceutics 2021, 13, 1840. [CrossRef] [PubMed]
Wieczorek, M.; Jenssen, H.; Kindrachuk, J.; Scott, W.R.; Elliott, M.; Hilpert, K.; Cheng, ].T.; Hancock, R.E.W.,; Straus, S.K. Structural
studies of a peptide with immune modulating and direct antimicrobial activity. Chem. Biol. 2010, 17, 970-980. [CrossRef]
Hilchie, A.L.; Wuerth, K.; Hancock, R.E.W. Immune modulation by multifaceted cationic host defense (antimicrobial) peptides.
Nat. Chem. Biol. 2013, 9, 761-768. [CrossRef] [PubMed]

Rezende, S.B.; Oshiro, K.G.N.; Janior, N.G.O.; Franco, O.L.; Cardoso, M.H. Advances on chemically modified antimicrobial
peptides for generating peptide antibiotics. Chem. Commun. 2021, 57, 11578-11590. [CrossRef] [PubMed]

Grimsey, E.; Collis, D.W.P,; Mikut, R.; Hilpert, K. The effect of lipidation and glycosylation on short cationic antimicrobial peptides.
Biochim. Biophys. Acta Biomembr. 2020, 1862, 183195. [CrossRef]

Manteghi, R.; Pallagi, E.; Olajos, G.; Csoka, I. Pegylation and formulation strategy of anti-microbial peptide (AMP) according to
the quality by design approach. Eur. J. Pharm. Sci. 2020, 144, 105197. [CrossRef]

Bednarska, N.G.; Wren, B.W.; Willcocks, S.J. The importance of the glycosylation of antimicrobial peptides: Natural and synthetic
approaches. Drug Discov. Today 2017, 22, 919-926. [CrossRef]

Harris, ].M.; Chess, R.B. Effect of pegylation on pharmaceuticals. Nat. Rev. Drug Discov. 2003, 2, 214-221. [CrossRef]

Bellavita, R.; Braccia, S.; Galdiero, S.; Falanga, A. Glycosylation and lipidation strategies: Approaches for improving antimicrobial
peptide efficacy. Pharmaceuticals 2023, 16, 439. [CrossRef] [PubMed]

Moradi, S.V.; Hussein, WM.; Varamini, P.; Simerska, P.; Toth, I. Glycosylation, an effective synthetic strategy to improve the
bioavailability of therapeutic peptides. Chem. Sci. 2016, 7, 2492-2500. [CrossRef] [PubMed]

Haney, E.F,; Wu, B.C; Lee, K; Hilchie, A.L.; Hancock, R.E.W. Aggregation and its influence on the immunomodulatory activity of
synthetic innate defense regulator peptides. Cell Chem. Biol. 2017, 24, 969-980.e964. [CrossRef]

Rodriguez, A.; Villegas, E.; Montoya-Rosales, A.; Rivas-Santiago, B.; Corzo, G. Characterization of antibacterial and hemolytic
activity of synthetic pandinin 2 variants and their inhibition against Mycobacterium tuberculosis. PLoS ONE 2014, 9, e101742.
[CrossRef] [PubMed]

Etayash, H.; Haney, E.F,; Hancock, R.E.W. Assessing biofilm inhibition and immunomodulatory activity of small amounts of
synthetic host defense peptides synthesized using SPOT-array technology. Nat. Protoc. 2021, 16, 1850-1870. [CrossRef] [PubMed]
Wiegand, I.; Hilpert, K.; Hancock, R.E.W. Agar and broth dilution methods to determine the minimal inhibitory concentration
(MIC) of antimicrobial substances. Nat. Protoc. 2008, 3, 163-175. [CrossRef]

Haney, E.F.; Trimble, M.].; Hancock, R.E.W. Microtiter plate assays to assess antibiofilm activity against bacteria. Nat. Protoc. 2021,
16, 2615-2632. [CrossRef]

Mansour, S.C.; de la Fuente-Nuifiez, C.; Hancock, R.E.W. Peptide IDR-1018: Modulating the immune system and targeting
bacterial biofilms to treat antibiotic-resistant bacterial infections. J. Pept. Sci. 2015, 21, 323-329. [CrossRef]

Zou, R.; Zhu, X.; Tu, Y.; Wu, J.; Landry, M.P. Activity of antimicrobial peptide aggregates decreases with increased cell membrane
embedding free energy cost. Biochemistry 2018, 57, 2606-2610. [CrossRef]

Zai, Y.; Xi, X;; Ye, Z.; Ma, C.; Zhou, M.; Chen, X,; Siu, S.W.L; Chen, T.; Wang, L.; Kwok, H.E. Aggregation and its influence on the
bioactivities of a novel antimicrobial peptide, Temporin-PF, and its analogues. Int. J. Mol. Sci. 2021, 22, 4509. [CrossRef]

Kumar, P; Pletzer, D.; Haney, E.F.; Rahanjam, N.; Cheng, ].T.].; Yue, M.; Aljehani, W.; Hancock, R.E.W.; Kizhakkedathu, ].N.;
Straus, S.K. Aurein-derived antimicrobial peptides formulated with pegylated phospholipid micelles to target methicillin-resistant
Staphylococcus aureus skin infections. ACS Infect. Dis. 2019, 5, 443-453. [CrossRef] [PubMed]

67



Pharmaceutics 2023, 15, 1391

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Moreira Brito, J.C.; Carvalho, L.R.; Neves de Souza, A.; Carneiro, G.; Magalhaes, P.P.; Farias, L.M.; Guimaraes, N.R.; Verly,
R.M.; Resende, ].M.; Elena de Lima, M. PEGylation of the antimicrobial peptide LyeTx I-b maintains structure-related biological
properties and improves selectivity. Front. Mol. Biosci. 2022, 9, 1001508. [CrossRef]

Singh, S.; Papareddy, P.; Morgelin, M.; Schmidtchen, A.; Malmsten, M. Effects of PEGylation on membrane and lipopolysaccharide
interactions of host defense peptides. Biomacromolecules 2014, 15, 1337-1345. [CrossRef] [PubMed]

Steinstraesser, L.; Hirsch, T.; Schulte, M.; Kueckelhaus, M.; Jacobsen, E.; Mersch, E.A.; Stricker, 1.; Afacan, N.; Jenssen, H.; Hancock,
R.E.W.; et al. Innate defense regulator peptide 1018 in wound healing and wound infection. PLoS ONE 2012, 7, e39373. [CrossRef]
[PubMed]

Rivas-Santiago, B.; Castafieda-Delgado, J.E.; Rivas Santiago, C.E.; Waldbrook, M.; Gonzalez-Curiel, I.; Leén-Contreras, J.C.;
Enciso-Moreno, J.A.; del Villar, V.; Mendez-Ramos, J.; Hancock, RE.W,; et al. Ability of innate defence regulator peptides
IDR-1002, IDR-HH2 and IDR-1018 to protect against Mycobacterium tuberculosis infections in animal models. PLoS ONE 2013, 8,
€59119. [CrossRef]

Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte chemoattractant protein-1 (MCP-1): An overview. ]. Interf.
Cytokine Res. 2009, 29, 313-326. [CrossRef]

Yazdi, A.S.; Ghoreschi, K. The interleukin-1 family. Adv. Exp. Med. Biol. 2016, 941, 21-29.

Haney, E.E.,; Wuerth, K.C.; Rahanjam, N.; Safaei Nikouei, N.; Ghassemi, A.; Alizadeh Noghani, M.; Boey, A.; Hancock, R.E.-W.
Identification of an IDR peptide formulation candidate that prevents peptide aggregation and retains immunomodulatory activity.
Pept. Sci. 2019, 111, €24077. [CrossRef]

Imura, Y.; Nishida, M.; Matsuzaki, K. Action mechanism of PEGylated magainin 2 analogue peptide. Biochim. Biophys. Acta 2007,
1768, 2578-2585. [CrossRef]

Guiotto, A.; Pozzobon, M.; Canevari, M.; Manganelli, R.; Scarin, M.; Veronese, EM. PEGylation of the antimicrobial peptide nisin
A: Problems and perspectives. Farmaco 2003, 58, 45-50. [CrossRef]

Wu, Z.; Li, X,; Ericksen, B.; de Leeuw, E.; Zou, G.; Zeng, P; Xie, C.; Li, C.; Lubkowski, J.; Lu, W.Y,; et al. Impact of pro segments on
the folding and function of human neutrophil alpha-defensins. . Mol. Biol. 2007, 368, 537-549. [CrossRef] [PubMed]

Imura, Y.; Nishida, M.; Ogawa, Y.; Takakura, Y.; Matsuzaki, K. Action mechanism of tachyplesin I and effects of PEGylation.
Biochim. Biophys. Acta 2007, 1768, 1160-1169. [CrossRef]

Kumar, P; Takayesu, A.; Abbasi, U.; Kalathottukaren, M.T.; Abbina, S.; Kizhakkedathu, J.N.; Straus, S.K. Antimicrobial peptide-
polymer conjugates with high activity: Influence of polymer molecular weight and peptide sequence on antimicrobial activity,
proteolysis, and biocompatibility. ACS Appl. Mater. Interfaces 2017, 9, 37575-37586. [CrossRef] [PubMed]

Talat, S.; Thiruvikraman, M.; Kumari, S.; Kaur, K.J. Glycosylated analogs of formaecin I and drosocin exhibit differential pattern
of antibacterial activity. Glycoconj. J. 2011, 28, 537-555. [CrossRef] [PubMed]

Li, T; Yang, N.; Teng, D.; Mao, R.; Hao, Y.; Wang, X.; Wang, ]. C-terminal mini-PEGylation of a marine peptide N6 had potent
antibacterial and anti-inflammatory properties against Escherichia coli and Salmonella strains in vitro and in vivo. BMC Microbiol.
2022, 22, 128. [CrossRef]

Falciani, C.; Lozzi, L.; Scali, S.; Brunetti, J.; Bracci, L.; Pini, A. Site-specific pegylation of an antimicrobial peptide increases
resistance to Pseudomonas aeruginosa elastase. Amino Acids 2014, 46, 1403-1407. [CrossRef]

Morris, C.J.; Beck, K.; Fox, M.A_; Ulaeto, D.; Clark, G.C.; Gumbleton, M. Pegylation of antimicrobial peptides maintains the active
peptide conformation, model membrane interactions, and antimicrobial activity while improving lung tissue biocompatibility
following airway delivery. Antimicrob. Agents Chemother. 2012, 56, 3298-3308. [CrossRef]

Coltart, D.M.; Royyuru, A K.; Williams, L.J.; Glunz, PW.; Sames, D.; Kuduk, S.D.; Schwarz, ].B.; Chen, X.T.; Danishefsky, S.J.;
Live, D.H. Principles of mucin architecture: Structural studies on synthetic glycopeptides bearing clustered mono-, di-, tri-, and
hexasaccharide glycodomains. J. Am. Chem. Soc. 2002, 124, 9833-9844. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

68



\

ﬁ pharmaceutics WW\D\PH
F

Article

Pulmonary Safety Profile of Esc Peptides and
Esc-Peptide-Loaded Poly(lactide-co-glycolide) Nanoparticles: A
Promising Therapeutic Approach for Local Treatment of Lung
Infectious Diseases

Floriana Cappiello I'*, Bruno Casciaro "', Maria Rosa Loffredo !, Elena Puglisi !, Qiao Lin 2, Dandan Yang 2,
Gemma Conte 3, Ivana d’Angelo 4 Francesca Ungaro 3 Loretta Ferrera 5, Raffaella Barbieri ©, Laura Cresti 7,
Alessandro Pini 7, Yuanpu Peter Di 2* and Maria Luisa Mangoni 1'*

Citation: Cappiello, F,; Casciaro, B.;
Loffredo, M.R.; Puglisi, E.; Lin, Q.;
Yang, D.; Conte, G.; d’Angelo, I.;
Ungaro, F; Ferrera, L.; et al.
Pulmonary Safety Profile of Esc
Peptides and Esc-Peptide-Loaded
Poly(lactide-co-glycolide)
Nanoparticles: A Promising
Therapeutic Approach for Local
Treatment of Lung Infectious
Diseases. Pharmaceutics 2022, 14, 2297.
https://doi.org/10.3390/
pharmaceutics14112297

Academic Editors:
Scavello Francesco, Jean-Eric Ghia
and Amiche Mohamed

Received: 16 September 2022
Accepted: 21 October 2022
Published: 26 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Biochemical Sciences, Laboratory Affiliated to Istituto Pasteur Italia-Fondazione
Cenci Bolognetti, Sapienza University of Rome, 00185 Rome, Italy

2 Department of Environmental and Occupational Health, University of Pittsburgh, Pittsburgh, PA 15261, USA
Department of Pharmacy, University of Napoli Federico II, 80131 Napoli, Italy

Department of Environmental, Biological and Pharmaceutical Sciences and Technologies (DiSTABIF),
University of Campania Luigi Vanvitelli, 81100 Caserta, Italy

5  U.O.C. Genetica Medica, IRCCS, Istituto Giannina Gaslini, 16147 Genoa, Italy

6 Biophysic Institute, Consiglio Nazionale delle Ricerche (CNR), 16149 Genoa, Italy

7 Department of Medical Biotechnologies, University of Siena, 53100 Siena, Italy

*  Correspondence: peterdi@pitt.edu (Y.P.D.); marialuisa.mangoni@uniromal.it (M.L.M.)

t  These authors contributed equally to the work.

Abstract: In recent years, we have discovered Esc(1-21) and its diastereomer (Esc peptides) as valuable
candidates for the treatment of Pseudomonas lung infection, especially in patients with cystic fibrosis
(CF). Furthermore, engineered poly(lactide-co-glycolide) (PLGA) nanoparticles (NPs) were revealed
to be a promising pulmonary delivery system of antimicrobial peptides. However, the “ad hoc”
development of novel therapeutics requires consideration of their stability, tolerability, and safety.
Hence, by means of electrophysiology experiments and preclinical studies on healthy mice, we
demonstrated that neither Esc peptides or Esc-peptide-loaded PLGA NPs significantly affect the
integrity of the lung epithelium, nor change the global gene expression profile of lungs of treated
animals compared to those of vehicle-treated animals. Noteworthy, the Esc diastereomer endowed
with the highest antimicrobial activity did not provoke any pulmonary pro-inflammatory response,
even at a concentration 15-fold higher than the efficacy dosage 24 h after administration in the free or
encapsulated form. The therapeutic index was >70, and the peptide was found to remain available
in the bronchoalveolar lavage of mice, after two days of incubation. Overall, these studies should
open an avenue for a new up-and-coming pharmacological approach, likely based on inhalable
peptide-loaded NPs, to address CF lung disease.

Keywords: antimicrobial peptides; cystic fibrosis; lung infection; biodegradable nanocarrier; thera-
peutic index; transepithelial resistance; lung gene expression; mouse bronchoalveolar lavage

1. Introduction

The rising appearance of drug-resistant microorganisms has undermined the success
achieved in the last century in the field of medicine via the utilization of antibiotics [1-4].
Antimicrobial peptides (AMPs) with a rapid-membrane-perturbing activity make bacteria
less prone to develop resistance and constitute a promising source of new effective thera-
peutics [5-7]. Because of their biocompatibility, seldom accumulation in body tissues, and
the harmlessness of their degradation products, peptides have become a unique class of
therapeutic agents [8]; to date, more than 80 peptides have reached the global market [9].
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In parallel, extensive research has been carried out in terms of the discovery, production,
and optimization of AMPs, and an average of 70 AMPs are in preclinical/clinical evalu-
ation [10,11]. AMPs are generally produced by all living species as key effectors of the
innate immune system [12]; amphibian skin represents an invaluable wealthy storehouse
of such molecules [13]. Studies conducted in our laboratory have led to the discovery of a
frog-skin-derived membrane-active AMP, i.e., Esc(1-21), with bactericidal activity against
both the planktonic and biofilm forms of the human pathogen Pseudomonas aeruginosa [14].
Nowadays, lung colonization by the sessile form of this bacterium holds a challenging
threat, mostly in patients affected by cystic fibrosis (CF) [15,16], a genetic disease caused
by mutations in the gene encoding the CF transmembrane conductance regulator (CFTR)
protein, which controls chloride and bicarbonate transport mainly at the apical membrane
of secretory epithelia, including those at the airways [17,18]. The most common muta-
tion is the deletion of phenylalanine 508 (F508-del CFTR), which causes the production
of an incorrectly folded protein that is rapidly degraded [19]. Furthermore, the small
fraction of F508del-CFTR that reaches the plasma membrane [20] exhibits a defect in chan-
nel gating. As a result, the outflow of anions is inhibited, leading to increased water
absorption by epithelial cells and the formation of a sticky airway mucus where inhaled
microbes accumulate, giving rise to the onset of chronic pulmonary infection with serious
respiratory dysfunctions.

During the last several years, by changing the stereochemical configuration of only
two L-amino acids of Esc(1-21), i.e., Leu!* and Ser!’, to the corresponding D-enantiomers,
we discovered that the resulting diastereomer Esc(1-21)-1c is: (i) more resistant to enzymatic
degradation [21] and (ii) more efficient in restoring bronchial epithelium integrity [22,23].
This last feature is not shown by any traditional antibiotic and is expected to accelerate
the healing of a damaged lung epithelium, especially in CF lungs, where wound-healing
processes are highly compromised [24]. Interestingly, we also discovered an unprecedented
property of AMPs, which is the ability of both Esc(1-21) and Esc(1-21)-1c (Esc peptides) to
act as potentiators of the CFTR with ion conductance defects [25].

However, the “ad hoc” development of novel therapeutics based on peptide antibi-
otics and their translation from basic research to the clinic requires consideration of several
underexplored aspects associated with the effective application of AMPs. These include
studies on: (i) peptides’ stability under conditions that reflect the physiology of the target
site (e.g., the lung); (ii) tolerability for the assessment of a therapeutic window; (iii) identifi-
cation and validation of an efficient delivery system of AMPs without eliciting undesirable
local and/or systemic side effects. Previous studies highlighted Esc(1-21)-1c as the most
efficient Esc peptide in reducing the lung bacterial burden in a mouse model of acute Pseu-
domonas lung infection, upon a single intratracheal (i.t.) instillation at a very low dosage
(0.1 mg/kg, corresponding to 20 uM) with comparable efficacy to colistin, the last-resort
antibiotic for the treatment of infections [26]. Nevertheless, studies aimed at evaluating Esc
peptides’ local toxicity or tolerability at higher therapeutic dosages are missing. Recently,
we also demonstrated how polyvinyl-alcohol (PVA)-engineered poly(lactide-co-glycolide)
(PLGA) nanoparticles (PVA-PLGA NPs) represent an enticing nanoformulation for pul-
monary delivery of AMPs, able to (i) assist AMP diffusion through biological barriers,
such as the mucus (which becomes a thick layer in CF) and (ii) prolong AMP antibacterial
efficacy against Pseudomonas-induced lung infection [27]. Conceiving PVA-PLGA NPs as
a promising inhalable formulation for the treatment of lung infections, and investigating
their pulmonary safety, in terms of gene expression and tissue integrity compared to the
free peptides, would be highly recommended [28].

Hence, in line with the above, we initially performed studies aimed at identifying the
effect(s) of peptide-based PLGA formulation in comparison to the soluble free form of Esc
peptides on both (i) the integrity of CFTR-expressing epithelium and (ii) the pulmonary host
response after i.t. administration in healthy mice. Afterward, we assessed the maximum
tolerated dosage and stability in the bronchoalveolar lavage for the Esc isoform endowed
with the highest in vivo antimicrobial effectiveness, Esc(1-21)-1c.
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2. Materials and Methods
2.1. Peptides

Synthetic Esc(1-21) (GIFSKLAGKKIKNLLISGLKG-NH,) and its diastereomer, Esc(1-
21)-1c, GIFSKLAGKKIKN(d-Leu)LI(d-Ser)GLKG-NH,;, were purchased from Biomatik
(Wilmington, NC, USA). Briefly, the peptides were assembled by stepwise solid-phase
synthesis using a standard F-moc protocol and purified via reverse-phase high-performance
liquid chromatography (RP-HPLC) to a purity of 95%. The molecular mass was verified by
mass spectrometry (Figure S1).

2.2. PVA-PLGA Nanoparticle Production and Characterization

NPs containing either synthetic Esc(1-21) or its diastereomer, Esc(1-21)-1c, at a the-
oretical loading of 2% (2 mg of peptide per 100 mg of NPs) were prepared by emul-
sion/solvent diffusion, as previously reported [27]. Briefly, 100 uL of an aqueous solution
of each Esc peptide was added to a solution of uncapped PLGA 50:50 (Resomer® RG 502H,
Mw 7000-17,000 Da, inherent viscosity 0.16-0.24 dL /g, Evonik, Germany) in methylene
chloride (1 mL, 10 mg/mL) under vortex mixing (Reax top, Heidolph, Germany). The re-
sulting water-in-oil emulsion was poured into 12.5 mL of ethanol to induce the production
of NPs. Then, the NP dispersion was diluted with 12.5 mL of aqueous 0.1% (w/v) PVA
(Mowiol® 40-88, average Mw ~205 000 Da, 87-89% hydrolyzed, Merck, Italy) and kept
under magnetic stirring for 10 min at room temperature. The residual organic solvent
was evaporated under vacuum at 30 °C (Rotavapor®, Heidolph VV 2000, Germany). NP
colloidal dispersion was collected, adjusted to a final volume of 5 mL, and centrifuged
at 7000x g for 20 min at 4 °C (Hettich Zentrifugen, Universal 16R, Hettich, Germany) to
isolate NPs. The resulting NP pellet was diluted in ultrapure water up to the desired final
concentration. When needed, Esc-peptide-loaded NPs were freeze-dried, adding trehalose
as a cryoprotectant, with a NP/trehalose ratio of 1:25 w/w, as previously reported [27].
Control bare PVA-PLGA NPs were prepared in the absence of Esc peptides.

2.3. Cells

The following cell cultures were employed: CFBE410- and Fischer rat thyroid (FRT)
cells with stable expression of F508del-CFTR (F508del-CBFE41o- and F508del-FRT, re-
spectively) as well as CFBE41o- cells expressing a wild-type CFTR (wt-CFBE410-) [29].
CFBE410- cells were cultured in minimal essential medium (MEM), and FRT cells were
cultured in Coon’s modified Ham’s F-12 medium (Sigma-Aldrich, St. Luis, MO, USA), both
supplemented with 10% fetal calf serum, 2 mM L-glutamine, and antibiotics (0.1 mg/mL
of penicillin and streptomycin), at 37 °C and 5% CO, in 75 cm? flasks. Stable expression
is maintained by adding puromycin (0.5 pg/mL or 2 ng/mL for wt-CBFE410- or F508del-
CBFE410-, respectively) and 0.6 mg/mL zeocin for FRT cell line to the complete culture
medium. CF and non-CF primary bronchial cells were from the University of Pittsburgh CF
center cell culture core facility. They were cultured in flasks and maintained at air-liquid
interface (ALI) until being fully differentiated as polarized cells for experiments.

2.4. Transepithelial Electrical Resistance (TEER) Experiments

Epithelial integrity was evaluated by measuring the transepithelial electrical resistance
in CBFE410- and FRT cells using the 24-transwell plates (24 Millicell plates PSHT010R1)
and an electronic resistance system (Millicell ERS-2, EMD Millipore, Burlington, MA, USA).
The medium was replaced every 3 days, and cells were used for TEER measurements
after 7 days. Two days before the experiment, epithelia were incubated in their standard
culture medium supplemented with 1 uM Vx-809 in the case of F508del- CBFE410- and
F508del-FRT. After 24 h, the medium was discarded, and epithelia were treated with Esc
peptides, Esc-peptide-loaded PVA-PLGA NPs, or control bare PVA-PLGA NPs (in both the
apical and basolateral compartments at different concentrations). After 24 h, the medium
was replaced with a saline solution containing (in mM) 130 NaCl, 2.7 KCl, 1.5 KHyPOy,
1 CaCly, 0.5 MgCly, 10 glucose, and 10 Na-Hepes (pH, 7.4), which was added to both apical
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and basolateral compartments of the permeable supports. A sterile electrode was applied
onto the apical side of the transwell insert containing the cells with/without treatments,
and TEER was measured in basal conditions by the epithelial voltmeter and then converted
to transepithelial conductance (TEEC) using the formula TEEC = 1/TEER [30].

2.5. Scanning Electron Microscopy

Primary cultured epithelial cells were seeded in 6.5 mm Transwell® with 0.4 um-pore
polyester membrane sterile insert (2 x 10° cells/insert/100 uL) while 350 uL of bronchial
epithelial cell growth medium (Lonza, Basel, Switzerland) was added to the basolateral
side of the transwell system (12 inserts in a 24 well plate). The apical medium was removed
3 days after seeding the cells on top of the inserts. The newly established air-liquid interface
(ALI) cell culture system was cultured for an additional 8-10 days to achieve full confluency.
Afterward, epithelia were washed apically with 100 uL of phosphate-buffered saline (PBS).
A total of 100 uL of PBS supplemented or not with each Esc peptide at 20 pM was added
on the apical compartment. Cells were then incubated for 5 h at 37 °C. Afterward, apical
supernatant was removed, and samples were fixed with 2.5% glutaraldehyde in 0.01 M PBS
for 60 min. The samples were then fixed in 1% osmium tetroxide (OsOy for 60 min and
extensively washed with the same buffer and dehydrated with a graded ethanol series.
After dehydration in hexamethyldisilazane and sputter coating, the samples were examined
using a scanning electron microscope (Philips XL 30 CP instrument).

2.6. Gene Expression

All animal experiments were carried out based on a protocol (n. 20087639) approved by
the Institutional Animal Care and Use Committee of the University of Pittsburgh according
to the National Institutes of Health (NIH) guide for the care and use of laboratory animals.
Seven-week-old female wild-type CD1 mice were anesthetized by isoflurane inhalation
and instilled intratracheally with 50 pL of peptide solution (0.1 mg/kg, i.e., 20 uM) or
PVA-PLGA NP suspension (either bare NPs or NPs loaded with each peptide at 0.1 mg/kg),
in PBS. Control mice were given 50 puL of PBS without peptide. After 24 h, mice were
euthanized for lung tissue isolation to extract RNA for differential expression analysis
(sequencing work was performed by Novogene US Marketing).

2.7. Mouse Toxicity and Maximum Tolerated Dosage (MTD)

Five-week-old female wild-type CD1 mice were anesthetized by isoflurane inhalation
and instilled intratracheally with 1.5 mg/kg (corresponding to 300 uM) of Esc(1-21)-1c
in the free or encapsulated form in 50 pL of PBS. Mice instilled with 50 uL of PBS or
bare PVA-PLGA NPs were included for control. After 1 day and 14 days, mice were
euthanized for tissue isolation and examined for histopathology. Tissues were fixed in situ
with 4% paraformaldehyde for 10 min with open chest cavity. They were then embedded
in paraffin, and 5 pm-thick tissue slices were prepared by staining in hematoxylin and
eosin and analyzed for pathological severity. In parallel, another group of seven animals
was anesthetized by isoflurane inhalation and instilled intratracheally with escalating
concentrations up to 7 mg/kg Esc(1-21)-1c in 50 uL of PBS and monitored for survival to
determine the MTDs.

2.8. Stability Measurements in Bronchoalveolar Lavage Fluid

Bronchoalveolar lavage fluid (BAL) was collected from male and female C57BL/6 mice
(4-5 months old) according to the procedure described in [31,32]. Mice were euthanized
by means of CO, narcosis; a small incision at the level of the neck was made and a blunt
needle connected to a syringe was inserted into the trachea. Then, lungs were washed with
1 mL of sterile PBS. BAL samples from each mouse were pooled, centrifuged at 1000 rpm
(corresponding to 0.1x g) for 5 min, and stored at —80 °C. The supernatant was used for
stability tests.
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Peptides were dissolved in 400 pL of PBS at a concentration of 300 uM, and added
to an equal volume of BAL at a final concentration of 150 uM. At different time points,
150 pL aliquots were withdrawn and added to 500 puL of acetonitrile, and then centrifuged.
The supernatants were diluted with 160 uL of 0.1% trifluoroacetic acid (TFA)—water and
analyzed by RP-HPLC and mass spectrometry. Liquid chromatography was performed on a
Phenomenex Jupiter Cyg analytical column (300 A5 um, 250 x 4.6 mm) in a 30 min gradient,
using 0.1% TFA in water as solvent A and acetonitrile as solvent B. Mass spectrometry
analysis of diluted samples was performed with a Bruker Daltonic-ultraflex-matrix-assisted
laser desorption ionization tandem time-of-flight (MALDI-TOF/TOF) mass spectrometer.

2.9. Statistical Analyses

Quantitative data, collected from independent experiments, were expressed as the
means =+ standard errors of the means (5.E.M.). Statistical analysis was performed using
one-way analysis of variance (ANOVA) with PRISM software version 8.0.1 (GraphPad,
San Diego, CA, USA). Differences were considered statistically significant at a p value of
<0.05. The levels of statistical significance are indicated in the legends of the figures.

3. Results
3.1. In Vitro Effect of Esc Peptides and Esc-Peptide-Loaded PVA-PLGA NPs on
F508del-CFTR-Expressing Epithelium

Esc-peptide-loaded PVA-PLGA NPs, comprising a PLGA core to efficiently entrap
and slowly release the peptide cargo and a PVA shell providing for mucus-/biofilm-
penetrating properties, were produced as previously reported [27]. In the optimized
formulation conditions, NPs display a hydrodynamic diameter lower than 300 nm, a
low polydispersity index, a slight negative (-potential, a complete peptide entrapment
(entrapment efficiency always around 100%), and a typical biphasic in vitro release profile
of the entrapped Esc peptide, lasting for 3 days [27]. Conceiving PVA-PLGA NPs for
inhalation [27], their effect on the lung epithelium integrity was initially tested, either
in the free or loaded form, by measuring the transepithelial electrical conductance after
24 h of treatment. Bronchial epithelial cells expressing a functional copy of CFTR or its
mutated F508del form (wt-CBFE410- and F508del-CBFE410-, respectively) were employed.
Peptides in the soluble free form were also included for comparison. They were used
at two different concentrations, i.e., 10 and 20 pM. Note that 10 uM corresponds to the
best (minimal) concentration able to display a CFIR potentiator activity in bronchial
epithelial cells [25], while 20 uM was the optimal peptide concentration showing pulmonary
antimicrobial efficacy [26]. As reported in Figure 1, negligible changes in the transepithelial
electrical conductance were attained when the epithelium was treated with the Esc-peptide-
loaded PVA-PLGA NPs in comparison to untreated samples or samples treated with the
free-peptide counterparts. This indicates that neither PVA-PLGA NPs or Esc peptides
are harmful to epithelial cells expressing either wild-type or mutated CFIR nor cause
paracellular leakage of ions, meaning that cell junctions remain well-tightened.

Remarkably, similar results were obtained for the FRT expressing F508del-CFTR,
which have been extensively used for studies on CFTR protein (Figure S2).

Note that epithelial cells may be able to repair the damage induced by the administra-
tion of exogenous compounds in the long term (24 h). However, the harmless effect of Esc
peptides on both normal and CF lung epithelia was also confirmed at a shorter time (5 h)
by scanning electron microscopy (SEM). As shown in Figure S3, treatment of both normal
and CF primary bronchial epithelial cells (grown in ALI to better mimic the human airway
conditions and to drive differentiation towards a mucociliary phenotype) with 20 uM Esc
peptides did not provoke any significant morphological change in the epithelial surface.
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Figure 1. Effect of bare or Esc-peptide-loaded PVA-PLGA NPs on transepithelial conductance
measured in F508del (upper panel) and wt (lower panel) CFBE41o- after 24 h of incubation compared
to the free Esc peptides at two different concentrations. The controls were untreated cells. Data are
expressed as mean + S.E.M. from three independent experiments. No statistical difference was found.

3.2. In Vivo Studies: Effect of Free or Encapsulated Esc Peptides on Global Pulmonary
Genetic Changes

To go in-depth into the potential clinical application of inhalable PVA-PLGA NPs
as delivery systems of Esc peptides, we determined their pulmonary safety profile in
healthy mice, when used either in their bare form or loaded with the Esc peptides. For a
complete overview of the global genetic changes in the lungs of animals after 24 h exposure
to peptide-loaded PVA-PLGA NPs compared to the free peptides or the vehicle PBS, we
performed transcriptome studies by RNA-seq. To this aim, the standard immunocompetent
outbred mouse strain CD-1 was used. Due to its ability to reflect the natural response of
a non-immunocompromised human being, this is a common animal model for toxicity
analysis. Esc-peptide-loaded PVA-PLGA NPs as well as free Esc peptides at a dosage
of 0.1 mg/kg (~20 uM), which have already found to be active in vivo by provoking a
2-logjo reduction in lung bacterial burden [26], were intratracheally administered.
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Only a minimal number of lung genes (up to 6 out of 25,000) were up- or downreg-
ulated by more than two-fold in animals treated with Esc peptides or with Esc-peptide-
loaded PVA-PLGA NPs versus PBS-treated animals. The identified genes are shown in
Table 1; the corresponding volcano plots of the differential gene expression are reported in
Figure S4. Among them were a member of the non-protein-coding small nucleolar RNA
gene family (Snhg11), three pseudogenes (i.e., Eif4a-ps4, Gm10320, and Gm14150), and two
genes predicted to be structural constituents of ribosomes (i.e., Rpl26 and Rpl30) or encod-
ing a component of the cytoskeletal motor protein dynein (Dynlt1f) or alpha-synuclein
(Snca), while the other genes were found to be involved in the positive regulation of protein
phosphorylation (Chill) or the signaling receptor-binding activity (H2-T22). Remarkably,
none of these genes appear to be involved in toxicity-related processes.

Table 1. List of up- or downregulated genes in lungs of animals treated with Esc(1-21)-1c, Esc-peptide-
loaded PVA-PLGA NPs, compared to those of PBS-treated animals.

Gene

Effect Name Gene Description Gene Type Log,FC
Esc(1-21) None
Down Snhgl11 Small nucleolar RNA host gene 11 Protein coding —1.949
Up Rpl30 Ribosomal protein L30 Protein coding 14.876
Esc(1-21)-1c Up Rpl26 Ribosomal protein L26 Protein coding 20.049
Up Chill chitinase-like 1 Protein coding 34.248
Up Eif4a-ps4 - Pseudogene 17.867
Up Dynlt1f Dynein light-chain Tctex-type 1F Protein coding 19.702
Esc(1-21)_PVA- Down H2-T22 Hlsmcompl";tclzlshz 2 Tregion Protein coding 15437
PLGA NPs Up Gm10320 Predicted pseudogene 10320 Protein coding 24.607
Esc(1-21)-1c_PVA- Down Snca Synuclein alpha Protein coding —14.029
PLGA NPs Down Gm14150 Predicted gene 14150 Pseudogene —25.684

Up: upregulated; down: downregulated. Log, fold change is also indicated.

3.3. Esc(1-21)-1c Safety Profile in Lungs and Other Organs

We previously demonstrated that i.t. instillation of 0.1 mg/kg of Esc peptides either in
the free form or upon encapsulation into PVA-PLGA NPs did not alter the lung mucocil-
iary clearance in healthy mice [27]. However, the in vivo toxicity of Esc-peptide-loaded
PVA-PLGA NPs upon pulmonary administration is an unexplored area. Therefore, we
investigated the lung safety of the most promising Esc peptide, Esc(1-21)-1c, for therapeutic
development. To this purpose, Esc(1-21)-1c was i.t. instilled in CD1 mice either in the free
or encapsulated form at 1.5 mg/kg (~300 uM), corresponding to a 15-fold-higher concen-
tration than that used in previous in vivo efficacy studies (0.1 mg/kg) [27]. As highlighted
by the histological analysis in Figure 2, we did not detect any inflammatory response (there
were no infiltrates of inflammatory cells) or lung tissue damage either after 1 day or 14 days
from peptide administration in the free or encapsulated form. In parallel, no toxicity was
detected for the corresponding amount of bare PVA-PLGA NPs, in line with our previous
work showing an invariant expression of inflammation-associated genes (including IL-6,
IL-10, or the tumor necrosis factor-oc and NF-«kB) in the lungs of mice after instillation of
PVA-PLGA NPs encapsulated or not with Esc peptides [27].

In addition, no visible tissue injury, necrosis, or alteration in cell density was observed
for other organs, such as the liver and kidneys, in comparison to control samples (Figure 3).
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Figure 2. Histological analysis of lungs in CD1 mice, after 1 day and 14 days from i.t. administration
of Esc(1-21)-1c either in the free or encapsulated form at a dosage of 1.5 mg/kg. The amount of
unloaded PVA-PLGA NPs was the same as that present in Esc(1-21)-1c-loaded NPs. The results were
compared to those obtained with PBS-treated mice (control), (magnification 4 x).

To ensure that the lung safety of Esc(1-21)-1c 24 h after its administration was not
due to its complete degradation in the lung environment, we studied its biostability at
300 uM in the presence of mouse BAL. As pointed out by the mass spectra in Figure 4, when
Esc(1-21)-1c was incubated with BAL, a peak of molecular mass of 2185 Da corresponding
to the full-length peptide [22] was detected even after 24 h. On the contrary, the all-L isomer
was significantly less stable, as highlighted by the appearance of multiple degradation
products and the lack of the peak corresponding to the entire peptide sequence after 6 h.
However, both spectra showed the appearance of a peak (2129 Da) at 6 h, which became
prevalent at 24 h. This peak indicates the loss of a Gly residue from the peptide sequences.

76



Pharmaceutics 2022, 14, 2297

Esc(1-21)-1c_PVA- PVA-PLGA NPs

Control Esc(1-21)-1c

PLGA NPs
A bavi
DAY 14
Esc(1-21)-1c_PVA-
B PLGA NPs PVA-PLGA NPs
DAY 1 3 5
DAY 14 "

Figure 3. Representative images of kidney (A) and liver (B) tissues in CD1 mice, after 1 day and
14 days from i.t. administration of Esc(1-21)-1c either in the free or encapsulated form at a dosage of
1.5 mg/kg compared to the corresponding bare PVA-PLGA NPs or PBS-treated animals (control).
Organs were harvested, fixed, and stained for histological evaluation (magnification 4 x).

3.4. Determination of Maximum Tolerated Dosage

Development of peptides as anti-infective agents requires knowledge of their therapeu-
tic index (TI), which is defined as the ratio between the maximum tolerated dosage, MTD
(i.e., the highest concentration causing no obvious adverse effects and no mortality), and the
therapeutic dosage mTd (i.e., the minimal dosage reducing bacterial burden by 2-logjo in
the number of bacterial cells) [33]. Therefore, to identify the MTD of the most efficacious
Esc(1-21)-1c, CD1 mice were i.t. instilled with increasing concentrations of the peptide,
from 1.5 mg/kg to 7 mg/kg, and their survival was monitored for 14 days. Remarkably, the
peptide was well-tolerated by the animals, which remained viable for the entire duration of
the experiment and maintained the same range of motion both after a short time (1 h) and
longer time (24 h) from its i.t. instillation at the highest dosage of 7 mg/kg. Notably, this
concentration was 70-fold greater than the efficacious dose, indicating a TI of at least 70.
When such a high concentration of Esc(1-21)-1c was used, the peptide was detectable in the
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mouse BAL after 48 h of incubation with BAL (Figure S5). This finding indicates that the
harmlessness of the peptide at the long term cannot be attributed to its degradation.
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Figure 4. Mass spectra of Esc(1-21)-1c and the all-L Esc(1-21) after 6 and 24 h in BAL. Marked in red
is the peak of molecular mass at 2185 corresponding to the full-length peptide. The arrow indicates
the peak of molecular mass at 2185 found for Esc(1-21)-1c after 24 h of incubation with BAL.

Furthermore, histopathological examination of lung tissue did not reveal significant
recruitment of inflammatory cells compared to PBS-treated mice within 48 h from i.t.
instillation of Esc(1-21)-1c, in agreement with the absence of macroscopic damage to the
lungs (Figure 5).

B

control

Figure 5. Histologic analysis of mouse lung tissues at 48 h after i.t. instillation of Esc(1-21)-1c at
7mg/kg. Lung tissues were harvested, fixed, and stained for histological evaluation without peptide
treatment (A) or after peptide administration (B) (magnification 20x).

Similarly to what was found for the peptide dosage of 1.5 mg/kg, no alteration in the
tissue structure was visible at the level of the liver, spleen, and kidneys after treatment with
7 mg/kg of Esc(1-21)-1c, compared to the control (Figure 6).
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Figure 6. Representative images of liver, spleen, and kidneys from healthy mouse at 48 h after i.t.
instillation of Esc(1-21)-1c at 7mg/kg. Tissues were harvested, fixed, and stained for histological
evaluation without peptide treatment (control, left side) or after peptide administration (right side)
(magnification 20x).

4. Discussion

The urgent health concern related to antibiotic resistance has driven a renewed interest
in the clinical development of peptides compared to the previous two decades. Interestingly,
besides having direct antimicrobial activity, some AMPs also display additional biological
functions involved in the modulation of host immunity, including enhanced chemotaxis
of immune cells, activation of immune cell differentiation, stimulation of wound healing,
and angiogenesis, scavenging of bacterial endotoxins [34]. The broad spectrum and rapid
bactericidal activity of AMPs combined with the low risk of inducing resistance makes
them a valid option for alternative antimicrobial compounds. However, to the best of our
knowledge, there are no AMPs in clinical trials for the development of new inhalable drugs
against lung infections.

Here, to emphasize the attractive properties of Esc peptides for the treatment of lung
diseases, especially in CF, likely via pulmonary delivery upon incorporation into PVA-
PLGA NPs, we investigated their effect on the lung epithelial integrity and the host immune
response in terms of gene expression and tissue damage at the target district. Remark-
ably, we discovered that both Esc peptides and PVA-PLGA (drug carrier) are harmless
to epithelial cells. This was evidenced by the invariant transepithelial conductance in
bronchial epithelia upon treatment, as measured by TEER experiments, which appear to
be more sensitive than typical cytotoxicity tests by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Nonetheless, one of the most critical limitations
of AMPs, particularly when embedded into a delivery system, is the lack of potential toxic-
ity data in animal models. There are currently 15 FDA-approved PLA-/PLGA-based drug
products available on the US market [35], and several studies on the usage of PLGA-based
nanocarriers for pulmonary drug delivery are in progress [36,37]. Together with chitosan,
PLGA is the most investigated polymer for the development of inhaled formulations
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aimed at extending the pulmonary exposure and pharmacological effect of encapsulated
drugs [38]. This is because of its biodegradability [39], which can be modulated by varying
the lactide/glycolide ratio, molecular weight, chemical structure, and biocompatibility [28].
We formerly highlighted how incorporating AMPs into PVA-PLGA NPs and their pul-
monary administration represent a suitable approach to assist peptide diffusion through
an artificial lung mucus, eradicate biofilm, and potentiate and extend the in vivo antimi-
crobial efficacy of Esc peptides in the lung [27]. The work from Haque and colleagues [40]
reported that PLGA NPs do not appear to be absorbed into the lungs after pulmonary
administration but rather are degraded into lower-molecular-weight constituents that are
subsequently absorbed. PLGA NPs have also been used (i) to release loaded AMPs to the
wounds to accelerate healing processes [41] and (ii) to deliver drugs in tumor combination
therapy [42].

Nevertheless, a limited number of studies have been performed to confirm the safety
of PLGA NPs in the short and long term, especially in the lung compartment [43—46].

Our previous work highlighted that PVA-PLGA NPs do not induce any recruitment
of inflammatory cells into the lung alveoli of healthy mice nor changes in the expression
of inflammation-associated genes 36 h after pulmonary administration [27]. Here, the
transcriptomic analysis provided us with the first demonstration that Esc peptides, either
in the free or encapsulated form in PVA-PLGA NPs, promote a response closer to the gene
expression pattern of the PBS-treated host.

To the best of our knowledge, this is the first case showing the effect of peptide-loaded
PVA-PLGA NPs on the global genetic profile of targeted tissues (i.e., lungs) upon admin-
istration in the conductive airways of mice, in comparison to the vehicle-treated animals.
Interestingly, only 2 genes out of 25,000 were found to be up-/downregulated by more than
2-fold by the Esc-peptide-loaded PVA-PLGA versus the PBS-treated mice (i.e., H2-T22 and
the pseudogene Gm10320 for Esc(1-21)-loaded NPs and Snca and the pseudogene Gm14150
for Esc(1-21)-1c-loaded NPs). Moreover, as pointed out by histological analysis of lungs
tissue, no sign of inflammation/damage was detected by NPs when used in the free or
loaded form with Esc(1-21)-1c at a concentration 15-fold higher than the therapeutic dosage
of 0.1 mg/kg [47-49], either after 1 day or 14 days from i.t. administration. Together, these
data have contributed to further supporting the harmlessness of PVA-PLGA NPs in the
respiratory tract.

The other important finding of this work is the discovery of the safety profile of
Esc(1-21)-1c and its tolerability by animals, at a concentration 70-fold higher than the
efficacy dose, without eliciting any detectable damage to the lung, spleen, liver, and kidney,
unlike what has been described for the AMP D-BMAP18, which was found to cause lung
edema when used at doses of 1 and 2 mg/kg [50]. In addition, we proved that the absence
of toxicity was not due to the complete degradation of the peptide, which instead remained
available in the BAL within the first 48 h. This is in contrast with the low biostability of
other investigated AMPs for treatment of lung infections, such as (i) all-L-BMAP18 AMPs,
which were degraded by pulmonary proteases in murine BAL fluids within the first 20 min
of exposure [51] and did not display any in vivo antibacterial activity, and (ii) P-113, which
showed a half-life of a few minutes in undiluted sputum [52].

5. Conclusions

In conclusion, we have filled the gap of some underexplored but relevant aspects for
the translation of AMPs into new inhalable medicines by providing evidence of (i) the
pulmonary safety profile of Esc peptides and PVA-PLGA NPs as a valuable nanoparticulate
system for AMP delivery to the lungs; (ii) a prolonged biostability of Esc(1-21)-1c in the
mouse BAL together, and (iii) its promising therapeutic index.

Overall, in addition to expanding our knowledge on the safety profile of Esc peptides
for the development of new drugs to treat P. aeruginosa lung infection, our studies should
open the avenue for a new up-and-coming pharmacological approach, likely based on
inhalable peptide-loaded NPs, to address CF lung disease.

80



Pharmaceutics 2022, 14, 2297

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics14112297/s1. Figure S1: HPLC and mass spectra of Esc peptides;
Figure S2: Effect of bare or Esc-peptide-loaded PVA-PLGA NPs on F508del-FRT epithelium integrity after
24 h of incubation; Figure S3: SEM images of bronchial epithelia; Figure S4: Effect of free or encapsulated
peptides on lung gene expression; Figure S5: Mass spectra of Esc(1-21)-1c after 48 h of incubation with
mouse BAL.

Author Contributions: Conceptualization, B.C., Y.P.D., and M.L.M.; formal analysis, E.C., B.C., and
L.F; investigation, EC., B.C., M.R.L, E.P, Q.L., D.Y,, G.C,, L.C., and R.B.; funding acquisition M.L.M.;
resources, I.d., EU., AP, YPD., and M.L.M.; supervision, Y.P.D. and M.L.M.; writing—original draft,
F.C, B.C., and M.L.M.; writing—review and editing, Y.P.D. and M.L.M. All authors have read and
agreed to the published version of the manuscript.

Funding: Fondazione Italiana per la Ricerca sulla Fibrosi Cistica (Project FFC 8/2019) Delegazione
FFC di Imola e Romagna con Gruppo di sostegno FFC di Faenza.

Institutional Review Board Statement: Animal experiments were carried out based on a protocol
(n. 20087639) approved by the Institutional Animal Care and Use Committee of the University
of Pittsburgh according to the National Institutes of Health (NIH) guide for the care and use of
laboratory animals.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article or Supplementary Material.

Acknowledgments: M.L.M. thanks Luis Galietta (Telethon Institute of Genetics and Medicine,
Pozzuoli, Italy) for providing cell lines.

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

References

1.  Antimicrobial Resistance, C. Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 2022, 399,
629-655. [CrossRef]

2. Lepape, A.; Jean, A.; De Waele, ].; Friggeri, A.; Savey, A.; Vanhems, P.; Gustin, M.P.; Monnet, D.L.; Garnacho-Montero, J.;
Kohlenberg, A. European intensive care physicians’ experience of infections due to antibiotic-resistant bacteria. Antimicrob. Resist.
Infect. Control 2020, 9, 1. [CrossRef] [PubMed]

3. Boucher, HW.; Talbot, G.H.; Bradley, ].S.; Edwards, J.E.; Gilbert, D.; Rice, L.B.; Scheld, M.; Spellberg, B.; Bartlett, J. Bad bugs, no
drugs: No ESKAPE! An update from the Infectious Diseases Society of America. Clin. Infect. Dis. 2009, 48, 1-12. [CrossRef]

4. Barra, A.L.C.; Dantas, L.O.C.; Morao, L.G.; Gutierrez, R.F,; Polikarpov, I.; Wrenger, C.; Nascimento, A.S. Essential Metabolic
Routes as a Way to ESKAPE From Antibiotic Resistance. Front. Public Health 2020, 8, 26. [CrossRef] [PubMed]

5. Browne, K.; Chakraborty, S.; Chen, R.; Willcox, M.D.; Black, D.S.; Walsh, W.R.; Kumar, N. A New Era of Antibiotics: The Clinical
Potential of Antimicrobial Peptides. Int. J. Mol. Sci. 2020, 21, 7047. [CrossRef] [PubMed]

6.  Mahlapuu, M.; Hakansson, ]J.; Ringstad, L.; Bjorn, C. Antimicrobial Peptides: An Emerging Category of Therapeutic Agents.
Front. Cell. Infect. Microbiol. 2016, 6, 194. [CrossRef]

7. Mookherjee, N.; Anderson, M.A.; Haagsman, H.P.; Davidson, D.J. Antimicrobial host defence peptides: Functions and clinical
potential. Nat. Rev. Drug Discov. 2020, 19, 311-332. [CrossRef] [PubMed]

8. Muttenthaler, M.; King, G.F,; Adams, D.J.; Alewood, PF. Trends in peptide drug discovery. Nat. Rev. Drug Discov. 2021, 20,
309-325. [CrossRef]

9. Mahlapuu, M.; Bjorn, C.; Ekblom, J. Antimicrobial peptides as therapeutic agents: Opportunities and challenges. Crit. Rev.
Biotechnol. 2020, 40, 978-992. [CrossRef]

10. Koo, H.B.; Seo, J. Antimicrobial peptides under clinical investigation. Pept. Sci. 2019, 111, e24122. [CrossRef]

11. Dijksteel, G.S.; Ulrich, M.M.; Middelkoop, E.; Boekema, B.K. Review: Lessons Learned From Clinical Trials Using Antimicrobial
Peptides (AMPs). Front. Microbiol. 2021, 12, 616979. [CrossRef] [PubMed]

12.  Boman, H.G. Peptide antibiotics and their role in innate immunity. Annu. Rev. Immunol. 1995, 13, 61-92. [CrossRef] [PubMed]

13.  Mangoni, M.L. Temporins, anti-infective peptides with expanding properties. Cell. Mol. Life Sci. CMLS 2006, 63, 1060—-1069.
[CrossRef] [PubMed]

14. Luca, V,; Stringaro, A.; Colone, M.; Pini, A.; Mangoni, M.L. Esculentin(1-21), an amphibian skin membrane-active peptide with
potent activity on both planktonic and biofilm cells of the bacterial pathogen Pseudomonas aeruginosa. Cell. Mol. Life Sci. CMLS
2013, 70, 2773-2786. [CrossRef]

15.  Flume, P.A. Pulmonary complications of cystic fibrosis. Respir. Care 2009, 54, 618-627. [CrossRef]

16. Ciofu, O.; Tolker-Nielsen, T.; Jensen, P.O.; Wang, H.; Hoiby, N. Antimicrobial resistance, respiratory tract infections and role of

biofilms in lung infections in cystic fibrosis patients. Adv. Drug Deliv. Rev. 2015, 85, 7-23. [CrossRef]

81



Pharmaceutics 2022, 14, 2297

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sheppard, D.N.; Welsh, M.]. Structure and function of the CFTR chloride channel. Physiol. Rev. 1999, 79, 523-545. [CrossRef]
Cheng, S.H.; Rich, D.P; Marshall, J.; Gregory, R.J.; Welsh, M.].; Smith, A.E. Phosphorylation of the R domain by cAMP-dependent
protein kinase regulates the CFTR chloride channel. Cell 1991, 66, 1027-1036. [CrossRef]

Jensen, T.J.; Loo, M.A,; Pind, S.; Williams, D.B.; Goldberg, A.L.; Riordan, J.R. Multiple proteolytic systems, including the
proteasome, contribute to CFTR processing. Cell 1995, 83, 129-135. [CrossRef]

Pranke, I.M.; Sermet-Gaudelus, I. Biosynthesis of cystic fibrosis transmembrane conductance regulator. Int. |. Biochem. Cell Biol.
2014, 52, 26-38. [CrossRef]

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

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

Cappiello, E; Ranieri, D.; Carnicelli, V.; Casciaro, B.; Chen, H.T.; Ferrera, L.; Di, Y.P.; Mangoni, M.L. Bronchial epithelium repair by
Esculentin-la-derived antimicrobial peptides: Involvement of metalloproteinase-9 and interleukin-8, and evaluation of peptides’
immunogenicity. Sci. Rep. 2019, 9, 18988. [CrossRef] [PubMed]

Adam, D.; Bilodeau, C.; Sognigbe, L.; Maille, E.; Ruffin, M.; Brochiero, E. CFTR rescue with VX-809 and VX-770 favors the repair
of primary airway epithelial cell cultures from patients with class II mutations in the presence of Pseudomonas aeruginosa
exoproducts. J. Cyst. Fibros. 2018, 17, 705-714. [CrossRef]

Ferrera, L.; Cappiello, F; Loffredo, M.R.; Puglisi, E.; Casciaro, B.; Botta, B.; Galietta, L.].V.; Mori, M.; Mangoni, M.L. Esc peptides as
novel potentiators of defective cystic fibrosis transmembrane conductance regulator: An unprecedented property of antimicrobial
peptides. Cell. Mol. Life Sci. CMLS 2021, 79, 67. [CrossRef]

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

Casciaro, B.; d’Angelo, I.; Zhang, X.; Loffredo, M.R.; Conte, G.; Cappiello, F,; Quaglia, F,; Di, Y.P.; Ungaro, F.; Mangoni, M.L.
Poly(lactide- co-glycolide) Nanoparticles for Prolonged Therapeutic Efficacy of Esculentin-la-Derived Antimicrobial Peptides
against Pseudomonas aeruginosa Lung Infection: In Vitro and in Vivo Studies. Biomacromolecules 2019, 20, 1876-1888. [CrossRef]
Mundargi, R.C.; Babu, V.R.; Rangaswamy, V.; Patel, P.; Aminabhavi, T.M. Nano/micro technologies for delivering macromolecular
therapeutics using poly(D,L-lactide-co-glycolide) and its derivatives. J. Control. Release 2008, 125, 193-209. [CrossRef]

Sondo, E.; Tomati, V.; Caci, E.; Esposito, A.L; Pfeffer, U.; Pedemonte, N.; Galietta, L.]. Rescue of the mutant CFTR chloride channel
by pharmacological correctors and low temperature analyzed by gene expression profiling. Am. J. Physiol.-Cell Physiol. 2011, 301,
C872-C885. [CrossRef]

Sondo, E.; Falchi, E; Caci, E.; Ferrera, L.; Giacomini, E.; Pesce, E.; Tomati, V.; Mandrup Bertozzi, S.; Goldoni, L.; Armirotti, A.;
et al. Pharmacological Inhibition of the Ubiquitin Ligase RNF5 Rescues F508del-CFTR in Cystic Fibrosis Airway Epithelia.
Cell Chem. Biol. 2018, 25, 891-905.e898. [CrossRef]

Di, M.E.; Yang, D.; Di, Y.P. Using Bronchoalveolar Lavage to Evaluate Changes in Pulmonary Diseases. Methods Mol. Biol. 2020,
2102, 117-128. [CrossRef] [PubMed]

Van Hoecke, L.; Job, E.R.; Saelens, X.; Roose, K. Bronchoalveolar Lavage of Murine Lungs to Analyze Inflammatory Cell
Infiltration. J. Vis. Exp. JoVE 2017, 123, €55398. [CrossRef] [PubMed]

Di, Y.P; Lin, Q.; Chen, C.; Montelaro, R.C.; Doi, Y.; Deslouches, B. Enhanced therapeutic index of an antimicrobial peptide in mice
by increasing safety and activity against multidrug-resistant bacteria. Sci. Adv. 2020, 6, eaay6817. [CrossRef] [PubMed]
Hancock, R.E.; Haney, E.F,; Gill, E.E. The immunology of host defence peptides: Beyond antimicrobial activity. Nat. Rev. Immunol.
2016, 16, 321-334. [CrossRef] [PubMed]

Wang, Y.; Qin, B.; Xia, G.; Choi, S.H. FDA'’s Poly (Lactic-Co-Glycolic Acid) Research Program and Regulatory Outcomes. AAPS ].
2021, 23, 92. [CrossRef]

Ernst, J.; Klinger-Strobel, M.; Arnold, K.; Thamm, J.; Hartung, A.; Pletz, M.W.; Makarewicz, O.; Fischer, D. Polyester-based
particles to overcome the obstacles of mucus and biofilms in the lung for tobramycin application under static and dynamic fluidic
conditions. Eur. ]. Pharm. Biopharm. 2018, 131, 120-129. [CrossRef]

Emami, F; Mostafavi Yazdi, S.J.; Na, D.H. Poly(lactic acid)/poly(lactic-co-glycolic acid) particulate carriers for pulmonary drug
delivery. J. Pharm. Investig. 2019, 49, 667. [CrossRef]

Guo, Y,; Bera, H,; Shi, C.; Zhang, L.; Cun, D.; Yang, M. Pharmaceutical strategies to extend pulmonary exposure of inhaled
medicines. Acta Pharm. Sin. B 2021, 11, 2565-2584. [CrossRef]

Rytting, E.; Nguyen, J.; Wang, X.; Kissel, T. Biodegradable polymeric nanocarriers for pulmonary drug delivery. Expert Opin.
Drug Deliv. 2008, 5, 629-639. [CrossRef]

Haque, S.; Pouton, C.W.; McIntosh, M.P,; Ascher, D.B.; Keizer, D.W.; Whittaker, M.R.; Kaminskas, L.M. The impact of size and
charge on the pulmonary pharmacokinetics and immunological response of the lungs to PLGA nanoparticles after intratracheal
administration to rats. Nanomed. Nanotechnol. Biol. Med. 2020, 30, 102291. [CrossRef]

82



Pharmaceutics 2022, 14, 2297

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Chereddy, K.K.; Her, CH.; Comune, M.; Moia, C.; Lopes, A.; Porporato, P.E.; Vanacker, J.; Lam, M.C.; Steinstraesser, L.;
Sonveaux, P; et al. PLGA nanoparticles loaded with host defense peptide LL37 promote wound healing. J. Control. Release 2014,
194, 138-147. [CrossRef] [PubMed]

Zhang, R.; He, J.; Xu, X;; Li, S.; Peng, H.; Deng, Z.; Huang, Y. PLGA-based drug delivery system for combined therapy of cancer:
Research progress. Mater. Res. Express 2021, 8, 122002.

Scolari, I.R.; Volpini, X.; Fanani, M.L.; La Cruz-Thea, B.; Natali, L.; Musri, M.M.; Granero, G.E. Exploring the Toxicity, Lung
Distribution, and Cellular Uptake of Rifampicin and Ascorbic Acid-Loaded Alginate Nanoparticles as Therapeutic Treatment of
Lung Intracellular Infections. Mol. Pharm. 2021, 18, 807-821. [CrossRef] [PubMed]

Motawea, A.; Ahmed, D.A.M.; El-Mansy, A.A_; Saleh, N.M. Crucial Role of PLGA Nanoparticles in Mitigating the Amiodarone-
Induced Pulmonary Toxicity. Int. |. Nanomed. 2021, 16, 4713—-4737. [CrossRef]

Shen, Y.; TanTai, J. Co-Delivery Anticancer Drug Nanoparticles for Synergistic Therapy Against Lung Cancer Cells. Drug Des.
Dev. Ther. 2020, 14, 4503-4510. [CrossRef]

Mura, S.; Hillaireau, H.; Nicolas, J.; Kerdine-Romer, S.; Le Droumaguet, B.; Delomenie, C.; Nicolas, V.; Pallardy, M.; Tsapis, N.;
Fattal, E. Biodegradable nanoparticles meet the bronchial airway barrier: How surface properties affect their interaction with
mucus and epithelial cells. Biomacromolecules 2011, 12, 4136—4143. [CrossRef]

Sung, J.C.; Pulliam, B.L.; Edwards, D.A. Nanoparticles for drug delivery to the lungs. Trends Biotechnol. 2007, 25, 563-570.
[CrossRef]

Haque, S.; Whittaker, M.R.; McIntosh, M.P,; Pouton, C.W.; Kaminskas, L.M. Disposition and safety of inhaled biodegradable
nanomedicines: Opportunities and challenges. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 1703-1724. [CrossRef]
Beck-Broichsitter, M.; Merkel, O.M.; Kissel, T. Controlled pulmonary drug and gene delivery using polymeric nano-carriers.
J. Control. Release 2012, 161, 214-224. [CrossRef]

Mardirossian, M.; Pompilio, A.; Degasperi, M.; Runti, G.; Pacor, S.; Di Bonaventura, G.; Scocchi, M. D-BMAP18 Antimicrobial
Peptide Is Active In vitro, Resists to Pulmonary Proteases but Loses Its Activity in a Murine Model of Pseudomonas aeruginosa
Lung Infection. Front. Chem. 2017, 5, 40. [CrossRef]

Mardirossian, M.; Pompilio, A.; Crocetta, V.; De Nicola, S.; Guida, F; Degasperi, M.; Gennaro, R.; Di Bonaventura, G.; Scocchi, M.
In vitro and in vivo evaluation of BMAP-derived peptides for the treatment of cystic fibrosis-related pulmonary infections. Amino
Acids 2016, 48, 2253-2260. [CrossRef] [PubMed]

Sajjan, U.S.; Tran, L.T.; Sole, N.; Rovaldi, C.; Akiyama, A.; Friden, PM.; Forstner, ].F.; Rothstein, D.M. P-113D, an antimicrobial
peptide active against Pseudomonas aeruginosa, retains activity in the presence of sputum from cystic fibrosis patients. Antimicrob.
Agents Chemother. 2001, 45, 3437-3444. [CrossRef] [PubMed]

83






Y

pharmaceutics

Review

Recent Advances in Multifunctional Antimicrobial Peptides as
Immunomodulatory and Anticancer Therapy: Chromogranin
A-Derived Peptides and Dermaseptins as Endogenous versus
Exogenous Actors

Francesco Scavello 1*, Mohamed Amiche ? and Jean-Eric Ghia 34

Citation: Scavello, F.; Amiche, M.;
Ghia, J.-E. Recent Advances in
Multifunctional Antimicrobial
Peptides as Inmunomodulatory and
Anticancer Therapy: Chromogranin
A-Derived Peptides and
Dermaseptins as Endogenous versus
Exogenous Actors. Pharmaceutics
2022, 14,2014. https://doi.org/
10.3390/ pharmaceutics14102014

Academic Editor: Rakesh Tiwari

Received: 24 August 2022
Accepted: 20 September 2022
Published: 22 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 IRCCS Humanitas Research Hospital, 20089 Rozzano, M1, Italy

Laboratoire de Biogenese des Signaux Peptidiques (BioSiPe), Institut de Biologie Paris-Seine,
Sorbonne Université-CNRS, 75252 Paris, France

Department of Immunology, Rady Faculty of Health Sciences, University of Manitoba,
Winnipeg, MB R3E 0T5, Canada

Section of Gastroenterology, Department of Internal Medicine, Rady Faculty of Health Sciences,
University of Manitoba, Winnipeg, MB R3E 0T5, Canada

*  Correspondence: francesco.scavello@humanitasresearch.it

Abstract: Antimicrobial peptides (AMPs) are produced by all living organisms exhibiting antimicrobial
activities and representing the first line of innate defense against pathogens. In this context, AMPs
are suggested as an alternative to classical antibiotics. However, several researchers reported their
involvement in different processes defining them as Multifunctional AMPs (MF-AMPs). Interestingly,
these agents act as the endogenous responses of the human organism against several dangerous stimuli.
Still, they are identified in other organisms and evaluated for their anticancer therapy. Chromogranin A
(CgA) is a glyco-phosphoprotein discovered for the first time in the adrenal medulla but also produced
in several cells. CgA can generate different derived AMPs influencing numerous physiological processes.
Dermaseptins (DRSs) are a family of o-helical-shaped polycationic peptides isolated from the skin
secretions of several leaf frogs from the Phyllomedusidae family. Several DRSs were identified as AMPs
and, until now, more than 65 DRSs have been classified. Recently, these exogenous molecules were
characterized for their anticancer activity. In this review, we summarize the role of these two classes
of MF-AMPs as an example of endogenous molecules for CgA-derived peptides, able to modulate
inflammation but also as exogenous molecules for DRSs, exerting anticancer activities.

Keywords: antimicrobial peptides; multifunctional antimicrobial peptides; chromogranin A-derived
peptides; immunomodulators; dermaseptins; anticancer activities

1. Introduction

The first line of response of mammalians against pathogenic invasion is innate im-
munity [1]. It consists of different molecules produced and released by various cell types
belonging to the organs, immune or other systems [1]. Among these molecules, we find
proteins with direct antimicrobial activity or those which activate the complement pro-
teins [1]. Furthermore, small peptides play an essential role thanks to the presence of
specific cationic sequences that interact with the membrane of the pathogens [1,2]. These
molecules are called host defense peptides and are more widely known as antimicro-
bial peptides (AMPs) [2]. They can not only act through different antimicrobial mecha-
nisms of action but [1,2] also with different intensities against an extensive collection of
pathogens [1-4]. However, in light of the potential human clinical application, they can
be classified as endogenous AMPs produced by the human organism, such as Defensins,
Cathelicidins and Dermcidins [3,4]. On the other hand, exogenous AMPs are produced
by microorganisms themselves, plants, insects, amphibians and fishes or mammals but
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not identified in humans, such as Thionins, Piscidins, Cecropins and Dermaseptins [5-9].
However, increasing data show that these AMPs are multifunctional peptides (MF-AMPs)
with different roles in cardiovascular, nervous and renal systems [10-12]. They are also
reported as chemokines, vaccine adjuvants, regulators of the innate defense, immunomod-
ulators and anticancer agents [13,14]. All these properties of MF-AMPs confer to these
molecules a broad spectrum of potential applications in the biomedical field. The 20th
century will be remembered as the time when antibiotic resistance became a world health
problem [15]. Different studies reported this issue and recommended limiting the use of
antibiotics to contain the evolution of resistant bacteria [15,16]. However, to the present day,
the problem is not solved. The World Health Assembly recognized antibiotic resistance
as an alarming issue in human medicine and a leading cause of worldwide death [15,17].
In this context, the MF-AMPs appear to be a possible alternative to antibiotics and have
acquired an increasingly clinical interest [18]. At the same time, prevention of nosocomial
infection and inflammatory activation of the intervention site after the implantation of med-
ical devices is a significant hospital challenge [19]. Additionally, in this case, MF-AMPs are
promising, and several studies reported their functionalization of biomaterials, conferring
antimicrobial and anti-inflammatory properties [20]. Finally, some of these agents can mod-
ulate systemic and tissue inflammation and immune cell activation [21], supporting future
clinical applications as immunomodulators. At the same time, several studies showed the
activities of these agents against different models of cancer cells, demonstrating a profile
of MF-AMPs with potential clinical application also in cancer therapy [14]. Therefore, the
principal aim of this review is to report AMPs as multifunctional agents for future clinical
applications. More specifically, we will focus on endogenous Chromogranin A-derived
peptides for immunomodulation and Dermaseptins as exogenous agents for cancer therapy.

2. General Features, Mechanism of Action and Possible Clinical Application
of MEF-AMPs

AMPs are effective agents for killing or blocking the growth of free microorganisms
due to the self-endogenous origins and natural factors produced by the organisms [4,22]. In
addition, the endogenous AMPs are not toxic at high concentrations, and some of these are
reported as multifunctional agents with immunomodulatory activity without generating
pathogen resistance [22]. Among these, cationic AMPs target bacterial cell membranes
in a non-specific manner for pathogens. Still, they are not toxic for host cells due to the
specific electrostatic interaction with microbial membrane compounds, such as negatively
charged lipids or specific microbial ligands for antimicrobial peptides [23,24]. These agents
belong to the host defense response of vertebrates” innate immune system [23,24]. More
than 2000 AMPs are known to be derived from several organisms and catalogued in the
AMPs Database [25-27]. The peptides are classified based on four different biochemical
characteristics: 1. net charge (anionic, cationic and neutral); 2. length of the primary structure
(more or less than 100 amino acids); 3. typology of secondary or tertiary structure (linear
with (-sheet, «-helix, extended loop and very complex structure, such as cyclic peptides);
and 4. hydrophobicity (amphipathic, hydrophobic and hydrophilic) [23,28,29] (Figure 1).

These molecules’ general mechanism of action consists of an initial phase with mem-
brane targeting based on electrostatic interactions with lipids and membrane ligands [23,28].
After achieving a threshold concentration, the molecular interactions between the peptides
and membrane induce a conformational phase transition of these molecules. This effect
is characterized by a modification from the disordered structure of peptides, typical in
aqueous environments, to x-helical or 3-sheet conformation upon interaction with phospho-
lipids in the pathogen membrane [23,28]. Then, the peptides can destabilize the membrane
inducing electrostatic tension. Finally, membrane disintegration is obtained by pore for-
mation with micellization or lipid segregation (Figure 1). This phenomenon is caused by
different molecular mechanisms, such as self-association and multimerization, barrel-stave
mechanism, toroid pore or wormhole mechanism and carpet mechanism [23,24,28]. In
addition, due to their lipophilic profile, some AMPs do not degrade the membrane but may
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translocate across it. These peptides exert a cell-penetrating peptides (CPPs)-like function.
They induce inhibition of intracellular functions by blocking the cytoskeleton growth,
causing membrane dysfunction inside the cell or inhibiting extracellular biopolymers and
DNA /RNA /protein synthesis [22,23,28] (Figure 1). In recent years, these agents have
acquired an increasing interest in clinical applications. They may represent a novel and
promising therapeutic alternative to conventional antibiotics for preventing and eradicating
resistant pathogens. AMPs also prevent pathogens’ biofilm formation due to antimicrobial
activity [20,29]. In addition, AMPs are elective to destabilize existing biofilms targeting
matrix proteins or signaling pathways for growth and essential metabolic processes or
compounds [20,29]. In these aspects, another therapeutic utilization of AMPs is preventing
infection in the surgical sites and microbial biofilms on biomaterials often associated with
the onset of nosocomial infections. Different biomaterials functionalized with peptides
and peptidomimetics agents are available for clinical applications. As a few examples, in
addition to medically implanted devices, they can be used orally and for wound sites in the
surgical area [30,31]. Other vital interests have been reported for endogenous MF-AMPs
based on their properties to modulate systemic and tissue inflammation and immune cell
activation [21], supporting future clinical applications as immunomodulators. On the other
hand, numerously exogenous MF-AMPs are reported as anti-proliferative against several
cancer cells with potential clinical application in cancer therapy [14].

MEF-AMPs
J A ~ CLASSIFICATION:
,J ’J /;/_/ Cationic, Anionic or Neutral

,J’J ——> Longor Short Primary Structure

~ ’;{/ Secondary or Tertiary Structure
Hydrophobicity

Membrane targeting by
electrostaticinteractions

|0

Membrane Destabilization / m \ Intracellular Antimicrobial

mducm% electrostatic tension Activity
Blockmg

Membrane stmtegrahon Cytoskeleton Growth

DNA/RNA/protein synthesis
and extracellular Biopolymers
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with micellization

@&5
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Figure 1. Antimicrobial Mechanisms of Action of Multifunctional Antimicrobial Peptides (MF-AMPs).
Based on their biochemical characteristics, MF-AMPs can interact with the membrane lipids, inducing
the pathogens’ instability and rigidity of the cell membrane. Upon reaching the minimum inhibitory
concentration (MIC) values, they cause pore formation and cell lysis. Some MF-AMPs exert a cell-
penetrating peptides-like function. They can penetrate the membrane, blocking pathogens’ growth by
internal membrane dysfunction, cytoskeleton interaction and interference of biomolecules production.
Deoxyribonucleic acid (DNA); ribonucleic acid (RNA).
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3. CgA-Derived Peptides as Inflammatory Modulator Molecules
3.1. CgA-Derived AMPs

Chromogranin A (CgA) is a glycoprotein with 431 residues and a molecular weight of
49 kDa belonging to the Granin family, discovered for the first time at the end of the 1960s
in the granules of adrenomedullary chromaffin cells [32]. In the last few decades, CgA has
been identified in immune cells [33-35], neurons [36], cardiomyocytes [37], keratinocytes
and fibroblasts [38]. This protein may influence different physiological processes. Its role
was reported in cardiac function and cardio-protection [39], catecholamine storage and
feedback release [40] and the modulation of vascular function [41] but also in cellular
recruitment and the modulation of immune response [32,35,42]. However, this prohor-
mone produces, by proteolytic processing, active biological peptides, such as Vasostatins
(Vs), Prochromacin, Chromacin, Pancreastatin, WE 14, Catestatin (Cts), Parastatin and
Serpinin [43,44]. At the end of the 1990s and early 2000s, several CgA-derived peptides
were discovered as AMPs acting against several bacteria, fungi and yeast. The CgA-derived
peptides have been found in biological fluids involved in host-defense responses, such as
serum, saliva and neutrophils secretions, or against pathogens in the first barrier of the
human body, such as the skin [33,34,38,45,46]. The CgA-derived peptides act as antimicro-
bial agents in the micro-molar range [33,46—48]. These concentrations are also reported in
the biological fluid after stimulation with pathogen toxins or during infection [33,34,42,46].
Among the CgA-derived peptides, the Vs-1 and Cts were first identified as antimicrobial
agents; however, their antimicrobial domains were rapidly reported. Vs-I was initially
identified as a vasoinhibitory agent [49]. For Vs-1, Lugardon characterized this peptide’s
antimicrobial activities against many pathogens [33,47,50]. However, after the incubation
of Vs-I with endoproteinase Glu-C, a digested sequence CgA47-66, called Chromofungin
(Chr), was identified and found highly active against several fungi and yeasts [47]. It has a
global hydrophobicity and amphipathic character, allowing a strong interaction with the
membrane. Specifically, Chr possesses a positive charge of +3.5, showing an amphipathic
helix in the C-terminal part in the sequence CgA53-66 and at the N-terminal domain, a
hydrophobic sequence corresponding to CgA48-51 and a hydrophilic structure CgA53-46,
respectively [47,51]. The Vs-I and Chr antimicrobial mechanism of action is explained
through the specific interaction of peptides with ergosterol, one of the main components
of yeast and fungal membranes, inducing increased pressure and penetration into the
membrane [47,51] (Figure 1). Other data demonstrated that Chr could inhibit Calcineurin
activity by interacting with Calmodulin [47] (Figure 1). Within microbial cells, Vs-I and Chr
may interfere with the Calcium/Calmodulin/Calcineurin signaling pathway by blocking
the pathway implicated in virulence and skeleton development of cell walls [52]. Cts was
identified as a catecholamine release-inhibitory peptide [53]. Cts is a small 21-amino-acid
cationic peptide with a positive net charge of +5 within the bovine sequence (bCgA344-364)
possessing a C-terminal hydrophobic sequence. Taylor and colleagues identified a smaller
peptide (CgA344-358) derived from Cts with a more substantial inhibitory effect on cat-
echolamine release [54]. This peptide was called Cateslytin (Ctl) by Briolat et al. and is
also characterized by its antimicrobial activities with potent effects compared to Cts [46].
Ctl is also a positively charged (+5) arginine-rich antimicrobial peptide and, in an aqueous
solution, is a linear peptide with a disordered structure. However, when interacting with
the membrane, Ctl acquires an o-helical form [55]. Other studies with a system mimicking
bacterial membrane demonstrated that Ctl could convert its structure into antiparallel
[-sheets precipitating against the negatively charged part of the membranes [56]. Then,
Ctl induced an increased rigidity, permeability gradient and membrane pore formation in
the domains containing ergosterol [56-58] (Figure 1).
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3.2. CgA-Derived Peptides and Immune Cells Activities and Inflammation

The involvement of CgA and its derived peptides in innate immunity is well known
for its antimicrobial activity. In addition, the role of these ME-AMPs is also reported in
immune cells, conferring them a complex profile of immunity modulators. This section
analyzes this profile studied using in vitro and in vivo models. The role of CgA-derived
peptides on immune cells was studied for the first time in 2009; in particular, the effects
of Chr and Cts were evaluated on polymorphonuclear neutrophils. After the treatments
with the peptides, Chr and Cts were observed inside the cells, demonstrating their ability
to penetrate the mammalian membrane and the profile of CPPs [34]. Then, in the presence
of extracellular calcium, the two peptides induced a transient calcium influx in the cells,
binding Calmodulin-binding factors (W7 and CMZ) and activating iPLA2 [34]. In addition,
the pharmacological block of these channels inhibited the calcium flux induced by Chr
and Cts [34]. On the other hand, when extracellular calcium is absent, the peptides cannot
induce calcium secretion [34]. Notably, the secretion of polymorphonuclear neutrophils
treated with the two CgA-derived peptides induced the secretion of several important
factors for innate immunity and inflammation, such as Lactotransferrin, Lysozyme, Neu-
trophil Gelatinase Associated Lipocalin and S100 calcium-binding protein A8/A9 [34].
Several studies reported the role of Vs-1 as an anti-atherogenesis and anti-inflammatory
factor suppressing the adhesion of monocytes to endothelial cells by adhesion molecule
down-regulation [59,60]. Xiong and coworkers reported the anti-inflammatory role of Vs-II
(N-terminal fragment of CgA containing Vs-I; CgA1-113) in an apolipoprotein E-deficient
(ApoE~/7) mice model fed with a high-fat diet developing atherosclerosis. In this study,
Vs-II treatment reduced the occurrence of atherosclerotic plaque and attenuated lesions [59].
Furthermore, Vs-II significantly reduced the production of pro-inflammatory cytokines
in aortic tissue, such as Tumor Necrosis Factor-oc (TNF-o), Monocyte Chemoattractant
Protein-1 (MCP-1) and Vascular Cell Adhesion Molecule-1 (VCAM-1) [59]. The same au-
thors demonstrated, by several in vivo analyses, that these anti-inflammatory properties
are based on the ability of Vs-II to reduce leukocytes adhesion on ApoE~/~ mice arteries
but also on the recruitment, transmigration and accumulation of M1 macrophages in the
lesions [59]. In the same animal model, Sato et al. showed that Vs-I treatment reduces
aortic atherosclerotic lesions development due to reductions in intra-plaque inflammation,
macrophage infiltration and aortic smooth muscle cells proliferation and plasma glucose
level [60]. From a cellular point of view, Vs-I suppressed the lipopolysaccharide (LPS)-
induced production of chemokine MCP1 and vascular damage markers, such as VCAM-1
and E-selectin, in human endothelial cells [60]. At the same time, Vs-I was found to re-
duce M1 pro-inflammatory macrophages differentiation and IL6 release but also oxidized
low-density lipoprotein (oxLDL)-induced foam cell formation of macrophages [60]. Of
great clinical interest, Vs-1 is expressed around Monckeberg’s medial calcific sclerosis in
human radial arteries [60]. Additionally, the immunomodulatory role of Chr has been
reported in a mice model of ulcerative colitis induced by dextran sulfate sodium adminis-
tration [61,62]. This model decreased Chr expression [62]. Furthermore, Chr treatment, by
intracolonic administration, significantly reduced the inflammation and severity of colitis.
The anti-inflammatory effects were due to the differentiation of macrophages into M2
anti-inflammatory clones with the consequent reduction of released IL-18 and the increased
expression of M2 markers [61,62]. Using the same animal model, Kapoor and colleagues
demonstrated that intrarectal Chr treatment reduced colitis severity and inflammation [63].
In parallel, this was associated with a significant decrease in the expression of CD11c,
CD40, CD80, CD86 IL6 and IL12p40 in the inflamed colonic mucosa, mesenteric lymph
nodes and spleen [63]. In addition, Chr reduces in CD11c positive cells the expression of
CD80, CD86 and NF-«B in the spleen and colon, respectively [63]. All these in vivo data
demonstrated that Chr has protective properties against intestinal inflammation and exerts
the role of immunomodulator for intestinal macrophages and dendritic cells (DCs). These
effects were also demonstrated in vitro with macrophages showing that Chr increased
the production of anti-inflammatory factors and the M2 differentiation [61]. At the same

89



Pharmaceutics 2022, 14, 2014

time, Chr treatment significantly reduced the expression of M1 macrophage markers and
the activation of the NF-«B pathway [62]. Additionally, in this case, in vitro experiments
with M1 macrophages demonstrated that this peptide could decrease cellular migration,
proinflammatory cytokines production and release, and NF-«B phosphorylation [62]. Fur-
thermore, treatment with Chr or a conditioned medium of Chr-treated macrophages M2
induced epithelial cell proliferation and migration but also decreased oxidative stress
and pro-inflammatory cytokine production [61]. In addition, the Chr treatment of naive
bone marrow-derived CD11c positive DCs reduced the LPS-induced expression of CD40,
CD80, CD86 IL-6 and IL-12p40 [63]. These results were also confirmed in intestinal tis-
sue isolated from patients with ulcerative colitis, demonstrating that Chr expression was
down-regulated in these patients compared to healthy controls [62]. Indeed, the mRNA
levels of Chr were positively correlated with the mRNA expression of M2 macrophages
activation markers and negatively to the expression of collagen, IL-8 and IL-18, but also
with M1 activation markers (TLR-4 expression and NF-kB activation) and consequent
pro-inflammatory cytokines production [61,62]. In these patients, the reduction of Chr level
is also associated with a negative linear relationship with CD11c and CD86 [63]. Moreover,
another study confirmed the anti-inflammatory effects of Chr on monocytes. Treatment
with this peptide significantly inhibited the transcription of pro-inflammatory factors, such
as NF-kB and AP-1, in these cells [64]. Furthermore, Rabbi and colleagues showed that Cts
reduced intestinal inflammation and the onset of colitis lesions by a Stat-3 activation [65].
At the same time, the markers of M1 macrophage activation and the colonic levels of
pro-inflammatory cytokines, such as IL-6, IL-13 and TNF-c, were significantly decreased
by Cts treatment [66]. However, Cts did not influence M2 macrophage markers [66]. Fur-
thermore, these anti-inflammatory effects were confirmed in cellular experiments using
macrophages isolated from the peritoneal cavity and the bone marrow, demonstrating that
in vitro treatment with Cts significantly decreased the production of the pro-inflammatory
cytokines and phosphorylation of Stat-3 [65]. In addition, peritoneal macrophages isolated
from naive mice and treated with Cts and LPS displayed a reduction in the expression and
production of pro-inflammatory cytokines blocking the activation of M1 macrophages [66].
In addition, the genetic deletion of Cts induces hypertensive conditions and left ventric-
ular hypertrophy accompanied by significant macrophage infiltration in cardiac tissue
and adrenal gland [67]. In this context, the absence of Cts induced an increased level of
pro-inflammatory cytokines TNF-«, C-C motif chemokine ligand (CCL)-2, 3, C-X-C motif
chemokine ligand (CXCL)-1 and catecholamines but also an elevated inflammation in heart
with the up-regulation of cardiac genes, such as Tnfa, Ifng, Emr1, Itgam, Itgax, Nos2a, IL12b,
Ccl2 and Cxcl1 [67]. It is of great interest that the intraperitoneal administration of Cts
reversed this phenotype. In addition, macrophage depletion blocked the onset of hyperten-
sion in Cts-knockout (KO) mice [67]. Furthermore, bone-marrow transfer of KO animals in
wild-type (WT) counterparts induced hypertension and cardiac inflammation, while oppo-
site conditions showed the opposite phenotype [67]. All these data strongly suggest that
the anti-hypertensive effects of Cts are partially mediated by an immunosuppressive action
of this peptide on macrophages [67]. The role of Cts as an immunomodulator was also
explored in the context of atherosclerosis and vascular injury. In fact, in vitro treatment with
Cts on endothelial cells significantly reduces the release of TNF-« and vascular damage
markers, such as ICAM-1 and VCAM-1, after LPS exposure [68]. At the same time, Cts treat-
ment suppresses inflammatory responses and oxidizes the low-density lipoprotein-induced
foam cell formation of human macrophages [68]. Kojima and colleagues demonstrated
that Cts injection to ApoE~/~ mice significantly reduces macrophage infiltration and the
consequent atherosclerotic lesions onset in the aorta but also suppresses aortic smooth
muscle cells proliferation and collagen deposition in atheromatous plaques [68]. Fur-
thermore, in vitro experiments with human aortic smooth muscle cells showed that Cts
treatment can block collagen-1 and fibronectin expression and migration, proliferation
and apoptotic process [68]. Of significant clinical impact, coronary artery disease patients
displayed a substantial reduction of plasmatic levels of Cts but an increased expression
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in coronary atheromatous plaques [68]. In an acute pulmonary embolism in vivo model
and cellular experiments with human pulmonary artery endothelial cells, Cts treatment
was found to abolish thrombin-induced inflammation blocking TLR-4 expression and p38
phosphorylation, decreasing the consequent acute pulmonary embolism [69]. In conclusion,
Vs-1 and Chr than Cts are key attenuators of inflammation in different tissue and pathologi-
cal conditions by reducing immune cell infiltration and inflammatory activation (Figure 2).

. Ulcerative . Vascular Pulmonary
Atherosclerosis Colitis Hypertension Damage Embolism

Blood vessel

M1 Macrophage
[*]

2 Q

Migration

Differentiation

M2 Macrophage
Cytokines and
Chemokines release:
TNF-a
IL-1B
1L6
IL-18
IL-8
MCP-1

€CL2 3 and CXCLI CgA-derived peptides

Figure 2. ChromgraninA (CgA)-derived Peptides and Inflammation. Damage or stress stimuli
induce the migration, proliferation and activation of macrophages with consequent pro-inflammatory
cytokines and chemokines release. This phenomenon generates cell death and inflammation.
CgA-derived peptides can reduce M1 polarization and promote M2 anti-inflammatory macrophages
differentiation. C-C motif chemokine ligand (CCL); C-X-C motif chemokine ligand (CXCL);
interleukin (IL); monocyte chemoattractant protein (MCP); toll-like receptor (TLR); tumor necrosis
factor (TNF).

4. Dermaseptins and Anticancer Therapy
4.1. Dermaseptins

Dermaseptins (DRSs) are a class of peptides identified in the skin secretions of
several Amazonian tree frogs of the family Phyllomedusidae, in particular, the species
Phyllomedusa [70,71]. The first member of DRS family was isolated from the skin secretion
of P. sauvagei and named DRS-S1 [72]. This 34-residues-containing peptide has antimi-
crobial activity against Gram-positive and Gram-negative bacteria, yeast and protozoa
without affecting mammalian cells. The second is DRS-B2, isolated from exudates of
P. bicolor [73-75]. It is also known as adenoregulin due to its capacity to increase the affinity
of the agonist toward the receptor of adenosine Al [76]. DRS-B2, with its 33 amino-acid
residues, is considered the most abundant member and the most active peptide of the B fam-
ily (B for the frog species P. bicolor). To date, more than 65 DRSs, listed in the APD3 database
(https:/ /aps.unmc.edu/, accessed on 1 June 2022) [26], have been isolated primarily from
the skin secretion of South American tree frogs of the 67-member family Phyllomedusidae
(https:/ /amphibiansoftheworld.amnh.org/, accessed on 1 June 2022). Multiple alignments
of the 67 sequences of DRSs listed in APD3 clearly showed that these polycationic peptides,
rich in Lys residue, share a signature consisting of a conserved Trp residue at position
three and a consensus AA(A/G)KAAL(G/N)A motif in the middle region [70]. Their
MIC values are in the low micromolar range for a large panel of microorganisms, com-
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prising bacteria (S. aureus, E. coli), yeast (C. albicans), filamentous fungi (A. fumigatus) and
protozoa, such as Leishmania Mexicana, and show no hemolytic activity against human and
rabbit erythrocytes. The mode of action by which DRSs kill these microorganisms follows
the “carpet” mechanism [77,78]. These polycationic peptides, destructured in aqueous
media, adopt an alpha helix structure upon contact with the host cell plasma membranes
and then interact with their negative charges [79-82]. Once bound, the peptide will disrupt
membrane permeability and cause the death of the microorganism (Figure 1).

4.2. Dermaseptins and Anticancer Properties

The first two anticancer DRSs peptides were isolated from the South American Ama-
zonian tree frog, Phyllomedusa bicolor. These molecules, DRSs-B2 and DRS-B3, were tested
in vitro against a human prostatic adenocarcinoma PC-3 cell line, showing an antiprolifera-
tive effect with an ECsy around 2-3 uM and demonstrating the inhibition of proliferation of
more than 90% [83]. In addition, these two peptides also inhibited PC-3 cell colony forma-
tion in soft agar and the proliferation, differentiation and capillary formation of endothelial
cells [83,84]. Furthermore, DRS-B2 blocks the proliferation and colony formation of several
human tumor cell types, such as prostatic adenocarcinoma LNCAP, prostatic carcinoma
DU145, mammary carcinoma (MDA-MB2318) cell lines and B-lymphoma lines [83]. These
effects were also confirmed in vivo by a cell line PC3 murine xenograft model, showing
that DRS-B2 inhibits tumor growth [83]. The anticancer mechanism of action of DRS-B2
was demonstrated by in vitro experiments with tumor PC3 cells. This peptide interacted
with tumor cell surface, aggregating and penetrating the cells. Furthermore, it induced the
release of cytosolic lactate dehydrogenase, a marker of cytotoxicity and necrosis, but no
effects were observed on mitochondrial membrane potential and caspase 3 activations for
apoptotic involvement [83]. Concerning the mechanisms of action of DRS-B2, confocal mi-
croscopy studies revealed that this peptide rapidly accumulates to cytoplasmic membranes,
packed in vesicles and into the nucleus [85]. These effects were also partially mediated by
glycosaminoglycans’ interaction with DRS-B2 and the consequent structural modification
of the peptide with the «-helical domain [85]. Recently, a synthetic hormonotoxin molecule
composed of dermaseptin-B2 associated with luteinizing hormone-releasing hormone
(LHRH) was tested to improve the peptide’s antitumor activity, reducing its peripheral
toxicity and lethality. This hormonotoxin displayed an anticancer effect very similar to
DRS-B2 both in vitro and in vivo [86]. The LHRH addition to dermaseptin-B2 does not
alter the peptide’s secondary structure and biological function [86]. On the other hand,
double staining flow cytometry analysis showed that this hormonotoxin induced apoptosis
instead of a necrotic process caused by DRS-B2 [86]. This different anticancer mechanism
of action explains better tolerance and the lower toxicity of the hormonotoxin compared
to dermaseptin-B2 [86]. In addition, other biochemical approaches have been used to
increase the antitumor activity of DRS, delivering these agents in tumor cells, as seen in
DRS-DStomo01 peptide [87]. DRS-DStomo01 was entrapped in chitosan nanoparticles,
and the antitumor activity was tested in vitro against HeLa cells. The peptide induces
DNA fragmentation and mitochondrial hyperpolarization with consequent cytotoxicity for
cancer cells [87]. However, when used in chitosan nanoparticles, DRS-DStomo01 was more
active than free peptides [87]. In 2016, two novel members of DRSs family were identified
in the skin secretion of the frog Pachymedusa dacnicolor and called DRS-PD 1 and 2 [88].
Both peptides were reported to be active against many microorganisms, such as E. coli,
S. aureus, P. aeruginosa and C. albicans, but with no lytic effects on mammalian red cells [88].
DRS-PD 2 displayed anti-proliferative effects against cancer cell lines, such as H157,
PC-3 and U251-MG, within the concentration range of 10~ to 10~* M [88]. This property
was also reported for DRS-PD 1 but only for human neuronal glioblastoma U251MG cell
line [88]. In addition, these peptides could also inhibit the proliferation of human microves-
sel endothelial cells with the same concentration range for anticancer activity [88]. Other
peptides from the South American orange-legged leaf frog (Phyllomedusa hypochondrialis)
were identified and called DRS-PH. This peptide was active against several pathogens,
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such as E. coli, P. aeruginosa, S. aureus and its methicillin-resistant strain (MRSA), E. faecalis
and C. albicans, in a concentration range from 1 uM to 512 uM [89]. Once again, this DRS
displayed a broad spectrum of anticancer properties against different cancer cell lines,
including MCF-7, H157, U251MG, MDA-MB-435S and PC-3 [89]. Very recently, different
studies identified, from the skin of Phyllomedusa sauvagei, DRSs-PS type 1, 3 and 4, charac-
terizing their anticancer properties [90-92]. In 2019, Long and coworkers demonstrated that
DRS-PS1 has antimicrobial effects against S. aureus, E. coli and C. albicans [90]. Interestingly,
DRS-PS 1 showed anti-proliferative effects on human glioblastoma U-251 MG, perturbing
cell membrane integrity at the concentration of 0.1 uM [90]. Furthermore, the anticancer
action with lower concentrations involves apoptosis activation by mitochondrial-related
signal involvement [90]. DRS-PS 3 showed a broad spectrum of antimicrobial activities
against several pathogens, such as S. aureus, E. coli and C. albicans, at high concentrations
but with reduced cytotoxicity for erythrocytes [91]. However, the synthetic, more cationic
and hydrophobic analogues created by replacing acidic amino acids D and E at 5 and 17,
respectively, of the DRS-PS3 sequence by lysines (K5/D5, K17/E17-DRS-PS 3) or by re-
placing two neutral amino acids A10 and G11 with the hydrophobic amino acid leucine
(L10/A10, L11/G11-DRS-PS 3) strongly increased their antimicrobial activities against the
same pathogens with MIC values of 8 uM or less [91]. On the other hand, both artificial
analogues exhibit a more significant hemolytic effect on red blood cells than DRS-PS 3 [91].
Furthermore, these peptides showed anticancer activities against H157, PC3 and HMEC-1
cell lines in the micromolar range but the most active was L10/A10, L11/G11-DRS-PS
3 [91]. Additionally, DRS-PS 4 displayed antimicrobial effects with many pathogens, such as
S. aureus and MRSA, E. faecalis, E. coli, P. aeruginosa and C. albicans, in a range of concentra-
tions from 1 uM to 32 uM, with biofilms eradicating properties of these microorganisms [92].
The antimicrobial mechanism of action is based on the ability of this peptide to perme-
abilize the bacterial cell membrane [92]. However, the hemolysis activity of DRS-PS 4
was tested using horse red blood cells showing slight effects at antimicrobial concentra-
tions [92]. In addition, the anticancer activity of DRS-PS 4 was also evaluated on several
human cell lines, including U251IMG, MDA-MB-435S, H157, PC-3 and MCF-7, displaying a
dose-dependent inhibitory activity with high cytotoxicity in a concentration range from
1077 to 10~* M [92]. On the other hand, it presents a slight suppressing effect on human
microvascular endothelial cells [92]. Very recently, Dong et al. discovered the DRS-PP from
frog Phyllomedusa palliata. This peptide was active at 2 uM against E. coli, S. aureus and
MRSA, C. albicans, P. aeruginosa, E. faecalis and K. pneumoniae [93]. It is of great interest
that DRS-PP showed anti-proliferative effects with cytotoxic activities on different cancer
cells, such as H157, MCEF-7, PC-3 and U251 MG, but no effects on human microvascular
endothelial cells [93]. In vivo studies confirmed the anticancer property of this agent; in
fact, DRS-PP was tested on a subcutaneous H157 tumor model of nude mice showing
significant anti-tumor activity in a dose-dependent manner without hepatopulmonary and
toxic side effects [93]. These effects are mediated via disruptive membrane action but exert
pro-apoptotic effects induced by mitochondrial and death receptor pathways [93]. Finally,
in 2021, DRS-TO was identified in the tiger-striped Leaf Frog, Phyllomedesa tomopterna,
showing that this peptide was active against S. aureus and MRSA, E. faecalis, E. coli, and
C. albicans [94]. Additionally, no hemolytic effect was observed on red blood cells, but
DRS-TO showed anticancer activity against U251MG, H157 and PC-3 cancer cell lines at
higher concentrations [94]. All these data report the great potential of DRSs as anticancer
agents and their mechanism of action targeting membrane but also inducing pro-apoptotic
effects by mitochondrial dysfunction and death receptor pathways (Figure 3).
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Figure 3. Dermaseptins and Cancer. Dermaseptins act as an anti-proliferative agent against several
cancer cells in vitro and in vivo. The anticancer mechanism of action is based on the ability of these
MEF-AMPs to accumulate in cancer cells, inducing cell death and blocking tumor vascularization.

5. Conclusions and Future Perspectives

In conclusion, the role of MF-AMPs is reported to be crucial in preventing infection.
These molecules are essential for the first response to infections and may represent an
alternative approach and open future clinical applications for the resolution of antibiotic
resistance. At the same time, the endogenous MF-AMPs displayed different effects on
different organs and cell types. Among these, they can influence the immune system’s
inflammatory process and cellular components. In this perspective, CgA-derived pep-
tides, such as Chr and Cts, are the perfect examples of immunomodulation mediated by
MF-AMPs. On the other hand, exogenous MF-AMPs produced by different species but not
in humans showed several potential therapeutic approaches. As reported in this review,
DRSs appear to be excellent anti-proliferative factors with varying models of cancer cells.
From a clinical point of view, these peptides may represent elective candidates for future
anticancer therapy.
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Abstract: Life-threatening diseases challenge immunity with a release of chromogranins. This re-
port focuses on Chromogranin A (CGA) and some of its derived peptides in critically ill patients,
with attention paid to their potential to become biomarkers of severity and actors of defense. First,
we studied whether circulating CGA may be a biomarker of outcome in non-selected critically ill
patients: CGA concentrations were reliably associated with short-term death, systemic inflamma-
tion, and multiple organ failure. Additionally, when studying Vasostatin-I, the major N-terminal
fragment of CGA, we noted its reliable prognostic value as early as admission if associated with
age and lactate. In trauma patients, CGA concentrations heralded the occurrence of care-related
infections. This was associated with an in vitro inhibitor impact of Chromofungin on both NF-
kappa B- and API-transcriptional activities. Secondly, in life-threatening disease-induced oxidative
stress, the multimerization of Vasostatin-I occurs with the loss of its anti-microbial properties ex
vivo. In vivo, a 4%-concentration of non-oxidized albumin infusion reversed multimerization with
a decrease in care-related infections. Finally, in vitro Catestatin impacted the polymorphonuclear
cells-Ca++-dependent, calmodulin-regulated iPLA2 pathway by releasing immunity-related proteins.
Furthermore, human Cateslytin, the active domain of Catestatin, helped destroy S. aureus: this
prompted the creation of synthetic D-sterecisomer of CGA-derived peptides against superbugs for
the protection of implanted devices. In conclusion, CGA consideration in the critically ill is only
starting, but it offers interesting perspectives for improved outcomes.

Keywords: albumin; biomaterials; Catestatin; Chromogranin A; Chromofungin; critically ill; outcome;
prognosis; superbugs; Vasostatin-I

1. Introduction

Chromogranins proteins had attracted the interest of scientists and clinicians since the
mid-sixties when Blaschko H et al. [1] and Helle KB [2] released the first two manuscripts
stored in the PubMed database on this topic. Since then, no less than 9891 papers have
been published on chromogranins, of which, however, only 19 are indicated as concerning
data recorded in patients admitted in critical care wards (Figure 1). The interest in chro-
mogranins as mediators of life-stressing diseases on human health, although thus only at
an early stage, has been slowly growing over the last decade. Fifteen years ago, our study
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group was among the first to consider CGA as a possible object of examination in critical
illness. Yet, this area of assessment is complicated. First, in vivo studies require testing
large cohorts of patients with clinical phenotypes as similar as possible. This necessitates
extensive multicenter studies when clinically relevant hypotheses have been validated
in feasibility studies. For instance, now that we have identified Vasostatin-I (VS-I) as a
myocardial depressant factor [3], it becomes interesting to gather data to comprehend
its role in depressed cardiac contractility in acute hypokinetic shock. Second, clinicians
must test in vivo clear-cut null hypotheses, which may be very difficult in multiple organ
failure patients. As an example of such difficulty, systemic inflammation in response to
strong pro-inflammatory triggers is frequent in intensive care units (ICUs), but in vivo
studies require the assessment of chromogranins at the same stage of a given disease
mandatorily. In each setting, pharmacokinetics, pharmacodynamics, and the volume of
distribution of the proteins of interest are not currently established; and this is independent
of the availability of adequate techniques of measurements that may vary according to the
characteristics of both the test used and the physiological liquids from which samples have
been harvested. Finally, having decided to assess the presence of these proteins, adequate
biological sampling techniques must be chosen. This sometimes requires the in-house
development of biological assays [4].
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Figure 1. Number of annual papers issued in the PubMed database according to the query from
1967 to 2022. Please note that the scale of measurement is ten times larger for the query “Chromo-
granin” (left vertical axis) than for the query “chromogranin and critical care” (right vertical axis).

Patients admitted to an ICU for a disease with organ failure are at risk of short-term
death. In this setting, in response to the initial assault on their integrity, they develop a
systemic inflammatory response to maintain vital organs functioning and optimal tissue
repair. This response is temporary and well-balanced between pro- and anti-inflammatory
mediators; it results in recovery, provided the initial trigger of the disease does not over-
whelm physiological responses. Following initial local injury, the organism develops (i) a
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hormonal, metabolic response, (ii) an immunological response with a neurological com-
ponent, and (iii) a hemodynamic response called “acute circulatory failure” or shock [5,6].
During that period, the organism rapidly releases chromogranins not only from adrenal
medulla stockpiles but also from the diffuse neuroendocrine cell islets existing throughout
the organism. From blood concentration assessments, physicians can indirectly assess the
balance between synthesis, release, and clearance of the molecules while also considering
the possible impact of extra-renal purification techniques.

Bearing these precautions in mind, we report our experience on CGA (and related
peptides) in critically ill and experimental conditions related to acute and severe illnesses.

2. CGA and Vasostatin-I (CGA1-76) Are Biomarkers of Severity in the Critically I11

In 2007, we assessed whether CGA could become a biomarker of severity in life-
threatening diseases on hospital admission. Our primary aim was to improve the triage
of intermediate-severity patients to select the most adapted care for them. At that time,
the agreed practice was to assess severity in ICU patients with the Simplified Acute Phys-
iology Score 2 (SAPS II) based on a European/North American multicenter study [7].
This score provides an accurate estimate of the risk of death in the ICU without having to
specify a primary diagnosis. It proved efficient notwithstanding that since it was available
only at hour 24 of admission, it could not become a tool for early triage, whereas a rapidly
available and performant biological test would.

The idea of assessing CGA was prompted by the fact that life-threatening diseases
trigger a physiological response to an aggressive challenge to health with a triple com-
ponent: (i) a hormonal, metabolic response; (ii) an immunological response, and (iii) a
hemodynamic response—all of which are also linked by a neural immunity balance [6].
Following damage to the body’s integrity, a patient will activate the release of various
hormones, such as adrenalin and cortisol, as well as many others [8]. The adrenocortical
response is similar in all mammals: afferent impulses from receptors implanted in the
injury site stimulate the secretion of hypothalamic-releasing factors, further stimulating the
pituitary gland. Consequently, the adrenal cortex releases cortisol and the adrenal medulla
adrenaline together with chromogranins that are stored and co-released by the chromaffin
cells. A feasibility study confirmed the hypothesis that patients with acute organ failure
present at admission increased serum concentrations of CGA as a probable component of
the early hormonal “fight-or-flight” adaptive response to stress [9]. Importantly, circulating
CGA concentrations increased in association with systemic inflammation rather than with
infection and the SAPS II, suggesting a possible link with either survival or one of the com-
ponents of the score. These data align with what happens in humans even in the context of
a stressing injury less severe than trauma, thus indicating that the slightest injury to the
skin integrity also results in a signal of stress with the release of chromogranin-derived
anti-microbial peptides (AMP) [10]. In a confirmation study [11], we reported that CGA
concentrations correlate better with systemic inflammation (assessed by both C-reactive
protein and procalcitonin) than with infection. Yet, CGA levels reached the highest values
in septic shock. In addition, admission CGA values were equivalent to the SAPS II in
predicting 28-day mortality. This offered the attractive opportunity for assessing outcomes
as early as a few hours after admission in patients free of any other cause of CGA increase.

Further insight into the use of CGA as a biomarker of triage required an extension of the
study size. We wondered whether a single admission dosage of VS-1 (CGA-1-76), the major
N-terminal fragment, would enable greater accuracy than a single CGA test. In a pilot
prospective observational study performed in third-level French ICUs, we demonstrated
that admission concentrations of VS-1 were increased when compared with the values
recorded in controls, and this was even more so when the shock was present [12]: VS-1
concentrations above 3.97 ng/mL were indicative of poor outcome. Furthermore, including
arterial lactate and age in the prediction model improved the reliability of the assessment,
making it significantly better than the SAPS Il as early as 4 h after admission.
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In a further study, we investigated whether CGA could be a marker of the severity of
the initial challenging disease as regards its impact on morbidity. Care-related infections
are a major issue in critical care for many reasons (costs, bed- blocking and emergence of
antibiotics-resistant superbugs). We chose the study phenotype of “multiple trauma” in
patients previously in good health. This model appeared more suitable for investigating
the impact of a basic injury on health, given that older patients with comorbidities were
excluded. The study model, by definition, included a “two-hit” challenge to health: first,
the trauma itself and, shortly thereafter, the surgical procedure, which represents a second
hit for CGA release. In such patients, we noted an altered plasmatic CGA response revealing
a potential mechanism for an association with nosocomial infection [13]. Over several days
from admission, CGA concentrations increased compared with control values, but they
also leveled off at a relatively high level associated with acute renal failure. Importantly,
admission values of CGA significantly increased in those multiple trauma patients who
subsequently developed a nosocomial infection: a concentration of 67 ng/mL predicted
this occurrence with a sensitivity of 100% and a specificity of 70%, leading to a negative
likelihood ratio of almost zero. Recently, we confirmed that admission CGA achieved
similar performance for predicting nosocomial infections in COVID patients requiring oxy-
genation support [14]. This suggests that CGA may reflect not only the triggering disease
but also the neuro-hormonal response by the neuroendocrine tissues. In multiple trauma,
we finally investigated the ability of VS-I to modulate the innate response of monocytes
that are called on to upgrade the patient’s defense [13]. Acting as a cell-penetrating pep-
tide, the CGA47-70 fragment, not however including either its scrambled or its prolonged
isoforms, was able to downregulate both NF-kappa B and AP-1: this suggests an indirect
anti-inflammatory pathway potentially entailing a risk of temporary immune deficiency.
These data support the possible occurrence of some forms of care-related infections when
proteases of CGA are upregulated.

3. Fine-Tuned Albumin Infusion Modifies CGA-Derived Peptides Multimers In Vitro
and Impacts on Nosocomial Infection Occurrence

Care-related infections are a matter of worry in the ICU: they increase the costs of
treatment and length of stay and kill, on average, 10 to 15% of the patients. Finally, acute
stress and anti-microbial treatments are also responsible for the emergence of transmittable-
resistant microbes. Despite hygiene, antibiotics stewardship, and precautions, these in-
fections will occur in many patients with systemic inflammatory conditions at the acute
phase of a disease. Oxidative stress induces damage to proteins within the circulation and
beyond. The mechanism of oxidative stress undoubtedly affects many proteins, including
those belonging to innate defense. In several patients, we recorded multimers of interest
at the acute phase of the disease, including multimers of granins (see Figures 2 and 3).
These multimers persist longer in the circulation of those patients with the highest and
longest rate of infusion of norepinephrine for shock. Human serum albumin (HSA) dis-
plays properties for the care of critically ill patients. Among others, HSA provides an
opportunity to restore in vitro the native status of proteins, as reported previously by our
group [15]. However, this effect has never been reported in ICU patients that are prone to
develop either colonization or infection. We decided to perform a pilot study on critically
ill patients at risk of nosocomial infection to test whether therapeutic non-oxidized HSA
would prevent such infections [16]. This study included a biochemical analysis of the inter-
actions of the CGA-derived peptide VS-I, for which the anti-microbial activity is related to
its non-oxidative state [15]. The results were that: (i) in vivo, therapeutic HSA significantly
lessens both colonization and infection occurrences in patients with shock; (ii) this was
possible provided therapeutic HSA is prescribed as a continuous low dose infusion of 4%
HSA. We showed, in addition, that, in vitro, both natural and recombinant VS-I develop
biochemical interactions with several natural and synthetic isoforms of albumin (HSA,
bovine serum albumin, therapeutic HSA) via the hydrophobic domain of VS-117-40 (which
includes the disulfide bridge C17-C38). This allows the oxidation of VS-I to be reversed,
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rendering it more efficient as an anti-microbial protein even in tissues where the pH de-
creases at 6 in microcirculation during shock. We deduced that the rate of therapeutic HSA
infusion is essential in vivo when seeking to restore the physiologic activities of defense.
A prospective multicenter open-label randomized trial confirmed this data in septic shock
patients for which continuously infused 4% therapeutic HSA over the first week of shock
decreased nosocomial infection by two-thirds when compared with the intermittent infu-
sion of similar doses of 20% HSA [17]. These results are noteworthy because they explain
the discrepancies existing in meta-analyses on the benefit of therapeutic HSA: many studies
postulate the lack of efficiency of therapeutic albumin in septic conditions, whereas others
have found significant improvements in restricted populations [18,19]. In fact, protocols of
infusion and amounts of therapeutic albumin differ from one study to another, and so do
the isoforms of albumin tested, which explains why physicians do not achieve the goal of
defense reversion. Our final proposition is that therapeutic albumin should be: (i) chosen
as 4% albumin with a high potential of antioxidant activity [20]; (ii) infused continuously
at a rate of 10-12 mL/kg/24 h over 5 days to limit the risk of care-related infections.
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Figure 2. Gel filtration HPLC of purified and oxidized VS-I samples to evaluate the impact of
different concentrations of therapeutic human serum albumin (HSA) on multimers of VS-I. For the
four graphs, the X-axis corresponds to the elution time (expressed in min), which is linearly related to
the molecular weight of the components included in the peaks. The Y-axis corresponds to absorbance
expressed in milliUnits of absorbance. Whether in vitro or in vivo, the oxidation of VS-I leads to
multimerization, as shown on the first chromatogram (upper graph, numbered 1). The monomeric
form of the peptide corresponds to peak E, while peaks A-D correspond to VS-I multimers. When
adding fresh, non-oxidized therapeutic HSA at a molar albumin/VS-I ratio (R) from 1/10 to 1/10°
(as shown on chromatograms 2—4), the release of the monomeric VS-I increases (see changes in the
amplitude of peak E). This counterintuitive result explains the possible release of monomers of VS-I
with the restoration of its anti-microbial properties [15].

4. In Vitro, CGA-Derived Peptides Modify the Immunological Activities of Specific
Cells Belonging to Defense

CGA has a prohormone function; numerous cleavage products of this protein display
activity in the domain of defense [21,22]. Therefore, we speculated that the CGA-derived-
peptides Chromofungin (CHR, CGA47-66) and Catestatin (CAT, CGA344-364) might impact
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the functioning of human cells involved in immunity. We harvested polymorphonuclear
cells (PMNs) and monocytes from healthy controls. We exposed them ex vivo to the pep-
tides to assess the consequences as they may occur in vivo during systemic inflammation.

We first performed experiments on PMNs [23]. We demonstrated that, after intracellu-
lar penetration, both CHR and CAT provoked a rapid and synergic Ca++- entry with no
lytic effect on the cells. This occurred provided free calcium was available in the extracel-
lular space. It was concentration-dependent and in the range of concentrations relevant
for clinical effects. We also explored the impact of scrambled isomers and amino-acid
substitutions. In doing so, we identified the need for a perfect respect of the chemical
primary structure of both CAT and CHR to obtain the expected pharmacodynamical im-
pact, indicating that a precise mechanism of both cell entry and action is required for
physiological effects. The Ca++- entry evoked by CHR and CAT is consistent with Ca++-
selective store-operated calcium channel activity. Once inside the cells, CAT and CHR
interact with calmodulin, thereby allowing the release of lysophospholipids by membrane-
bound iPLA2 and subsequent store-operated calcium channels. As an ultimate result of
intracellular Ca++ concentration increase, the PMNs release secretions, among which we
isolated factors involved in innate immunity such as lactotransferrin, neutrophil gelatinase,
lysozyme, 5100 A, and S100B calcium-binding proteins. These data point to a role of CAT
and CHR in Ca++ signaling outside the chromaffin cells, with an impact on the activation
of PMNs through a mechanism not related to a cellular membrane-bound receptor but in
line with a cell-penetrating peptide activity. This action explains how the neuro-hormonal
response to stress may trigger a rapid-onset effective enhanced pro-inflammatory PMNs-
related mechanism of defense in vivo in any vascularized tissue where an insult occurs.
It is also of note that CAT has been reported to act via the nicotinic acetylcholine recep-
tor (NAChR), a classical surface receptor, which can also participate in anti-inflammatory
responses through neural immunity regulation [6].

Our group also explored monocytes. We assessed a possible effect of the CGA47-70-
derived peptide (which includes CHR) detected in the plasma of multiple trauma patients
who are prone to develop care-related infections [13]. This molecule entered the monocyte
progressively over 5 to 15 min with at least two intracytoplasmic localizations, one of
which was detected in the perinuclear region. In further cellular investigations, including
luciferase assays, we showed that CGA47-66 could inhibit both NF-kappa B and AP-1,
which play a role in amplifying and perpetuating the inflammatory processes in vivo. Such
activities suggest an anti-inflammatory potential for this peptide with a risk of deleterious
imbalance of innate immunity.

5. CGA-Derived Peptides as Actors against Superbugs

Antibiotic-resistant microbes (bacteria, fungi, and yeasts) are detected increasingly
in samples harvested from ICU patients, and they trigger significant morbidity when
comorbidities are present. There is, therefore, a need for better tools to cure patients,
in addition to the discovery of new anti-microbial drugs.

Based on the observation that bacterial host cells genetically engineered to express
CGA for industrial production are dying upon the induction of CGA expression, our group
hypothesized that chromogranins impact bacterial survival (see in [22]). Following the
HPLC of the protein material secreted by chromaffin cells, it was concluded that several
CGA-derived peptides and CGA itself, proenkephalin-A, and free ubiquitin participated
partially in the struggle for survival after a stressing challenge. A summary of the anti-
bacterial, antifungal, and anti-malaria properties of some of these chromaffin cell-derived
peptides was given in a recent review [22]. Interestingly, while these properties are related
to the CGA-derived molecules, they may sometimes be enhanced through synergic asso-
ciations with either therapeutic albumin or commercially available anti-microbial drugs.
Indeed, since AMPs interact with cell membranes, they represent candidates to potentiate
anti-microbial drugs, as shown for some molecules marketed for ICU patients [24,25].
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Our data also suggest that, sometimes, infectious diseases occur when these AMPs fail to
fulfill their missions in oxidative stressing conditions.

Recently, our group also reported that CTS (CGA344-364), but not Cateslytin (CTL,
CGAB352-366), interacts with circulating albumin, which underlines the important role
of the C-terminal part of CTS for the binding process [26]. This interaction improves
the anti-microbial activity of this peptide against C. albicans at a concentration of 4 uM,
demonstrating a synergistic effect [26].

Finally, human intervention on some of the L-isomers of these molecules may also
modify their potency in an attempt to coat medical implants [24,27]. In recent studies,
we have tested natural peptides against superbugs carried by ICU patients. It emerged
that some natural and some synthetic peptides, though not all, recovered significant
bactericidal activity in vitro when associated with or chemically modified. Investigations
further showed that AMPs act as either cell-penetrating peptides destabilizing the cell
wall of the microbes or as intracellular molecular actors interacting with calmodulin with
subsequent limitation of the rate of activity of calmodulin-activated enzymes, some of
which play a role in hyphal growth. These data prompted the conclusion that biomaterials
intended for human implantation may benefit from the coating by such molecules or from
the latter being sprayed (on wounds, for instance). Indeed, contaminations of medical
devices and surgical sites continue to contribute to significant hospital morbidity. We have,
therefore, successfully moved to functionalize bioprostheses with biomaterials designed
to combat biofilm-associated infections. Interestingly, a self-killing approach with the
bacterial-controlled release of AMPs has been reported [28]. Lastly, CGA-derived peptides
were included in hydrogels to prevent oral cavity infection [29]. CAT was functionalized
with polyarginine and hyaluronic acid on a silver platform: this, in addition to CAT’s
anti-microbial activity, strongly limited the local production of inflammatory cytokines.
This is a matter of interest in relation to buccal implantation [30], with potential as regards
devices requiring transient implantation in ICU patients.

6. Enigma and Future for CGA and Its Derived Peptides in the Critically Ill

Based on available data, one first challenge is understanding the mechanisms and
relevance of the multimerization of CGA and some of its derived peptides in acute stressing
diseases. As shown in Figure 3, according to time from admission to the recovery of shock,
we have studied by Western blotting analyses the plasma of septic shock patients with
antibodies directed against VS-I1. As indicated, we have observed time-dependent changes
in the processing of VS-I-tagged multimers in the bloodstream during the first days of ICU
stay. These data indicate time-dependent changes in the processing of molecules, which
supports characterizing chromogranins (CGA, CGA-related peptides, and chromogranins
B and C) as acute phase proteins. The multimers rapidly diminished and, in a second phase,
progressively vanished from circulation at the time when the treatment by catecholamines
was possible to stop. Whether multimerization is just a modality of transport for CGA from
chromaffin cells to distant targets in tissues or a mechanism of protection of CGA from
enzymatic processing within circulation in this setting remains unresolved and merits close
understanding to avoid interrupting a physiological process intended to protect CGA from
immediate endogenous processing. On the one hand, the pharmacological manipulation
of multimers with low doses of therapeutic albumin enables the release of monomeric
molecules if these molecules are already oxidized [16]. On the other hand, the release
of CAT, which has no such disulfide bridge available, requires another pharmacological
approach, possibly by limiting the upregulation of inducible enzymes responsible for the
processing of CGA. In clinical settings with systemic inflammation, such intervention has
been recommended for vascular iNO-synthase inhibition. Finally, there is another challenge
in relation to ICU patients as far as health stress is concerned: would CGA predict the
risk of re-admission to an ICU for an improving patient when he/she leaves the ICU for
an intermediate care facility? This issue has never been reported to date but would be of
significant interest in situations of overcrowded ICUs.
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Figure 3. Typical Western blotting analyses of plasma samples to evaluate the time-dependent
changes in extracellular processed VS-I (top panel), and simultaneous hemodynamic profile (bottom
panel) during a human septic shock. Time (Day X) runs over 3 days from admission (Day 1, hour
10:00 pm (H22)) to the end of the third day (Day 3, 02.00 pm (H14) and is represented on the X-axis (top
and bottom lines). Plasma samples harvested by 8 h, from admission until Day 3, were immediately
centrifugated (4000 rounds/min at 4 °C), and SDS-PAGE electrophoresis followed by electrophoretic
blotting with immunological detection of VS-I was performed in standard conditions. The anti-VS-I
antibodies were a generous gift of Pr A. Corti, Milan, Italy. Periods of norepinephrine and dobutamine
infusion are represented as bold arrows from admission until weaning. Please note that the processing
of chromogranin A is notably changing around Day 2 at 2:00 (H14) when the patient’s circulatory
status no longer requires the two vasopressors. The global immunoblots are decreasing in intensity,
and both small and large molecule multimerization is decaying (top panel). This phenomenon
is contemporary to the decrease in doses of vasopressors (norepinephrine and dobutamine) and
corresponds to circulatory failure recovery. Altogether, these data explain (i) why dosages of any of
these proteins must be performed at a similar time window of the disease if a proper interpretation of
their role is to be considered; (ii) that a pharmacological intervention must be scheduled at a moment
when it can be efficient. Thus, our data on 4% albumin-impact on multimerization show that such an
intervention must start as early as possible after admission, and it has no sense after the 5th day of
disease onset [16]. Please remember that the apparent molecular weight (MW) of full-length CGA is
around 70-75 kDa, and that of VS-I is approximately 18 kDa, which explains the immunoblotting
of multimers on the top panel. Boxes (solid line, dashed line ... ) focus on processed molecules of
interest, tagged with VS-I-antibodies: a careful identification must specify whether some multimers
are not just large monomeric, full-length CGA molecules containing the VS-I domain.
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A second issue concerns the possible use of CGA-derived peptides with defense prop-
erties in helping to keep implantable medical devices immune to infectious attacks once
implanted. Such a development would not only be of interest to surgeons who implant
several categories of prostheses but would also represent a significant breakthrough for
critically ill patients. Although these proteins are endogenous peptides with few detectable
side effects at nano- or micro-molar concentrations, convenient therapeutic use in humans
has never been found. No data exist on in vivo consequences of the infusion of VS-I to test
vasoactivity in humans. However, some experimental ex vivo studies have described the
effect of VS-I on human vessels and in experimental animals [31-34]. Although this peptide
has proven capable of ex vivo fungicidal and anti-bacterial activity even in multidrug-
resistant microbes, it has never been tested in vivo as an anti-microbial drug. No ethical
issues have been reported as explaining such a situation. Still, one can reasonably imagine
how large the amount of VS-I required to produce persistent physiological effects on hu-
mans would be. One additional explanation is that the efficiency and the cost/effectiveness
ratio of the drug used as a single anti-infectious agent would be questionable. Nonetheless,
it does not seem unreasonable to test this approach to prevent colonization by superbugs
in critical patients as they frequently display certain forms of immune suppression [35] or
even as local adjuvant treatment. Duration of the peptide availability for long implantation
is another limit for such use. Our group has recently proposed that implantable devices can
be coated whenever possible to lessen the risk of care-related infections [27,28]. We have
succeeded in incorporating CAT—and its active core CTL—by linking them to materials
through a spacer, which is cleavable by enzymes from bacterial strains prone to colonizing
intravascular prostheses. This opens the perspective of a new defense strategy for fighting
infection of implants: the innovative component of the strategy is that the availability of
the AMP is longer and diminishes only if the microbe is present with the required enzyme
for the release of the coated peptide. For example, we successfully used the endo-protease
Glu-C produced by S. aureus, although it had been previously shown that hyaluronidase
from both S. aureus and yeast also works [27,28,30]. To make the strategy even more
efficient, we have also tested D-stereoisomers of some CGA-derived peptides: these iso-
mers proved very stable against enzymatic proteolysis. The preliminary results encourage
further investigation. First, the dimeric form of CTL linked by three polyethylene glycols
substantially enhances the anti-bacterial activity against S. aureus. In contrast, dimerization
was not required to ensure better destruction of C. albicans. Second, the D- CTL peptide
displays interesting, enhanced activity against some Gram-negative superbugs relevant as
far as ICU patients’ infections are considered. Third, the non-toxic peptide DOPA5T- CTL
can be employed as a “self-killing strategy” regarding S. aureus having certain protease
activities; in addition, once released, the anti-microbial CGA-derived peptides still boost
local immunity in dendritic cells and CD14 cells as well in tissues where a high concen-
tration of microbes would justify a sustained release of the host defense peptide. These
results indicate that medical use is foreseeable with some synthetic peptides such as CTL or
VS-Tin the near future, provided that technical and scientific progress enables the perfect
impregnation of the implant.

A third issue arose recently: COVID became a significant threat in the hospital as far as
its critical forms are concerned. De Lorenzo et al. asserted that CGA concentrations could
predict death [36]. They showed that dying COVID patients demonstrated higher CGA
levels on admission than survivors. Indeed, in our differently designed study of COVID
patients admitted for acute respiratory failure and hypoxemia, admission plasma CGA
concentrations instead predicted the occurrence of morbidity rather than mortality, which
was better forecast by the CAT/CGA ratio [14]. Our study suggested that the stressing chal-
lenge of COVID was probably not hypoxemia itself—in line with its effect in vitro—since
matched ICU control patients without hypoxemia did display levels of CGA similar to
those of hypoxic COVID patients [37]. Because standard inflammation parameters did also
not correlate with either CGA or CAT, we also examined the possibility that long-lasting
circulating concentrations of CAT could interfere with systemic inflammation. According
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to a previous study by our group, such concentrations physiologically boost, through a
cell-penetrating-peptide mechanism, the release of pro-inflammatory molecules by PMNs,
molecules which are currently recognized as biomarkers of severity in COVID [23]. In ad-
dition to this mechanism of inflammation, circulating CAT will also be available to engage
in a molecular receptor-linked action on nAChR. There are strong scientific arguments to
prove that CAT is a non-competitive inhibitor of this receptor, which provides a new and
better comprehension of imbalanced neural regulation of innate immunity in critically ill
patients [38]. This activity of CAT will be of major significance regarding all critically ill
patients in explaining morbidity linked to the failure to arrive at a proper balance between
pro- and anti-inflammatory pathways after life-threatening stress. Indeed, the action of CAT
on nAChR provides an explanation not only for the occurrence of care-related infection but
also for long-lasting multiple organ failure-associated myopathy [39].

Finally, there are other relevant issues regarding critically ill patients in connection with
the in vivo processing of CGA. Among the difficult matters to explore is the involvement of
CGA and its derivatives in acute cardiac diseases, whereas its involvement in chronic heart
diseases has already been investigated [40-45]. Acute cardiac failure is far from exceptional
in acute-onset conditions such as shock. No compelling reason exists to exclude a possible
role for full-length CGA or selected CGA-derived peptides in transient cardiomyopathy or
some severe arrhythmias.

7. Conclusions

In recent years, progress has been achieved in comprehending the biological signifi-
cance of full-length CGA and selective CGA-derived peptides measured in the bloodstream
of critically ill patients. These molecules will undoubtedly benefit from specific assess-
ments in larger groups of seriously ill patients with selected clinical phenotypes. Such a
prerequisite is mandatory to understand how well-conserved molecules can contribute to
understanding pathophysiological conditions that are still unexplained and, therefore, not
efficiently treated. For further experiments, we propose testing the implications of CGA
and CGA-derived peptides in acute heart diseases and in acute neurological abnormalities
that are time-dependently observed in the critically ill. In addition, given the presence of
other granins, these molecules will also be investigated in a second step. If our hypotheses
turn out to be correct, we believe this will open new insights into the care of the critically ill
with multiple organ failure. Linking our efforts in clinical settings and ex vivo experiments
will result in better use of endogenous CGA-derived peptides for diagnostic tools and
synthetic CGA-derived peptides for implants in the critically ill.
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Abstract: The rapid increase in drug-resistant and multidrug-resistant infections poses a serious chal-
lenge to antimicrobial therapies, and has created a global health crisis. Since antimicrobial peptides
(AMPs) have escaped bacterial resistance throughout evolution, AMPs are a category of potential
alternatives for antibiotic-resistant “superbugs”. The Chromogranin A (CgA)-derived peptide Cates-
tatin (CST: hCgAssp_372; bCgA344364) Was initially identified in 1997 as an acute nicotinic-cholinergic
antagonist. Subsequently, CST was established as a pleiotropic hormone. In 2005, it was reported that
N-terminal 15 amino acids of bovine CST (bCST;_;5 aka cateslytin) exert antibacterial, antifungal,
and antiyeast effects without showing any hemolytic effects. In 2017, D-bCST;_;5 (where L-amino
acids were changed to D-amino acids) was shown to exert very effective antimicrobial effects against
various bacterial strains. Beyond antimicrobial effects, D-bCST_15 potentiated (additive/synergistic)
antibacterial effects of cefotaxime, amoxicillin, and methicillin. Furthermore, D-bCST1_15 neither
triggered bacterial resistance nor elicited cytokine release. The present review will highlight the
antimicrobial effects of CST, bCST_15 (aka cateslytin), D-bCST;_;5, and human variants of CST
(Gly364Ser-CST and Pro370Leu-CST); evolutionary conservation of CST in mammals; and their
potential as a therapy for antibiotic-resistant “superbugs”.

Keywords: Chromogranin A; catestatin; gut microbiome; antimicrobial peptide; cell permeable peptide

1. Introduction

Microbial infections in critically ill patients are a global threat. With failing host
defense, the use of antibiotics has taken the place for containment of those infections.
Nevertheless, the microbes have also evolved with time to develop resistance against those
drugs. This arm’s race between antibiotic drugs and pathogens had led to the rise of
multi-drug-resistant microbes, called “superbugs”, which emphasizes the urgent need
to develop new modes of treatment. Since antimicrobial peptides (AMPs) have evaded
bacterial resistance for millions of years of evolution [1], AMPs could be a potential solution
for antibiotic resistant “superbugs”. Chromogranin A (CgA), the acidic and secretory pro-
protein [2,3], is proteolytically cleaved to generate several biologically important peptides,
including Catestatin (CST: hCgAj3sp_377) [4-12]. The 21 amino acid peptide CST (human:
S350SMKLSFRARAYGFRGPGPQLgyp; bovine: R344SMRLSFRARGYGFRGPGLQLg44) was
identified in 1997 as a physiologic brake in catecholamine secretion, which acts by non-
competitive inhibition of nicotinic-cholinergic signaling [5,13-18]. CST is now established
as a pleiotropic peptide [6,19,20]
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The non-hemolytic antimicrobial (bacteria, fungus, and yeast) effects of CST (bCST1_15
aka cateslytin) were first reported in 2005, where CST was shown to act by penetrating
fungal and yeast cell membranes [21]. The study showed that less than 10 uM peptide was
required to kill the bacteria. Antibacterial activities were also reported for the two human
variants of CST (G344S-CST and P3yL-CST) [22] with minimal inhibitory concentration
(MIC) of 1-20 uM [21]. Later, D-bCST;_;5 (Where L-amino acids were changed to D-amino
acids: ragsmrlsfrargygfrssg) was shown to exert more potent antibacterial (both Gram-
positive and Gram-negative bacteria) effects than natural CST [23]. The present review
will focus on the antimicrobial effects of CST, with special emphasis on the mechanisms
underlying its antibacterial effects, therapeutic potential, and evolutionary conservation.

2. Antibacterial Effects of CST
2.1. Inhibition of Bacterial Growth by CST

The group of Metz-Boutigue first demonstrated the antibacterial activity of CST. Her
group used bCST344_358 (coining the term cateslytin to describe this antimicrobial effect) to
reveal the inhibition of growth of the Gram-positive and Gram-negative bacteria [21]. The
minimal inhibitory concentrations (MICs) of CST (bCgA344-358, hCgAsz50_372, Gly364Ser-CST
and ProzygLeu-CST) for Gram-positive bacteria (Micrococcus luteus, Bacillus megaterium,
Group A Streptococcus, S. aureus ATCC 25923, S. aureus ATCC 49775, S. aureus S1 MRSA, S.
aureus S1 MSSA, and S. aureus DmprF) range from 0.8 uM to >100 uM (Figure 1) [21,24].
The minimal concentration with 100% inhibition (MIC;qg) for Gram-positive bacteria range
from 2 pM to >100 uM. The MIC of CST was higher (8 uM to 50 uM) for Gram-negative
bacteria (Escherichia coli D22, E. coli 029, and Pseudomonas aeruginosa) compared to Gram-
positive bacteria (Figure 1). Likewise, the MICgy of CST was higher (15 uM to 150 uM) for
Gram-negative bacteria compared to Gram-positive bacteria (Figure 1). The higher MIC
and MICj values of CST for Gram-negative bacteria are consistent with the presence of
extra outer membrane containing lipopolysaccharide (LPS) [25,26]. Beyond the extra-thick
cell membrane, Gram-negative bacteria also release exotoxins such as tetanus [27] and
cholera toxins [28] that worsen prognosis.

Bacillus megaterium

Staphylococcus aureus
ATCC 25923 il Al
Staphylococcus aureus
51 (MRSA)
Staphylococcus aureus
Escherichia coli 029 20-30

Figure 1. Effects of wild-type (WT)-CST and natural human variants of CST (Gly364Ser and
Pro370Leu) on the growth of Gram-positive and Gram-negative bacteria showing minimal inhibitory
concentration (MIC) and lethal concentration (MICy) of CST.

D-bCST1_15 was reported to exert more effective antimicrobial effects against various
bacterial strains than L-bCST1_15 [23]. In addition to its antimicrobial effects, D-bCST1_15
was reported to potentiate (additive/synergistic) the antibacterial effects of cefotaxime,
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amoxicillin, and methicillin [23]. Furthermore, it has been shown that D-bCST;_;5 neither
triggered bacterial resistance nor elicited cytokine release [23]. In addition, D-bCST;_15
was reported to be more resistant to degradation by secreted bacterial protease than L-
bCSTy_15 [23]. Thus, it was suggested that D-bCST;_;5 can be used as a monotherapy or as
a combination therapy with currently prescribed antibiotics to counteract various diseases
associated with bacterial infection [23].

2.2. Composition of Bacterial Membranes

While antibiotics target specific cellular activities (e.g., synthesis of DNA, protein,
or cell wall), AMPs target the LPS layer of the cell membrane. Extensive studies have
been conducted to learn the composition of the bacterial membrane. The bacterial cy-
toplasmic membrane consists of zwitterionic phospholipids (phosphatidylcholine, phos-
phatidylethanolamine, sphingomyelin, etc.) and anionic phospholipids (phosphatidyl
serine, phosphatidyl glycerol, etc.), providing them with a negative charge [29-32]. In
contrast, besides the cytoplasmic membrane, Gram-negative bacteria contain an additional
strong electronegative LPS-containing thick outer membrane [25,26]. Furthermore, the
peptidoglycan layer on the outer side of the cytoplasmic membrane is much thicker in Gram-
positive bacteria compared to Gram-negative bacteria (20-80 nm versus ~10 nm) [33,34].
The peptidoglycan layer in Gram-positive bacteria is connected by electronegative wall
lipoteichoic acids and anchored on the phospholipid bilayer by electronegative lipoteichoic
acids [35]. In contrast, in Gram-negative bacteria, the LPS forms the major lipid component
of the outer leaflet of the outer membrane [35].

2.3. Secondary Structure of CST Explains the Antibacterial Effects of CST

Based on their secondary structure, AMPs are generally categorized into four groups:
(i) c-helical AMPs, (ii) 3-sheet AMPs, (iii) extended AMPs, and cationic loop AMPs [36]. Ho-
mology modeling followed by molecular dynamics simulation of bovine CST (bCgA3z42-370)
performed in a water shell led to a 3-strand-loop-f3-strand structure. Molecular dynamics
and computer simulations of human CST;_»; revealed the following: Rjp, A1y, and yi2
contribute to a 31 helix [37]. In contrast, Fy, Rg, Ag, F14, Ri5, G14, P17, and Gyg contribute to
the antiparallel 3-sheet [37]. The mechanism of the antibacterial action of CST;_»; could
start by interacting with negatively charged moieties such as LPS in the outer membranes
of Gram-negative bacteria and lipoteichoic acid in the wall of Gram-positive bacteria. The
primary structure of CST reveals that CST contains cationic and hydrophobic residues and
adopt a -sheet secondary structure via intermolecular forces [38]. This folding structure
would facilitate CST to fold into an amphiphilic conformation with positively charged
(polar) and hydrophobic (nonpolar) faces (Figure 2). The presence of a great number of
positively charged residues (5 in bCST and 4 in hCST) will allow CST to interact prefer-
entially with negatively charged bacterial membranes [1,39]. Since the hydrophilic and
hydrophobic amino acids of CST are structurally segregated, it will provide solubility of
CST in both aqueous and lipid-rich environments, as suggested for other AMPs [40]. In ad-
dition, positively charged amino acids in CST formed amphipathic structures, as evidenced
by separated hydrophobic and hydrophilic surface domains [39,41] (Figure 2). When the
concentration of CST would exceed a certain critical concentration, the cell membrane
would form pores, leading to content leakage, cell lysis, and finally death. Since cyclization
of peptide has been reported to induce high antimicrobial activity [39,41], it is reasonable to
assume that cyclization of CST would markedly improve the antibacterial activity of CST.
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Figure 2. Hydropathy profiles of (A) Consensus CST, (B) Human CST, and (C) Bovine CST. The
values are plotted based on the parameters used from Kyte and Doolittle, 1982. The values above zero
represents the hydrophobic property of the amino acids that might contribute to the hydrophobic
core of the peptide. The values below zero represent the hydrophilic property of the amino acids,
which are instrumental in interaction with other protein factors.
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Metz-Boutigue’s group has shown that bCgA344 358 is unstructured in solution but is
converted to an antiparallel 3-structure and forms aggregates at the surface of negatively
charged bacterial membranes [42]. As for catecholamine secretion [15], arginine residues
were found to be crucial for binding to negatively charged lipids [42,43]. They proposed
that the phase boundary defects caused by zones of different rigidity and thickness lead to
permeability induction and peptide crossing through the bacterial membrane [42]. The fact
that CST penetrates through the bacterial wall was shown by measuring the optical density
of the released (3-galactosidase from ML-35p [24]. Electron microscopical studies of E. coli
ML-35p confirmed that CST rapidly disrupts the E. coli membrane, with visible membrane
blebbing compared to untreated cells within 10 min [24].

2.4. CST as a Potential Therapy for Bacterial Diseases

AMPs derived from CgA display antimicrobial activities by lytic effects at micromolar
range against Gram-positive bacteria, filamentous fungi, and yeasts. Interestingly, CST-
derived peptides can kill “superbugs” and more particularly S. aureus [44]. Considering
the actions of CST on E. coli, it could be useful as a therapeutic target for the Gram-negative
bacteria that cause many serious infections, including Cholera [45], E. coli [46], Yersinia [47],
Campylobacter [48], Legionella [49], Salmonella [50], Klebsiella [51], Pseudomonas [52], Francisella
tularensis [53], Salmonella typhi [54], and microbes associated with drug resistance [55-57],
and CST might be used as a therapeutic target for the above diseases.

3. Antifungal and Anti-Yeast Effects of CST
3.1. Inhibition of Growth of Fungus and Yeast by CST

Fungal infections are common on the surface of skin, nails, or mucous membranes
(superficial or mucocutaneous), underneath the skin (subcutaneous), or in the lungs, brain,
or heart (deep infection). Deep fungal infections include Histoplasmosis [58], Coccid-
ioidomycosis (Valley fever) [59], Blastomycosis [60], Aspergillosis [61], Candidal urinary
tract infection [62], invasive candidiasis [63,64], Pneumocystis pneumonia [65], Mucormyco-
sis [66,67], and Cryptococcosis [68,69]. It is becoming increasingly evident that resistance
to antifungal therapy is on the rise [70,71], which calls for the development of alterna-
tive therapy for these infections. Host-defense peptides are emerging as new promising
candidates to counteract antifungal resistance [72]. To this end, Metz-Boutigue’s group
tested the effects of CST on the growth of fungus and yeasts. They found MIC values
of CST or its human variants ranging from 0.2 uM to 75 uM against a host of fungal
species (Neurospora crassa, Aspergillus fumigatus, A. niger, Nectria haematococca, Fusarium
culmorum, F. oxysporum, Trichophyton mentagrophytes, and T. rubrum) [21,24] (Figure 3). The
MICygg values of CST or its human variants against the above fungal species ranged from
0.8 uM to 100 uM [21,24] (Figure 3). CST and its human variants also displayed similar
inhibitory effects on the growth of yeasts, with MIC ranging from 1.2 uM to >240 uM
(Figure 3) [21,24]. The MICygg of CST and its variants against the above yeasts ranged
from 6 uM to 75 uM [21,24] (Figure 4). Similar to the effects of retro-inverso (RI)-CST
(Amino-lqpGpGrfGyararfslkmss-carboxyl, with the CST sequence reversed from carboxyl
— amino, and chirality was inversed from L — D) on catecholamine secretion [73], D-CST
exhibited comparable inhibitory effects on the growth of yeast compared to L-CST with
MIC ranged from 2 uM to 9.6 uM [23]. D-CST was also uncovered to be resistant to prote-
olytic digestion [23,44,74]. Akin to L-CST, D-CST can also be used to develop therapies for
drug-resistant microbial infection [75].
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Phylum
Fungal species

Ascomycota
Neurospora crassa

Aspergillus fumigatus
Aspergillus niger
Nectria haematococca
Fusarium culmorum
Fusarium oxysporum
Trichophyton mentagrophytes

Trichophyton rubrum

Yeast species

Candida albicans
ATCC 14053

Candida albicans
Candida albicans “S”
Candida albicans “R”

Candida tropicalis
Candida tropicalis “S”
Candida tropicalis “R”

Candida glabrata
Candida glabrata “S”

Candida glabrata "R”

Candida neoformans

WT-CST

bCaA WT-CST WT-CST WT-CST G364S-CST G364S-CST P370L-CST P370L-CST
2583“' bCgAssass  hCQAasram hCgAssz.a72 hCgAasz.a72 hCgAss2.372 hCgAas2.572 hCgAasz.a72
MIC (uM) MIC1go (UM) MIC (M) MIC1g0 (M) MIC (uM) MIC1pq (M) MIC (uM) MIC+go (UM)
12 3.2 20 50 3 5 3 10
10 80 20-80 30 10-20 80 10-20 100
20 30 20 30 10 20
0.2 0.8
2 8
6 10
4 20
75 75 20 =

Figure 3. Effects of WT-CST and natural human variants of CST (Gly364Ser and Pro370Leu) on the
growth of fungal species showing MIC and MICq of CST.

WT-L-CST WT-L-CST WT-D-CST WT-L-CST WT-CST WT-CST G364S-CST P370L-CST
bCgAz44.358 bCgAz44.558 bCgA344-358 bCgAsssss  NCOAssrar2  hCAssrar hCgAss2.572 hCgAss2.572
MIC (UM)  MICyo (UM)  MIC (UM) MIC (UM)  MIC (uM)  MICro ((M)  MICran (UM)  MIC1go (M)
50-75 30 30
1.2 8
7.9 5.5 30 =240
9.6 9.6 50 >240
1.8 10
9.8 8.1 50 >240
2.0 2.0 20 >240
8 30
38.2 13.4
61.4 16.0 >100 >240
1.4 6 >100 >240

Figure 4. Effects of WT-CST and natural human variants of CST (Gly364Ser and Pro370Leu) on the
growth of yeast species showing MIC and MIC;g of CST.

3.2. Mechanisms Underlying the Antifungal and Antiyeast Activities of CST

The composition of fungal cell membranes is similar to that of bacteria, comprising
zwitterionic and anionic phospholipids. In contrast, the fungal cell wall is composed of
chitin, glucan, ergosterol, and mannoprotein, which reside on the surface of the cytoplasmic
membrane. Because of the negative charge on the cytoplasmic membrane, CST could exert
its anti-fungal activities in a similar way to its antibacterial activity. Metz-Boutigue’s group
used confocal laser microscopy to analyze the interaction of the synthetic rhodamine-labeled
cateslytin (bCgAsz44-358r) With fungal (A. fumigatus) and yeast (C. albicans) membranes [21].
Rhodaminated cateslytin (1 uM) was detected in the inner compartment after 2 min of
incubation, implicating rapid and efficient penetration through the cell wall [21]. Us-
ing time-lapse video microscopy of fungal growth, they have shown that rhodaminated
cateslytin blocked the growth and development of nascent fungus [21]. Penetration of rho-
daminated cateslytin takes place at both ends of the small fungi (three cells and expressing
a slow growth rate) as compared to larger fungi with a higher growth rate where pene-
tration takes place at one end [21]. Sequence homology of the well-known cell-permeable
peptide penetratin with CST representing seven mammalian orders (Primates, Rodentia,
Artiodactyla, Perissodactyla, Carnivora, Cetacea, and Monotremata) revealed 63.64% to
75% similarity, which should qualify CST as a cell-permeable peptide (Figure 5).
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Common Name

Penetratin

Consensus mammalian CST

Human
House mouse
Cattle

Pig

Horse

Walrus

Killer whale

Platypus

Scientific Name Order Sequence Identity Similarity

RQI KIWFQNR

R MKLSFRAR 40% 70%
Homo sapiens Primates MKLSFRAR 37.5% 75%
Mus musculus Rodentia RSMKLSFRTR 40% 70%
Bos taurus Artiodactyla RSMRLSFRAR 30% 70%
Sus scrofa Artiodactyla RSMKLSFR 37.5% 75%
Equus caballus Perissodactya R S M K L S F R A R 40% T70%
Odobanus rosmarus divergens  Carnivora RSMKLSFRAR 40% 70%
Orcinus orca Cetacea RAMKLSFRAR 40% 70%
Ormnithorhynchus anatinua Monotremata RSMKLSFKTH 27% 64%

Identical: Black; Similar: Blue; Not Similar: Red

Figure 5. Homology between cell permeable peptide penetratin and CST in seven mammalian orders.

4. CST Regulation of Gut Microbiota
4.1. Microbiomes in Colonic Mucosa versus Feces

Recent studies have identified a larger role of gut microbiota in gut-immune home-
ostasis and in intestinal pathology. The human intestinal microbiota is dominated by
five phyla: high-abundant (>80%) (1) Bacillota (aka Firmicutes) and (2) Bacteroidota; less-
abundant (3) Actinomycetota (aka Actinobacteria), (4) Pseudomonadota (aka Proteobacteri),
and (5) Verrucomicrobiota [76] as compared to four phyla in mice: high-abundant Bac-
teroidota, Bacillota, Deferribacterota, and Pseudomonadota [77]; and (4) low-abundant
Actinomycetota and Verrucomicrobiota compared to humans. In mouse colonic mucosa
samples, 19 phyla were identified [78] (Figure 6). Although CST failed to alter bacterial
populations in the four high-abundant phyla, it altered colonic mucosa-associated bacte-
rial community composition at lower taxonomic levels, including orders Bacteroidales,
Clostridiales, and YS2, and Families Chitinophagaceae, Clostridiaceae, Coriobacteriaceae,
Pseudomonadaceae, Rikenellaceae, and Ruminococcaceae [78]. While CST increased the
relative abundance of Bacteroidota, it caused a marked decrease in the Bacillota popula-
tion (Figure 6). Bacteroides and Parabacteroides species, representing ~25% of the colonic
microbiota, transform simple and complex sugars into volatile short-chain fatty acids
(SCFAs), such as acetate, butyrate, and propionate [79-81], which are absorbed in the
colon as a nutrient [82,83]. In addition to colonic nutrients, SCFAs are well established
for their roles in accelerating gut transit time via the release of serotonin [84,85]. SCFAs
also release glucagon-like peptide 1 from the enteroendocrine L-cells [86-88] and improve
insulin sensitivity [89-91]. Bacteroides thetaiotaomicron produces significant amounts of
glycosylhydrolases, which prevent obesity [92]. Other Bacteroides species are also reported
to prevent obesity and increase insulin sensitivity [93,94]. Furthermore, Bacteroides fragilis
produces zwitterionic polysaccharide, which activates CD4" T cells to produce interleukin
10 (IL-10). IL-10 plays crucial roles in preventing abscess formation and other unchecked
inflammatory responses [95,96]. The functional correlation between different CST mutants
across species and their respective microbiota has remained elusive.
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Major  Bacteroidota  Bacteoidola  Baclerodotaf  Bactoroidota  Bacteroidota | Becteidota]  Bacteidoa)

Phyla
(>1%) Deferribacterota Deferribacterota Deferribacterota Deferribacterota Deferribacterota Deferribacterota Deferribacterota

Parcubactena e Parcubacteria Parcubacteria 1 Parcubacteria Parcubacteria Parcubacteria 1 Parcubacteria

2’%':) Cyanobacteria Cyanobacteria Cyanobacteria Cyanobacteria Cyanobactena Cyanobacteria Cyanobacteria
Fibrobacterota Fibrobacterota Fibrobacterota Fibrobacterota Fibrobacterota

Verrucomicrobiota Verrucomicrobiota Verrucomicrobiota ~ Verrucomicrobiota |  Verrucomicrobiota 11 Verrucomicrobiota | Verrucomicrobiota

Figure 6. Abundance of bacterial species in mucosal and fecal samples in WT and CST-KO mice in
presence or absence of CST as well as after fecal microbial transplant. Green arrows indicate CST
effects; red arrows indicate FMT effects.

4.2. Microbiomes in CST Knockout (CST-KO) Mice and Inflammation

CST knockout (CST-KO) mice were generated in 2018 and are: insulin-resistant on a
normal chow diet [97], hyperadrenergic [98], hypertensive [98], and with a leaky gut [99].
The microbiome in CST-KO mice was found to be quite different in composition than its
WT littermates [99]. Microbial richness revealed a significant decrease in CST-KO compared
to WT mice [100]. (Figure 7). Surprisingly, Verrucomicrobiota population was very low in
CST-KO mice, indicating low levels of Akkermansia species. Since A. muciniphila modulates
obesity by regulating metabolism and energy homeostasis to improve insulin sensitivity
and glucose homeostasis [101], low Verrucomicrobiota population possibly contributed to
the insulin resistance reported for CST-KO mice [97].

4.3. Alteration of Diversity and Composition of the Microbiota in the CST-KO after
Supplementation with CST

Decreased amplicon sequence variants and abundance-based coverage estimator in-
dices in CST-KO mice were restored after supplementation with CST for 15 days [100]. Akin
to richness scores, supplementation of CST-KO mice with CST increased the diversity index
as assessed by Shanon’s H and inverted Simpson’s index [100]. At the phylum level, CST
decreased Bacillota phylum and increased Bacteroidota, Patescibacteria, Desulfobacterota,
Verrucomicrobiota, and Proteobacteria in both CST-KO and WT mice [100]. In contrast,
CST increased Alistipes, Akkermansia, and Roseburia genera only in CST-KO mice [100].
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I e N EE
Consensus: RSMKLSFRARAYGFRGPGPQL

Common Name Scientific Name Order CgA Domain 10 20
Human [Homo sapiens Primates CgA352-372 SSMKLSFRARAYGFRGPGPQL 21
Bonobo Pan paniscus Primates CgA354-374 SSMKLSFRARAYGFRGPGPQL 21
Chimpanzee Pan troglodytes Primates CgA354-374 SSMKLSFRARAYGFRGPGPQL 21
Western low-land gorilla Gorilla gorilla gorilla Primates CgA354-374 SSMKLSFRARAYGFRGPGPQL 21
Sumatran orangutan Pongo abelii Primates CgA352-372 SSMKLPFRARAYGFRGPGPQL 21
Silvery gibbon Hylobates moloch Primates CgA353-373 SSMKLSFRARAYGFRGPGPQL 21
Black snub-nosed monkey  |Rhinopithecus bieti Primates CgA348-368 RSMKLSFRARAYGFRGPGPQL 21
Crab-eating macaque Macaca fascicularis Primates CgA353-373 RSMKLSFRARAYGFRGPGPQL 21
Golden snub-nosed monkey |Rhinopithecus roxellana Primates CgA348-368 RSMKLSFRARAYGFRGPGPQL 21
Green monkey Chlorocebus sabaeus Primates CgA352-372 RSMKLSFRARAYGFRGPGPQL 21
Night monkey \Aotus nancymaae Primates CgA351-371 HSMKLSFQARAYGFRGPGPQL 21
Old world monkey Colobus angolensis palliatus Primates CgA350-370 RSMKLSFRARAYGFRGPGPQL 21
Olive baboon Papio anubis Primates CgA355-375 RSMKLSFRARAYGFRGPGPQL 21
Pig-tailed macaque \Macaca nemestrina Primates CgA353-373 RSMKLSFRARAYGFRGPGPQL 21
Red colobus Piliocolobus tephrosceles Primates CgA353-373 RSMKLSFRARAYGFRGPGPQL 21
Sooty mangabey Cercocebus atys Primates CgA354-374 GSMKLSFRARAYGFRGPGPQL 21
Rhesus monkey Macaca mulatta Primates CgA350-370 RSMKLSFRARAYGFRGPGPQL 21
Tufted capuchin Sapajus apella Primates CgA351-371 HSMKLSFRGRAYGFRGPGPQL 21
Black rat Rattus rattus Rodentia CgA360-380 RSMKLSFRTRAYGFRDPGPQL 21
Brown rat Rattus norvegicus Rodentia CgA366-386 RSMKLSFRARAYGFRDPGPQL 21
Golden hamster Mesocricetus auratus Rodentia CgA335-355 RSMKLSFRARAYGFRDPGPQP 21
Grasshopper mouse Onychomys torridus Rodentia CgA347-367 RSMKLPFRARAYGFRDPGPQL 21
House mouse Mus musculus Rodentia CgA364-384 RSMKLSFRTRAYGFRDPGPQL 21
Multimammate mouse Mastomys coucha Rodentia CgA356-376 RSMKLSFRARAYGFRDPGPQL 21
Ryuku mouse Mus carol Rodentia CgA359-379 RSMKLSFRTRAYGFRDPGPQL =21
Shrew mouse Mus pahari Rodentia CgA347-367 RSMKLSFRTRAYGFRDPGPQL 21
European rabbit Oryctolagus cuniculus Lagomorpha CgA342-362 RSMKLSFQPRAYGFRGPGPQL 21
Alpaca Vicugna pacos Artiodactyla CgA348-368 RSMKLSFRARAYGFRGPGLQL 21
Arabian camel Camelus dromedarius Artiodactyla CgA347-367 HSMKLSFRARAYGFRGPGLQL 21
Cattle Bos taurus Artodactyla CgA344-364 RSMRLSFRARGYGFRGPGLQL =21
Goat Capra hircus Artiodactyla CgA338-358 RSMRLSFQARGYGFRGPGLQL 21
Pig Sus scrofa Artiodactyla CgA343-363 RSMKLSFRAPAYGFRGPGLQL 21
Sheep Ovis aries Artiodactyla CgA347-367 RSMRLSFQARGYGFRGPGLQL 21
Donkey Equus asinus Perissodactyla | CgA343-363 RSMKLSFRARAYGFRGPGLQL 21
Horse [Equus caballus Perissodactyla CgA343-363 RSMKLSFRARAYGFRGPGLQL 21
Southern white rhinoceros  |Ceratotherium simum Perissodactyla | CgA347-367 RSMKLSFRARAYGFRGPGLQL 21
California sea lion Zalophus californianus Carnivora CgA344-364 RSMRLSFRARAYDFRGPGLQL 21
Cat Felis catus Carnivora CgA349-369 SSMKLSFRARAYDFRGPGLQL 21
Cheetah \Acinonyx jubatus Carnivora CgA348-368 SSMKLSFRARAYDFRGPGLQL =21
Dog Canis lupus Carnivora CgA343-363 HSMKLSFRARAYDFRGPGLPL 21
Giant panda \Ailuropoda melanoleuca Carnivora CgA346-366 | RSMKLSFRARAYDFRGPGLQL 21
Grizzly bear Ursus arctos horribilis Carnivora CgA347-367 RSMKLSFRARAYDFRGPGLQL 21
Harbor seal Phoca vitulina Carnivora CgA348-368 | RSMKLSFRARAYDFRGPGLQL 21
Leopard Panthera pardus Carnivora CgA348-368 SSMKLSFRARAYDFRGPGLQL 21
Mongooses Suricata suricatta Camnivora CgA350-370 | RSMKLAFRARAYDFRGPGLQL 21
Monk seal Neomonachus schauinslandi Carnivora CgA344-364 RSMKLSFRARAYDFRGPGLQL =21
Northern fur seal Callorhinus ursinus Carnivora CgA343-363 | RSMRLSFRARAYDFRGPGLQL 21
Walrus Odobenus rosmarus divergens Carnivora CgA340-360 RSMKLSFRARAYDFRGPGLQL 21
Weddell seal Leptonychotes weddellii Carnivora CgA347-367 RSMKLSFRARAYDFRGPGLQL =21
Dolphin Lipotes vexillifer Cetacea CgA339-359 RAMKLSFRARGYDFSGPGLPL 21
Killer whale Orcinus orca Cetacea CgA340-360 | RAMKLSFRARGYDFSGPGLQL 21
Sperm whale Physeter catodon Cetacea CgA355-375 RAMKLSFRARGYDFRGPGLQL 21
Platypus Ormnithorhynchus anatinua Monotremata CgA370-390 RSMKLSFKTHKYDFGEAGRPK 21

Figure 7. Homology of CST sequence in 53 mammalian species belonging to eight orders. CST
sequences were aligned using the MUSCLE method provided by SnapGene software from
the following mammalian species: human (Homo sapiens: NM_001275), bonobo (Pan panis-
cus: XP_008956465.1), chimpanzee (Pan troglodytes: PNI97600.1), western low-land gorilla
(Gorilla gorilla gorilla: XM_019009788.2), Sumatran orangutan (Pongo abelii: XM_002825045.3),
silvery gibbon (Hylobates moloch: XP_031990963.1), black snub-nosed monkey (Rhinopithecus
bieti: XM_017857899.1), crab-eating macaque (Macaca fascicularis: XP_045252830.1), golden
snub-nosed monkey (Rhinopithecus roxellana: XM_010384506.1), green monkey (Chlorocebus
sabaeus: XM_007987644.2), night monkey (Aotus nancymaae: XM_012455409.1), old world mon-
key (Colobus angolensis palliates: XM_011949380.1), olive baboon (Papio Anubis: XM_031667888.1),
pig-tailed macaque (Macaca nemestrina: XM_011717182.1), red colobus (Piliocolobus tephrosceles:
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XM_023205512.3), Sooty mangabey (Cercocebus atys: XM_012083744.1), rhesus monkey (Macaca
mulatta: NM_001278450.1), tufted capuchin (Sapajus apella: XM_032287580.1), black rat (Rattus rat-
tus: XM_032908276.1), brown rat (Rattus norvegicus: XM_032908276.1), golden hamster (Mesocrice-
tus auratus: XM_005068386.4), grasshopper mouse (Onychomys torridus: XM_036206345.1), house
mouse (Mus musculus: NM_007693.2), multimammate mouse (Mastomys coucha: XM_031357132.1),
Ryuku mouse (Mus caroli: XM_021179357.1), Shrew mouse (Mus pahari: XM_021202342.2), European
rabbit (Oryctolagus cuniculus: XM_051826432.1), alpaca (Vicugna pacos: XP_031534667.1), Arabian
camel (Camelus dromedarius: XM_031454226.1), cattle (Bos taurus: NM_181005.2), goat (Capra hircus:
XM_018066172.1), pig (Sus scrofa: NP_001157477.2), sheep (Ovis aries: XP_004018008.3), donkey
(Equus asinus: XP_014687627.1), horse (Equus caballus: NP_001075283.2), southern white rhinoceros
(Ceratotherium simum: XP_004434274.1), California sea lion (Zalophus californianus: XP_027424506.2),
cat (Felis catus: XP_023111743.1), cheetah (Acinonyx jubatus: XP_026922275.1), dog (Canis lupus:
XP_038528993.1), giant panda (Ailuropoda melanoleuca: XP_019660005.1), grizzly bear (Ursus arctos
horribilis: XP_048075839.1), harbor seal (Phoca vitulina: XP_032261715.1), leopard (Panthera pardus:
XP_019317643.2), mongooses (Suricata suricatta: XP_029807749.1), monk seal (Neomonachus schauins-
landi: XP_021535325.1), Northern fur seal (Callorhinus ursinus: XP_025726236.1), walrus (Odobenus
rosmarus divergens: XP_004394547.1), weddell-seal (Leptonychotes weddellii: XP_030873380.1), dolphin
(Lipotes vexillifer: XP_007454783.1), killer whale (Orcinus orca: XP_004262400.1), sperm whale (Physeter
catodon: XP_023986851.1), and platypus (Ornithorhynchus anatinua: XP_039767777.1). Yellow shows
an amino acid match between species.

4.4. Restoration of Microbial Dysbiosis in CST-KO Mice after Fecal Microbial Transplant (FMT)
from WT Donor Mice

FMT is now established as an effective therapeutic modality in the treatment of the
following diseases: (i) antibiotic-refractory recurrent Clostridium difficile colitis with a
success rate of up to 95% [102-105], (ii) constipation, (iii) irritable bowel syndrome, and
(iv) inflammatory bowel disease [106-108]. Therefore, attempts were made recently to
assess whether gut microbial population in mice can be reversed by reciprocal FMT. WT
mice that received FMT from the CST-KO mice (WTFMT-CST-KO) encompassed a reduction
of Clostridia and Akkermansia [109], which are linked to metabolic disorders and insulin
resistance [110,111] and a marked increase in the Proteobacteria population, which are
associated with active inflammatory bowel disease (IBD) states [112,113]. Of note, CST-KO
mice are insulin-resistant on a normal chow diet [97]. In contrast, insulin-resistant CST-
KO mice that received FMT from the WT mice (CST-KO™MT-WT) showed an increase in
richness, a notable reduction of Staphylococcus, and an increase in the butyrate-producing
Intestinimonas [109] (Figure 6). Butyrate, taken up directly by colonocytes, serves not
only as a direct source of energy that contributes directly to a healthy gut, but also acts
as a signaling molecule that affects many factors such as satiety, secretion of hormones,
and glucose metabolism [114-116]. Furthermore, reduced levels of butyrate are strongly
associated with IBD and metabolic disorders [117,118]. Butyrate has also been shown
to restore gut barrier integrity [119], modulates regulatory T cell function [120-122], and
regulates certain serine proteases [123,124].

5. Catestatin and Innate Immunity

The first indication for the role of CST in innate immunity came from a study in rats
where intravenous administration of CST was shown to reduce pressor responses by elec-
trical stimulation [125]. The hypotensive effect of CST was revealed to be mediated at least
in part by profuse histamine release (by ~21-fold) and action at the H; receptor [125]. The
in vivo studies were later confirmed in peritoneal and pleural mast cells where CST caused
dose-dependent release of histamine utilizing signaling pathways established for wasp
venom peptide mastoparan and other amphiphilic cationic neuropeptides (the peptidergic
pathway) [126]. This pathway is in sharp contrast to the nicotinic-cholinergic pathway
used by CST to induce catecholamine secretion from chromaffin cells [5]. Subsequent
studies uncover the following: (i) release of immunoreactive CST-containing peptides from
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human stimulated polymorphonuclear neutrophils [21]; (ii) detection of CST in mouse peri-
toneal macrophages by Western blots [98]; (iii) detection of CST in human monocytes and
monocyte-derived macrophages by Western blots [127]; (iv) blockade of lipopolysaccharide
(LPS)-induced increase in expression of tumor necrosis factor alpha [127]; (v) decreased
expression of proinflammatory cytokines by CST in plasma and heart [98]; (vi) inhibition
of infiltration of macrophages in obese liver [97]; (vii) degranulation of primary mast
cells from human peripheral blood [128]; and (viii) low plasma CST in fatal COVID-19
patients [129]. These findings implicate CST as an immunomodulatory peptide. Since
receptor-ligand interactions are an essential driver of host-immune response [130], it is
important to examine if CST can bind with a receptor on immune cells and regulate their
polarization and function in host defense.

6. Evolutionary Conservation and Selection Pressure on CST in Mammals
6.1. Homology of CST in Mammals

Sequence alignment of CST in 53 mammalian species belonging to eight orders re-
vealed >80% homology in 52 species, except in Platypus (lowest in the mammalian phyloge-
netic tree) where the homology with the primates (highest in the mammalian phylogenetic
tree) was >58% (Figure 7), indicating that CST is highly conserved in mammals. The
homology of individual amino acids is summarized in Figure 8. Aromatic amino acids such
as phenylalanine, tyrosine and tryptophan are reported to exhibit a rigid, planar structure
and possess added stability due to the m-electron cloud situated above and below the
plane of the aromatic ring [131-133]. Therefore, F7, Y15, F14 conserved residues in CST can
undergo aromatic—aromatic interactions such as hydrogen bonding coupled with attractive,
non-covalent, dipole, and van der Walls interactions, and also pi-stacking of the benzene
rings [134-137]. These interactions, in turn, can stabilize the overall structure of CST, as
reported earlier for other proteins [138-141]. Analysis of the energetics of protein analyses
revealed that the packing of non-polar groups in the protein interior is favorable owing to
the favorable enthalpy of van der Walls interactions [142]. Therefore, it is reasonable to as-
sume that van der Walls interactions of the aromatic amino acids (Fy, Y15, F14) in association
with van der Walls interactions of apolar (Ls, G1g) amino acids provided a global stability
for CST [143,144]. In the course of evolution, with the change in interacting partners across
species, we see a significant reduction in the conservation of charged residue. Interestingly,
for the maintenance of structural framework, a 100% conservation of hydrophobic amino
acid is maintained across the species through the mammalian evolutionary ladder.

6.2. Single Nucleotide Polymorphisms (SNPs) in the CST Domain of Mammals

Four non-synonymous SNPs have been identified in CST domain of CgA: GlysesSer
(US, Indian, and Japanese populations) [22,145,146], Glyze;Val (only in Indian popula-
tions) [145], ProsygLeu (US and Indian populations) [22], and Args74GIn (US populations
only) [22]. ProszgLeu-CST has the highest potency of inhibiting catecholamine secretion
and desensitizing catecholamine secretion, followed by WT-CST and Glyze4-Ser-CST [22].
As a sharp contrast to catecholamine secretion [22], Gly364Ser was reported to be two-times
more effective than Pro370Leu in exerting antibacterial activities [21].

121



Pharmaceutics 2023, 15, 1550

R S M K L S F
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h352 h353 h354 h355 h356 h357 h358

73% >94% 100% >90% 100% >92% 100%

R A R A Y G F

8 9 10 11 12 13 14
h359 h360 h361 h362 h363 h364 h365

>92% >86% >96% >86% 100% >66% 100%

R G P G P Q L

15 16 17 18 19 20 21
h366 h367 h368 h369 h370 h371 h372

>94% >83% >98% 100% >58% >94% >96%

Consensus sequence Amino Acid number Homology

Figure 8. Homology of the individual amino acid in catestatin sequence in 53 mammalian species
belonging to seven orders.

7. Conclusions

(i) High conservation of CST in mammals: Alignment of CST sequences from 53 mam-
malian species belonging to eight orders revealed that CST sequence is highly conserved
(>90% in 90% species) in mammals: Five (~24%) amino acids (M3, Ls, F7, F14, and Gyg) are
100% conserved; nine (~43%) amino acids (S, Ky, Sg, Rg, R1g, Ri5, P17, Qo0 and L) are
90-96% conserved; and three (~14%) amino acids (Ag, A11, and Gqg) are >80% conserved.
The least conserved sequences are G13 (>66%) and P19 (>58%), where human variants of
CST were reported for Gi3 (G135) and P19 (P19L), indicating that natural selection pressures
still exist on those two amino acids [147-150].

(if) CST as an immunomodulatory peptide: Existing literature (expression of CST in
innate immune cells [21,98,127,151], inhibition of macrophage infiltration in tissues [97-99],
decreased expression of pro-inflammatory cytokines by CST [97,98], and low plasma CST
in fatal COVID-19 patients [129]) implicate CST as an immunomodulatory peptide.

(iii) CST as an antimicrobial peptide: Prominent effects of CST in the low micromolar
range on inhibition of growth of Gram-positive and Gram-negative bacteria, fungi, and
yeast establish CST as an antimicrobial peptide [21].

(iv) D-bCST1_15 as a potential therapy for microbial infection: D-bCST;_;5 could be
used as a monotherapy or as a combination therapy with cefotaxime, amoxicillin, and
methicillin against the “superbugs” because it has more effective antibacterial activity
compared to L-bCST1_y5, penetration through the bacterial cell wall, resistance to bacterial
proteases, undetectable susceptibility to resistance, and potentiation/synergic action of
commonly prescribed antibiotics [23].

(v) CST as a cell permeable peptide: Penetration of CST (pI 12.03-12.48) in bacteria, fun-
gus, yeast, and neutrophils [21,152], coupled with 70-75% homology with cell penetrating
peptide Penetratin (pI 12.62), rightfully qualify CST as a cell permeable peptide.
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(vi) Gut microbiome-mediated improvement in insulin sensitivity by CST: The in-
creased ratio of Bacilotta to Bacteroidota, together with low levels of Verrucomicrobiota
(e.g., Akkermansia spp.) in CST-KO mice [100], not only explains insulin resistance in
CST-KO mice [97] but also implicates that CST is necessary for the maintenance of insulin
sensitivity. A decreased ratio of Bacilotta to Bacteroidota coupled with increased abundance
of Verrucomicrobiota after supplementation of CST-KO mice with CST [100] confirm that
CST is necessary and sufficient to increase insulin sensitivity by modulating gut micro-
biota. Decreased population of Akkermansia and increased population of Proteobacteria
in WTPMT-CSTKO coypled with increased population of butyrate producing Intestimonas in
CST-KO*MTWI [109] further substantiates regulation of obesity and insulin resistance by
CST [97] via regulation of gut microbial population [100,109].

(vii) Improvement in antimicrobial effect of CST by cyclization: Based on the exist-
ing literature [39,41], we propose that cyclization of CST would markedly improve the
antibacterial activity of CST.
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Abstract: Human chromogranin A (CgA), a 439 residue-long member of the “granin” secretory
protein family, is the precursor of several peptides and polypeptides involved in the regulation of
the innate immunity, cardiovascular system, metabolism, angiogenesis, tissue repair, and tumor
growth. Despite the many biological activities observed in experimental and preclinical models
for CgA and its most investigated fragments (vasostatin-I and catestatin), limited information is
available on the receptor mechanisms underlying these effects. The interaction of vasostatin-1 with
membrane phospholipids and the binding of catestatin to nicotinic and b2-adrenergic receptors
have been proposed as important mechanisms for some of their effects on the cardiovascular and
sympathoadrenal systems. Recent studies have shown that neuropilin-1 and certain integrins may
also work as high-affinity receptors for CgA, vasostatin-1 and other fragments. In this case, we
review the results of these studies and discuss the structural requirements for the interactions of
CgA-related peptides with neuropilin-1 and integrins, their biological effects, their mechanisms, and
the potential exploitation of compounds that target these ligand-receptor systems for cancer diagnosis
and therapy. The results obtained so far suggest that integrins (particularly the integrin avb6) and
neuropilin-1 are important receptors that mediate relevant pathophysiological functions of CgA and
CgA fragments in angiogenesis, wound healing, and tumor growth, and that these interactions may
represent important targets for cancer imaging and therapy.

Keywords: chromogranin A; vasostatin-1; catestatin; angiogenesis; tumor diagnosis; neuropilin-1
integrin av36; integrin av38

1. Introduction

Human chromogranin A (CgA), a member of the “granin” protein family, is a 439-residues
long protein present in the secretory vesicles of various normal and neoplastic neuro-
endocrine tissues and neurons, and exocytotically released into the blood stream upon cell
stimulation [1,2].

Abnormal levels of CgA, detected by immunoassay, are present in the blood of patients
with neuroendocrine tumors or with other diseases, such as cardiovascular, gastrointestinal,
renal, and inflammatory diseases [3].

CgA undergoes various post-translational modifications in different cells and tis-
sues, including phosphorylation, sulphation, glycosylation, and proteolytic cleavage [2,4].
Intra-granular and/or extra-cellular proteolytic enzymes, such as furin, cathepsin L, prohor-
mone convertase 1 and 2, thrombin and plasmin, can cleave the full-length CgA precursor
(CgA1.439) at different sites to generate various biologically active fragments involved in the
regulation of the innate immunity [5-8], cardiovascular system [9-12], metabolism [13-15],
angiogenesis [16-18], tissue repair [19] and tumor growth [14,20,21]. These fragments
include N-terminal large polypeptide fragments (e.g., CgA1.373) [17], as well as shorter frag-
ments, such as CgAj_z4 (vasostatin-1) [9], CgAyg.113 (vasoconstrictive-inhibitory factor) [22],
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CgAj.113 (vasostatin-2) [23], CgAgsp.301 (pancreastatin) [13], CgAssy-a72 (catestatin) [24],
CgAu11-436 (serpinin) [25,26], and others [3,14]. The in vitro and in vivo assays used to
investigate the biological effects of all these fragments and their mechanisms are reviewed
in detail elsewhere [2,6,10,12,14,18,26].

Marie Hélene Metz-Boutigue and coll. were the first to demonstrate that vasostatin-1
and catestatin, two of the most investigated fragments, are endowed of antibacterial and
antifungal activities [2,6,27,28]. However, several studies have shown that these peptides
can also affect the physiology of mammalian cells and exert several regulatory functions
under physiological and pathological conditions. For example, catestatin and vasostatin-1
induce vasodilation [2,9,29]. In addition, catestatin inhibits nicotinic-cholinergic-stimulated
catecholamine secretion [24], promotes the release of histamine from rat mast cells and
stimulates monocyte chemotaxis [30]. Furthermore, vasostatin-1, catestatin, and full-
length CgAj 439 reduce myocardial contractility and relaxation [31-33], counteract the
-adrenergic-stimulated positive inotropism, and regulate the coronary tone [12]. Addi-
tionally, CgA and vasostatin-1 can affect, in an opposite manner, the adhesion of cardiomy-
ocytes, keratinocytes, fibroblasts, and smooth muscle cells to proteins of the extracellular
matrix [2,34]. CgA and vasostatin-1 can also prevent the disassembly of vascular endothe-
lial cadherin-dependent adherens junctions [35], inhibit vascular leakage induced by tumor
necrosis factor-o [35], and exert angiogenic effects [17], whereas catestatin and CgAj_373
promote angiogenesis [16,17]. In human microvascular endothelial cells, vasostatin-1 in-
hibits the expression of tumor necrosis factor-o«—induced intercellular adhesion molecule-1,
the release of monocyte chemoattractant protein-1, and the relocation of high mobility
group box-1 [36]. Physiological concentrations of full-length CgA1.439, and vasostatin-1
may also have a regulatory role in wound healing [19] and tumor growth [21,37,38], and
exert several other biological effects in the regulation of metabolism and cardiovascular
system [14].

Despite the numerous activities reported for CgA, vasostatin-1, and catestatin, limited
information is available on the underlying receptors. Biochemical studies have shown that
vasostatin-1 can interact with phosphatidylserine and other membrane-relevant phospho-
lipids [39]. Furthermore, a mechanism involving the binding of vasostatin-1 to heparan
sulfate proteoglycans and phosphoinositide 3-kinase-dependent eNOS phosphorylation
has been observed in bovine aortic endothelial cells [40]. Other studies have shown that the
nicotinic acetylcholine receptor mediates the inhibitory effect of catestatin on the secretion
of catecholamines from chromaffin cells [14,24]. Catestatin can also act on the 32-adrenergic
receptor, as suggested by the results of a combination of experimental and computational
studies [41]. Interestingly, recent studies have shown that integrins and neuropilin-1 may
also act as important receptors for CgA, vasostatin-1, CgA1 373, and other fragments, in
endothelial cell biology, cardiovascular function, angiogenesis, wound healing, and tumor
growth. Here, we review the structural requirements for the interactions of CgA and
CgA-fragments with neuropilin-1 and integrins, their biological effects, their mechanisms,
and the potential use of compounds targeting these ligand-receptor interactions for cancer
diagnosis and therapy.

2. Neuropilin-1 as a Receptor for Chromogranin A-Derived Peptides
2.1. Biological Effects of CgA and Its Fragments in Angiogenesis and Tumor Growth

Studies in various pre-clinical models of solid tumors have shown that systemic ad-
ministration of recombinant CgAj_439 to tumor-bearing mice enhances the endothelial
barrier function, inhibits tumor neo-vascularization, and reduces tumor growth [17,21,35].
In vitro studies have shown that CgAj_439 is an anti-angiogenic molecule and that an anti-
angiogenic site is located in the region 410439 (i.e., the C-terminal region of the full-length
protein). A latent (or less active) site is also present in the N-terminal region 1-76, this site
requiring vasostatin-1 liberation by proteolytic cleavage of the Qy;Ky7; peptide bond for
full activation [17]. Physiological concentrations of CgAj_439 and vasostatin-1 inhibit, with
U-shaped dose response curves, the pro-angiogenic activity of fibroblast growth factor-2
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and vascular endothelial growth factor, two important proteins involved in angiogenesis
regulation [17,42]. Studies on the mechanism of action have shown that the anti-angiogenic
and anti-tumor activity of CgA.439 depends on the induction of protease-nexin-1 in en-
dothelial cells, a serine protease inhibitor endowed with potent anti-angiogenic activity [21].
Furthermore, a recent study, aimed at elucidating the pro-angiogenic mechanisms triggered
by the fragment CgA1.373, have shown that cleavage of the R373—R374 dibasic site of circu-
lating CgA in tumors and the subsequent engagement of neuropilin-1 by the fragment are
crucial mechanisms for the spatio-temporal regulation of angiogenesis in cancer lesions
and, consequently, for the regulation of tumor growth [37]. Opposite to CgAj 439 and
vasostatin-1 (anti-angiogenic), the fragment CgA1_373 can promote angiogenesis with a
bell-shaped dose-response curve and with a maximal activity at 0.2-1 nM, i.e., at concentra-
tions found in certain cancer patients [17]; thus, the full-length CgAj_439 and its fragments
may form a balance of anti- and pro-angiogenic factors that can be finely regulated by
proteolytic cleavage at Q7 and Rjy3. Studies in murine models of lung carcinoma, mam-
mary adenocarcinoma, melanoma and fibrosarcoma have shown that circulating CgA can
be partially cleaved in tumors after the Rs7; residue, and that the consequent exposure
of the PGPQLR3y3 site is crucial for tumor progression [37]. A blockade of the exposed
PGPQLR373 site with specific polyclonal and monoclonal antibodies (unable to recognize
the CgA precursor) reduced tumor vascular bed, blood flow, and tumor growth [37]. These
findings suggest that cleavage of CgA by proteases and the subsequent exposure of the
PGPQLRgzy73 site may contribute to regulate the vascular physiology in tumor tissues [37].
Given that no CgA was produced by cancer cells in the models studied, it is very likely
that these fragments were generated by cleavage of bloodborne CgA in tumor lesions. It
appears, therefore, that CgA molecules present in the blood can work as an “off /on” switch
for the activation of angiogenesis in tumors after local cleavage.

2.2. Mechanisms Underlying the Biological Effects of CgA Fragments in Angiogenesis and
Tumor Growth

The findings described above raise a series of questions. First, which proteases can
switch on this pro-angiogenic mechanism in tumors? Second, which receptor mediates
the biological activity of CgA.373? Considering that thrombin and plasmin are known to
be activated in tumors, and that these enzymes can efficiently cleave the R373R374 peptide
bond [17,43], both enzymes are good candidates for cleaving CgA in tumors. Although
other proteases might also be involved (discussed below), it is interesting to note that
full-length CgAj.439 can induce, in endothelial cells, the production of protease-nexin 1
(a potent inhibitor of plasmin, plasminogen activators, and thrombin [21]), and that the
plasminogen activator inhibitor-1 inhibits CgA cleavage to CgA1_373 by cultured endothelial
cells [43]. It is therefore tempting to speculate that changes in the relative levels of these
protease/anti-protease molecules in tumor lesions represent a major mechanism for the
regulation of the CgA-dependent angiogenic switch.

Regarding the second question, the results of biochemical studies suggest that CgA1.373
can bind to neuropilin-1 (NRP-1) with high affinity (Kd = 3.49 & 0.73 nM), via its C-terminal
PGPQLR373 sequence [37]. The functional role of this ligand-receptor interaction is sug-
gested by the fact that the pro-angiogenic effects of this fragment are blocked by anti-
neuropilin-1 or anti-PGPQLR373 antibodies. No interaction of full-length CgA and CgA1.37»
with neuropilin-1 occurs, indicating that the PGPQLR373 binding site is cryptic in the full-
length precursor and that the C-terminal arginine residue (R373, which is absent in CgA3z7»)
is necessary for the binding [37].

Studies on the topology of the NRP-1-binding site showed that CgA;.373 and short
peptides containing the PGPQLR sequence interact with a pocket of the b1 domain of the
receptor, a site that recognizes peptides and polypeptides ending with the so-called C-end
Rule (CendR) motif (R/K-X-X-R/K, as in the prototypical CendR peptide RPARPAR). Re-
markably, this binding pocked can also accommodate and bind the C-terminal sequence of
VEGFj¢5, a pro-angiogenic factor that contains a CendR motif (CDKPRR) [44,45]; thus,
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CgAj.373, VEGFie5, and even the short PGPQLR and RPARPAR peptides, all with a
C-terminal arginine, compete for the same binding pocket of the b1 domain of NRP-1.
Although the PGPQLRg373 sequence cannot be fully considered a CendR motif, as it lacks
the first R/K residue of the consensus sequence, it is interesting to note this sequence, such
as the CendR motif, ends with an arginine that is crucial for NRP-1 recognition.

The importance of the C-terminal arginine of CgA1_373 for neuropilin-1 recognition
is also supported by the results of molecular docking and molecular dynamics experi-
ments, performed with CgAzsy.37, (catestatin) and CgAssy.373 (catestatin-R). Despite these
compounds differ only for the presence of an arginine (C-terminal sequence: PGPQL in
catestatin; PGPQLR in catestatin-R), a clear difference in the interaction with NRP-1 was ob-
served [46]. The interaction of catestatin-R with neuropilin-1 showed strong similarity with
that of the compound EG00229, a small inhibitor of NRP-1 that contains an arginine with a
free carboxyl group and whose structure in the complex with NRP-1 has been resolved by
crystallography studies. In both cases, complex formation is driven by salt bridges between
the guanidine moiety of the C-terminal arginine of the ligand and the carboxyl group of
an aspartate residue of neuropilin-1 (D4g) [46]. Remarkably, despite the presence of other
positively charged arginine residues and amino-groups in catestatin-R, the best binding
mode was obtained with the interaction of the C-terminal Rj3y3 of the ligand with Dyg of
the receptor.

Another important question raised by these findings concerns the possible involve-
ment of co-receptors. Experimental evidence showed that the pro-angiogenic activity of
CgA1.373 in assays based on endothelial cell spheroids can be inhibited by mecamylamine
and a-bungarotoxin, two antagonists of nicotinic acetylcholine receptors [37]. Consider-
ing that (a) the nicotinic acetylcholine receptors are expressed on endothelial cells and are
known to contribute to the regulation of angiogenesis [47-50], and (b) catestatin (CgAszs52-372)
is known to bind nicotinic acetylcholine receptors [51-53], this class of receptors may rep-
resent important co-receptors for CgAj.37;3 signaling in endothelial cells. It cannot be
excluded, however, that other receptor systems are also involved.

A final point that should be discussed concerns the issue of counterregulatory mech-
anisms. Experimental evidence suggests that Rsy3 is rapidly removed from CgAj_373 by
plasma carboxypeptidases, when this fragment is released in circulation [37]. Given the
importance of R3y3 for neuropilin-1 recognition, the cleavage of CgAj_373 to form CgAj_37,
may represent an important mechanism to limit the CgAj.373 activity at the site of its
production (for example, in cancer lesions) and to avoid systemic effects.

Thus, the results obtained so far support a model in which cleavage of the R373R374
bond of circulating CgA, followed by neuropilin-1 engagement in tumors, and the sub-
sequent removal of R3y3 in plasma, represent a sort of “off /on/off” switch for the spatio-
temporal regulation of angiogenesis in tumor lesions (see Figure 1A for a schematic repre-
sentation of the model).

Interestingly, it is well known that pro-hormone convertases can cleave proteins at
dibasic sites (R/K-R/K), and that carboxypeptidase H/E remove the C-terminal R or K.
It is possible that also these enzymes are brought into play in the regulation of the CgA-
dependent angiogenic switch. Indeed, it is possible that a lower expression, or a reduced
activity, of carboxypeptidase H/E in tissues in which CgAj 373 is overproduced (see below)
may contribute to activate the pro-angiogenic switch. On the other hand, the normal
expression/function of carboxypeptidase H/E in other tissues might have a role in the
generation of the anti-angiogenic vasostatin-1 fragment (by removal of K77 after cleavage of
the K77 /Kyg dibasic site) and CgA1.37, (by removal of R373 after cleavage of the R373/Ray74
dibasic site), thereby promoting an anti-angiogenic effect, a hypothesis that deserves to
be tested.
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Figure 1. Hypothetical model of the CgA-dependent “off /on/off” switch for the regulation of
angiogenesis in tumor and its inhibition by anti-PGPQLR antibodies. (A) Mechanisms of activa-
tion/deactivation of the NRP-1 binding site of chromogranin A. According to this model cleavage
of the R373R374 peptide bond of full-length CgA (CgAj.439) leads to exposure of the PGPQLR se-
quence, a site that can recognize the CendR-binding pocket of the b1 domain of neuropilin-1 (NRP-1)
on endotal cells. Removal of the R3y3 residue by carboxypeptidases causes loss of NRP-1 recogni-
tion [37]. (B) Mechanism of anti-tumor activity of anti-PGPQLR antibodies. Cleavage of bloodborne
full-length CgA (CgAj.439) in tumors, e.g., by plasmin or thrombin, causes loss of anti-angiogenic
CgA1.439 and generates the pro-angiogenic CgA1.373 fragment, which may interact with NRP-1 and
contribute to promote angiogenesis and tumor growth. Antibodies against the NRP-1 binding site of
CgA1.373 (anti-PGPQLR antibodies) block the CgA_373/NRP-1 interaction and, consequently inhibit
angiogenesis and tumor growth [37]. This schematic representation has been prepared using the

BioRender software.

135



Pharmaceutics 2022, 14, 2555

2.3. Potential Therapeutic Applications of Compounds That Interfere with CgA Fragment/
Neuropilin-1 Interaction

The unbalanced production of anti- and pro-angiogenic factors in tumor tissues can
trigger aberrant angiogenesis and altered vascular morphology, which, in turn, may con-
tribute to tumor cell proliferation, invasion, trafficking and formation of metastases [54-56].
The studies performed in patients with multiple myeloma have shown that CgA is cleaved
into the proangiogenic form CgA1._s73 in the bone marrow and that, consequently, the ratio
of pro-/anti-angiogenic forms of CgA is higher in patients compared to healthy individu-
als [43]. Enhanced CgA cleavage correlated with increased levels of vascular endothelial
growth factor and fibroblast growth factor-2 in the bone marrow plasma, and with an
increased bone marrow microvascular density [43]. Studies on the mechanism of action
revealed that multiple myeloma and endothelial cells can promote CgA cleavage through
the activation of the plasminogen activator/plasmin system [43].

Other studies aimed at evaluating the extent and prognostic value of CgA cleavage
in patients with pancreatic ductal adenocarcinoma, an aggressive cancer arising from the
exocrine component of the pancreas [57-59], have shown that cleavage of the R373R374 bond
and of other sites in the C-terminal region of circulating CgA is increased in these patients.
Remarkably, CgA cleavage predicts progression-free survival and overall survival in these
cancer patients [38]. Experimental evidence, obtained using various pre-clinical models of
pancreatic ductal adenocarcinoma, suggests that the plasminogen activator/plasmin system
has a role in CgA processing in this case, and that CgA cleavage has a functional role of in
the regulation of tumor vascular biology. Remarkably, anti-PGPQLR373 antibodies capable
of blocking the binding of CgA;.373 to neuropilin-1 can reduce the growth of pancreatic
ductal adenocarcinoma in mice, which implicates an important role of neuropilin-1 as
mediator of these effects [38].

As cleavage of plasma CgA in tumors and the consequent interaction with neuropilin-
1 may represent an important mechanism for the regulation of tumor vascular biology
and growth, the assessment of the extent of CgA fragmentation in cancer patients may
have a prognostic value, whereas the development of compounds that target and block
this ligand-receptor interaction (e.g., anti-PGPQLR373 monoclonal antibodies) may have a
therapeutic value (see Figure 1B for a schematic representation of this concept).

2.4. Role of CgA Fragment/Neuropilin-1 Interactions in Cardiovascular Regulation

Global neuropilin-1 null mice develop severe cardiovascular abnormalities, indicating
that neuropilin-1 has also a crucial cardiovascular function [60]. In addition, the observation
that the selective knockout of neuropilin-1 in cardiomyocytes and vascular smooth muscle
cells leads to cardiomyopathy, increased propensity to heart failure, and reduced survival
after myocardial infarction, suggests a role for neuropilin-1 in the pathogenesis of cardio-
vascular diseases [61]. Based on these notions, and on the fact that CgA is the precursor of
various cardio-regulatory fragments, a recent study has investigated the possibility that the
fragment CgA_3y3 affects the myocardial performance by interacting with neuropilin-1 [46].
Hemodynamic assessment (performed using the Langendorff rat heart model) and studies
on the mechanism of action (performed using perfused hearts and cultured cardiomy-
ocytes) have shown that CgA1.s73 can elicit negative inotropism and vasodilation, whereas
no significant effects were observed with CgA;.37,, which lacks the C-terminal arginine
necessary for neuropilin-1 recognition [46]. These effects were abolished by antibodies
directed against the PGPQLR373 sequence of CgAj.s73. Furthermore, ex vivo and in vitro
studies showed that these biological effects are mediated by the endothelium and involve
neuropilin-1, Akt/NO/Erk1,2 activation and S-nitrosylation [46]. The effects elicited by
CgA1.373 and the lack of activity observed with CgAj.37, suggest that CgAj_373 is a cardio-
regulatory factor and that the removal of its C-terminal arginine by carboxypeptidases may
work as an important switch for “turning off” its cardio-regulatory activity.
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3. Integrins as Receptors for CgA and CgA-Derived Peptides
3.1. The Interaction of CgA and CgA Fragments with Integrins

The first evidence for a role of integrins as receptors for full-length CgA and vasostatin-
1 comes from a study on wound healing in injured mice [19]. This study has shown that
CgA and vasostatin-1, at nanomolar concentrations, selectively interact with the integrin
av36 (see Table 1), suggesting that both polypeptides are natural ligands of this integrin.
The integrin av(36 is an epithelial-specific cell-surface receptor of vitronectin, tenascin,
fibronectin, and also of the latency associated protein of TGF(1 [62-64]. In general, xv36
recognizes a site consisting of an arginine-glycine-aspartate (RGD) motif, followed by the
LXXL/I motif (RGDLXXL/I) [65,66]. The latter motif folds into one o-helical turn upon
binding to the receptor [65-70]. Interestingly, a short CgA-derived peptide comprising
the residues 39-63 (CgAsg.63, FETLRGDERILSILRHQNLLKELQD) is sufficient for high-
affinity binding and highly selective recognition of acv36 (Ki: 15.5 £ 3.2 nM, Table 1) [71].
This peptide exhibits a degenerate RGDLXXL /I motif, in which a glutamate residue (E4¢) is
present in place of the leucine downstream of the RGD sequence (RGDEXXL). Interestingly,
in this peptide both the RGD motif (CgA43.45) and the adjacent sequence (CgAy4.¢3) are
crucial for avB6-integrin binding affinity and selectivity, as suggested by the observation
that the replacement of RGD with RGE abrogates integrin recognition (Table 1), and the
deletion of even a part of the C-terminal sequence markedly reduces binding affinity
and selectivity [19]. The molecular determinants of xv[36 recognition by CgAzg_3 have
been elucidated by NMR, computational, and biochemical studies [71]. Homonuclear and
heteronuclear multidimensional NMR analyses of this peptide in physiological conditions
have shown that the region between residues E44 and Ksg has an «-helical conformation,
while the RGD motif is relatively flexible; the first three turns of the o-helix are amphipathic,
with the hydrophilic aminoacid residues Es4¢, R47, S50 on one side and the hydrophobic
I4s, Lag, Is1, Lsy on the opposite side [71]. The propensity of CgAjzg43 to form an o-helix
is consistent with the results of a previous NMR study on CgAyy.¢6, an antifungal CgA-
derived peptide, showing all-helical conformation in trifluoroethanol, an x-helix-promoting
solvent [72]. Saturation transfer difference (STD) spectroscopy experiments, performed
with the extracellular region of human av36 and isotopically labeled (13C/BN) CgAzg.63,
have shown that the hydrophobic residues lyg, Lsg, Is;, and Lz, of the o-helix display the
strongest STD values (>75%) [71], suggesting that these aminoacids contribute to receptor
binding. Molecular docking experiments led to a model of receptor-ligand interactions that
is highly reminiscent of that proposed for the proTGF{31/ov[36 complex [71].

Table 1. Binding affinity of CgA-derived fragments for integrins.

Competitive Binding Assay to Integrins

Competitor (Ki, nM) @ Ref.
av36 av38 av33 avp5 o5p1

CgAj439 105 + 34 >2000 >2000 >2000 >2000 [19]
Vasostatin-1 74 4+ 30 >10,000 >10,000 >10,000 >10,000 [19]
CgAzg.63 155+ 3.2 7663 £+ 1704 2192 + 690 3600 + 525 9206 + 1810 [71]
CgAs9.43 (RGE) >50,000 >50,000 >50,000 >50,000 >50,000 [71]
CgAsg.63 (RGDL) 1.6 +0.3 85+37 1928 + 226 2405 + 592 924 + 198 [71]
CgAsg.43 (RGDL)-Stapled 0.6 +0.1 32+1.2 2453 + 426 2741 + 615 1310 + 389 [71]

2 Ki, equilibrium dissociation constant of the competitor (mean & SEM). The Ki values were determined by
competitive binding assay using an isoDGR-peroxidase conjugate as a probe for the integrin binding site [71].

No binding of CgAsg.43 has been observed to other integrins (such as «131, «6(34,
o3B1, a9B1 a6p7, a5p1, avP3, avp5, and avF8) at low-nanomolar concentrations [19].
However, peptides of containing the CgA39_43 region could recognize the integrin av33 and
other integrins of the RGD-family when used at high concentrations in the low-micromolar
range [19]. For example, competitive binding assays performed with purified integrins
showed that peptide CgAsz9.¢3 can bind av36 and av 33 with Ki values of 15.5 and 2192 nM,
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respectively (Table 1), indicating that this peptide can recognize both integrins, but with
markedly different affinities [71].

3.2. Role of CgA/Integrin Interactions in Wound Healing

The av36 integrin is barely expressed in normal adult tissues, whereas it is highly
expressed during wound healing, tissue remodeling, and embryogenesis [73,74]. This
integrin is involved in TGF{31 maturation, it regulates the expression of matrix metallo-
proteases and modulates keratinocyte adhesion, proliferation, and migration in wound
healing [19,62,64,75]. It is possible, therefore, that CgA and its fragments have also a role in
the regulation of the wound healing process, by interacting with this integrin. According
to this view, experimental data showed that local injection of recombinant CgA;_439, but
not of a CgAj 439 mutant with RGE in place of RGD, can accelerate wound healing in
mice [19]. Immunohistochemical analysis of skin tissue sections obtained from injured
mice, showed that CgA, but not the RGE mutant, could induce keratinocyte proliferation
and thickening of epidermis, suggesting that CgA can regulate the keratinocytes phys-
iology and the process of wound healing through an RGD-dependent mechanism that
likely involves the avf6-integrin. Interestingly, both CgA and av[f36 are expressed in
wound keratinocytes [19,76]. The fact that both ligand and receptor are expressed at injured
sites lends further support to the hypothesis that the CgA /v 36 interaction may have a
pathophysiological role in this process.

Regarding the integrin ov[33, this cell-adhesion receptor is an important player in
endothelial cell biology and angiogenesis [77,78]. Although it is unlikely that this integrin
has a receptor function for the circulating CgA polypeptides, considering its micromolar
affinity, significant ligand-receptor interactions can possibly occur at sites where CgA is
produced and, therefore, where this protein is present at high concentrations, such as in the
microenvironment of wound keratinocytes and neuroendocrine secretory cells or in the
microenvironment of neuroendocrine tumors. Furthermore, this interaction might occur
on av33-positive endothelial cell after the interaction with other high-affinity binding sites,
i.e., through a sort of ligand-passing mechanism.

3.3. Potential Diagnostic and Therapeutic Applications of CgA-Derived Peptides That Interact with
Integrins in Cancer

The integrin av (36 is overexpressed by several types of cancer cells, such as head and
neck squamous cell carcinoma, pancreatic ductal adenocarcinoma, breast, colon, liver, and
ovarian cancers, and others [73,74,79-83]. This integrin modulates cancer cell invasion,
inhibits apoptosis, and, importantly, is involved in the maturation of TGF1, a potent
immunosuppressive cytokine. Increased expression levels of xv[36 are prognostic indicators
of poor survival in patients with various types of tumors [79,82,84-86], and various ligands
of this integrin coupled to tumor imaging agents are currently being tested in cancer patients
for tumor imaging purposes [87-91]; thus, the development of CgA-derived peptides
capable of recognizing this integrin in tumors is of great experimental and clinical interest.
Following this line of thought, experimental work has been carried out to obtain new
peptides with higher affinity for «v6-integrin, starting from CgA3zg.¢3 as a lead compound.
The model of CgAjzg.43/ xv[36 interactions, obtained by NMR and computational studies,
allowed to predict that restoring the canonical RGDLXXL motif by replacing the glutamate
(E) residue in the RGDERIL site of CgA3zg.¢3 with a leucine (L) may increase its affinity
for avp6. Intriguingly, the replacement of E4s with L not only increased, as expected,
the binding affinity for av36, but, unexpectedly, also that for the integrin ocv38 (Table 1);
thus, the E44L replacement converted CgAsg.43 into a bi-selective ligand of both av36 and
av8 integrins (Ki: 1.6 & 0.3 nM and 8.5 £ 3.7 nM, respectively) integrins [71]. Chemical
“stapling” of the o-helix of the E44L-CgAs9.63 mutant, by side-chain-to-side-chain cross
linking with a triazole-bridge, further increased the affinity for both acv36 and av38 (Ki:
0.6 £0.1 nM and 3.2 £ 1.2 nM, respectively) by stabilizing the «-helix [71]. Notably, the
av 8 integrin represents another cell-surface receptor expressed by various carcinoma
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Stapled
CgA-derived

Radioactive
or fluorescent
label

cells [92-94]; thus, the mutated /chemically stapled peptide (called peptide 5a) represents
a strong bi-selective ligand for these integrins, which can be potentially exploited as a
tumor-homing ligand for delivering imaging and anticancer compounds to av36/av[38
single- or double-positive tumors, such as oral and skin squamous cell carcinoma [95]
(see Figure 2 for a schematic representation of this concept). This hypothesis is supported
by the results of a very recent study aimed at investigating the tumor-homing properties
of compounds consisting of peptide 5a coupled with IRDye 800 CW (a near-infrared
fluorescent dye) or with I8BE-NOTA (a label for positron emission tomography) [96]. This
study showed that both conjugates can bind av36 and «v[38 with an affinity similar to that
of the free peptide and that they can selectively recognize various av36/xv38 single- or
double-positive cancer cells, including cells from melanoma, pancreatic carcinoma, oral
mucosa, prostate, and bladder cancer. Furthermore, biodistribution studies, performed
with these conjugates in mice bearing orthotopic or subcutaneous ocv36-positive pancreatic
tumors, showed high target-specific uptake of fluorescence- and radio-labeled peptide by
tumors [96]. Tumor-specific uptake of the fluorescent conjugate was also observed in mice
bearing ov38-positive prostate tumors [96], confirming the hypothesis that peptide 5a can
home to av(36- and/or av38-positive tumors.

aVvp6 avp8

Figure 2. Use of the CgA-derived peptide 5a (stapled) for delivering imaging or therapeutic
compounds to avp6/avp8 single- or double-positive tumors. The peptide 5a, derived from
the region 38-63 of human CgA (originally published in [96]) is characterized by the sequence
CFETLRGDLRILSILRX;QNLX,KELQ, where X; and X; are propargylglycine and azidolysine
residues, respectively, which form a triazole bridge after a click chemistry reaction, thereby in-
creasing the o-helix stability. Peptide 5a can be exploited for delivering radioactive or fluorescent
imaging compounds to av36/av 8 single- or double-positive tumors or for developing new ther-
apeutic tumor-homing agents. The image in the right panel shows the radiotracer uptake in a
mouse bearing a pancreatic tumor implanted subcutaneously (arrow), as assessed by PET/CT scan
(originally published in [96]).

Remarkably, both av36 and av38 integrins (which are upregulated in many tumors
and, in the case of avf38, also in tumor infiltrating Treg cells) can activate the latency
associated peptide/TGF{3 complex, through interactions of integrins with the RGD sites of
the complex [73,83,92]. These interactions can lead to the local activation of TGFf in the
tumor microenvironment, a potent immunosuppressive mechanism that may contribute to
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tumor progression. Interestingly, in vitro studies have shown that peptide 5a can inhibit
the integrin-mediated TGFf activation [96]. Thus, in principle, the peptide 5a can be used
not only as a ligand for delivering imaging or anticancer agents to acv36/ v 38 single- or
double-positive tumors, but also as a tumor-homing inhibitor of these TGFf activators.
Finally, considering the role of av36/«v38-mediated TGFf( activation in fibrosis [97]
the dual targeting capability of peptide 5a might be also exploited in the development of
anti-fibrotic drugs. This is another hypothesis that deserves to be investigated.

4. Conclusions

The results obtained so far suggest that integrins (particularly the integrin ov36) and
neuropilin-1 are important receptors that mediate relevant pathophysiological functions
of CgA and its fragments in angiogenesis, wound healing, and tumor growth. Experi-
mental evidence indicates that these interactions may also represent important targets for
cancer imaging and therapy. Although further work is necessary to clarify the receptor
mechanisms of CgA and its fragments in the regulation of cardiovascular homeostasis,
metabolism, and tumor growth, the results obtained so far highlight the complexity of
the “CgA system”, which consists of a multitude of CgA-derived peptides and various
receptors. The complexity of this system is even higher if we consider that full-length CgA
and some of its fragments show biphasic dose-response curves in angiogenesis assays, as
well as in cardio-regulatory and tumor pre-clinical models, likely because of the activation
of counterregulatory mechanisms at higher doses. These mechanisms are not clearly under-
stood and, therefore, their full elucidation remains a challenge. A third level of complexity
is related to the fact that CgA undergoes differential post-translational modifications in
different cells and tissues, such as glycosylation, sulfation, and phosphorylation. As most
of the studies carried out so far on the biological functions of CgA have been performed
with recombinant or synthetic peptides lacking these modifications, the impact of these
structural modifications on proteolytic cleavage, fragment generation, receptor recognition,
and biological activity, remains to be investigated.

Author Contributions: A.C., G.A. and EC. performed literature research, interpreted data, prepared
figures, and wrote and approved the submitted manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Associazione Italiana per la Ricerca sul Cancro (AIRC) under
IG 2019-ID. 23470 project-PI. Angelo Corti and by Fondazione AIRC 5 per Mille 2019 (ID 22737)
program, P.I. MC Bonini, Group Leader A. Corti.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: A.C. and F.C. are inventor of a patent on CgA-derived peptides and their use in
cancer imaging.

Abbreviations

Chromogranin A (CgA), neuropilin-1 (NRP-1), transforming growth factor-31 (TGF{31).

1. Taupenot, L.; Harper, K.L.; O’Connor, D.T. The chromogranin-secretogranin family. N. Engl. ]. Med. 2003, 348, 1134-1149.

[CrossRef]

2. Helle, K.B.; Corti, A.; Metz-Boutigue, M.H.; Tota, B. The endocrine role for chromogranin A: A prohormone for peptides with
regulatory properties. Cell Mol. Life Sci. 2007, 64, 2863-2886. [CrossRef]

3. Corti, A.; Marcucci, F; Bachetti, T. Circulating chromogranin A and its fragments as diagnostic and prognostic disease markers.
Pflugers Arch. 2018, 470, 199-210. [CrossRef]

140



Pharmaceutics 2022, 14, 2555

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gadroy, P; Stridsberg, M.; Capon, C.; Michalski, J.C.; Strub, ].M.; Van Dorsselaer, A.; Aunis, D.; Metz-Boutigue, M.H. Phosphory-
lation and O-glycosylation sites of human chromogranin A (CGA79-439) from urine of patients with carcinoid tumors. J. Biol.
Chem. 1998, 273, 34087-34097. [CrossRef]

Metz-Boutigue, M.H.; Lugardon, K.; Goumon, Y.; Raffner, R.; Strub, ].M.; Aunis, D. Antibacterial and antifungal peptides derived
from chromogranins and proenkephalin-A. From structural to biological aspects. Adv. Exp. Med. Biol. 2000, 482, 299-315.
Shooshtarizadeh, P.; Zhang, D.; Chich, ].E; Gasnier, C.; Schneider, F.; Haikel, Y.; Aunis, D.; Metz-Boutigue, M.H. The antimicrobial
peptides derived from chromogranin/secretogranin family, new actors of innate immunity. Regul. Pept. 2009, 165, 102-110.
[CrossRef]

Briolat, J.; Wu, S.D.; Mahata, S.K.; Gonthier, B.; Bagnard, D.; Chasserot-Golaz, S.; Helle, K.B.; Aunis, D.; Metz-Boutigue, M.H.
New antimicrobial activity for the catecholamine release-inhibitory peptide from chromogranin A. Cell. Mol. Life Sci. CMLS 2005,
62, 377-385. [CrossRef]

Ioannidis, M.; Mahata, S.K.; van den Bogaart, G. The immunomodulatory functions of chromogranin A-derived peptide
pancreastatin. Peptides 2022, 158, 170893. [CrossRef]

Aardal, S.; Helle, K.B. The vasoinhibitory activity of bovine chromogranin A fragment (vasostatin) and its independence of
extracellular calcium in isolated segments of human blood vessels. Regul. Pept. 1992, 41, 9-18. [CrossRef]

Helle, K.B. The chromogranin A-derived peptides vasostatin-I and catestatin as regulatory peptides for cardiovascular functions.
Cardiovasc. Res. 2010, 85, 9-16. [CrossRef]

Tota, B.; Mazza, R.; Angelone, T.; Nullans, G.; Metz-Boutigue, M.H.; Aunis, D.; Helle, K.B. Peptides from the N-terminal domain of
chromogranin A (vasostatins) exert negative inotropic effects in the isolated frog heart. Regul. Pept. 2003, 114, 123-130. [CrossRef]
Tota, B.; Angelone, T.; Cerra, M.C. The surging role of Chromogranin A in cardiovascular homeostasis. Front. Chem. 2014, 2, 64.
[CrossRef]

Tatemoto, K.; Efendic, S.; Mutt, V.; Makk, G.; Feistner, G.J.; Barchas, ].D. Pancreastatin, a novel pancreatic peptide that inhibits
insulin secretion. Nature 1986, 324, 476-478. [CrossRef]

Mahata, S.K.; Corti, A. Chromogranin A and its fragments in cardiovascular, immunometabolic, and cancer regulation. Ann. N. Y.
Acad. Sci. 2019, 1455, 34-58. [CrossRef]

Bandyopadhyay, G.K.; Mahata, S.K. Chromogranin A Regulation of Obesity and Peripheral Insulin Sensitivity. Front. Endocrinol.
2017, 8, 20. [CrossRef]

Theurl, M.; Schgoer, W.; Albrecht, K.; Jeschke, J.; Egger, M.; Beer, A.G.; Vasiljevic, D.; Rong, S.; Wolf, A.M.; Bahlmann, FH.; et al.
The neuropeptide catestatin acts as a novel angiogenic cytokine via a basic fibroblast growth factor-dependent mechanism. Circ.
Res. 2010, 107, 1326-1335. [CrossRef]

Crippa, L.; Bianco, M.; Colombo, B.; Gasparri, A.M.; Ferrero, E.; Loh, Y.P,; Curnis, F; Corti, A. A new chromogranin A-dependent
angiogenic switch activated by thrombin. Blood 2013, 121, 392—402. [CrossRef]

Helle, K.B.; Corti, A. Chromogranin A: A paradoxical player in angiogenesis and vascular biology. Cell. Mol. Life Sci. 2015, 78,
339-348. [CrossRef]

Curnis, F; Gasparri, A.; Longhi, R.; Colombo, B.; D’Alessio, S.; Pastorino, F.; Ponzoni, M.; Corti, A. Chromogranin A Binds to
avB6-Integrin and Promotes Wound Healing in Mice. Cell. Mol. Life Sci. 2012, 69, 2791-2803. [CrossRef]

Colombo, B.; Curnis, F; Foglieni, C.; Monno, A.; Arrigoni, G.; Corti, A. Chromogranin a expression in neoplastic cells affects
tumor growth and morphogenesis in mouse models. Cancer Res. 2002, 62, 941-946.

Curnis, F; Dallatomasina, A.; Bianco, M.; Gasparri, A.; Sacchi, A.; Colombo, B.; Fiocchi, M.; Perani, L.; Venturini, M.;
Tacchetti, C.; et al. Regulation of tumor growth by circulating full-length chromogranin A. Oncotarget 2016, 7, 72716-72732.
[CrossRef]

Salem, S.; Jankowski, V.; Asare, Y.; Liehn, E.; Welker, P.; Raya-Bermudez, A.; Pineda-Martos, C.; Rodriguez, M.; Munoz-Castaneda,
J.R.; Bruck, H.; et al. Identification of the Vasoconstriction-Inhibiting Factor (VIF), a Potent Endogenous Cofactor of Angiotensin
IT Acting on the Angiotensin II Type 2 Receptor. Circulation 2015, 131, 1426-1434. [CrossRef]

Brekke, ].F,; Kirkeleit, J.; Lugardon, K.; Helle, K.B. Vasostatins. Dilators of bovine resistance arteries. Adv. Exp. Med. Biol. 2000,
482, 239-246.

Mahata, S.K.; O’'Connor, D.T.; Mahata, M.; Yoo, S.H.; Taupenot, L.; Wu, H.; Gill, B.M.; Parmer, R.J. Novel autocrine feedback
control of catecholamine release. A discrete chromogranin a fragment is a noncompetitive nicotinic cholinergic antagonist. J. Clin.
Investig. 1997, 100, 1623-1633. [CrossRef]

Koshimizu, H.; Cawley, N.X.; Kim, T.; Yergey, A.L.; Loh, Y.P. Serpinin: A novel chromogranin A-derived, secreted peptide
up-regulates protease nexin-1 expression and granule biogenesis in endocrine cells. Mol. Endocrinol. 2011, 25, 732-744. [CrossRef]
Loh, Y.P,; Koshimizu, H.; Cawley, N.X.; Tota, B. Serpinins: Role in granule biogenesis, inhibition of cell death and cardiac function.
Curr. Med. Chem. 2012, 19, 4086—4092. [CrossRef]

Mancino, D.; Kharouf, N.; Scavello, F.; Helle, S.; Salloum-Yared, F.; Mutschler, A.; Mathieu, E.; Lavalle, P.; Metz-Boutigue, M.H.;
Haikel, Y. The Catestatin-Derived Peptides Are New Actors to Fight the Development of Oral Candidosis. Int. J. Mol. Sci. 2022,
23, 2066. [CrossRef]

Metz-Boutigue, M.H.; Goumon, Y.; Lugardon, K.; Strub, ].M.; Aunis, D. Antibacterial peptides are present in chromaffin cell
secretory granules. Cell. Mol. Neurobiol. 1998, 18, 249-266. [CrossRef]

141



Pharmaceutics 2022, 14, 2555

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Fung, M.M.; Salem, R.M.; Mehtani, P.; Thomas, B.; Lu, C.F; Perez, B.; Rao, E; Stridsberg, M.; Ziegler, M.G.; Mahata, S.K,; et al.
Direct vasoactive effects of the chromogranin A (CHGA) peptide catestatin in humans in vivo. Clin. Exp. Hypertens. 2010, 32,
278-287. [CrossRef]

Kruger, P.G.; Mahata, S.K.; Helle, K.B. Catestatin (CgA344-364) stimulates rat mast cell release of histamine in a manner
comparable to mastoparan and other cationic charged neuropeptides. Regul. Pept. 2003, 114, 29-35. [CrossRef]

Pasqua, T,; Corti, A.; Gentile, S.; Pochini, L.; Bianco, M.; Metz-Boutigue, M.H.; Cerra, M.C.; Tota, B.; Angelone, T. Full-length
human Chromogranin-A cardioactivity: Myocardial, coronary and stimulus-induced processing evidence in normotensive and
hypertensive male rat hearts. Endocrinology 2013, 154, 3353-3365. [CrossRef]

Angelone, T.; Quintieri, A.M.; Brar, B.K,; Limchaiyawat, P.T.; Tota, B.; Mahata, S.K.; Cerra, M.C. The antihypertensive chromo-
granin a peptide catestatin acts as a novel endocrine/paracrine modulator of cardiac inotropism and lusitropism. Endocrinology
2008, 149, 4780-4793. [CrossRef]

Corti, A.; Mannarino, C.; Mazza, R.; Colombo, B.; Longhi, R.; Tota, B. Vasostatins exert negative inotropism in the working heart
of the frog. Ann. N. Y. Acad. Sci. 2002, 971, 362-365. [CrossRef]

Gasparri, A.; Sidoli, A.; Sanchez, L.P.; Longhi, R.; Siccardi, A.G.; Marchisio, P.C.; Corti, A. Chromogranin A fragments modulate
cell adhesion. Identification and characterization of a pro-adhesive domain. J. Biol. Chem. 1997, 272, 20835-20843. [CrossRef]
Ferrero, E.; Scabini, S.; Magni, E.; Foglieni, C.; Belloni, D.; Colombo, B.; Curnis, E; Villa, A.; Ferrero, M.E.; Corti, A. Chromogranin
A protects vessels against tumor necrosis factor alpha-induced vascular leakage. FASEB ]. 2004, 18, 554-556. [CrossRef]

Di Comite, G.; Rossi, C.M.; Marinosci, A.; Lolmede, K.; Baldissera, E.; Aiello, P.; Mueller, R.B.; Herrmann, M.; Voll, R.E.;
Rovere-Querini, P; et al. Circulating chromogranin A reveals extra-articular involvement in patients with rheumatoid arthritis
and curbs TNF-alpha-elicited endothelial activation. J. Leukoc. Biol. 2009, 85, 81-87. [CrossRef]

Dallatomasina, A.; Gasparri, A.M.; Colombo, B.; Sacchi, A.; Bianco, M.; Daniele, T.; Esposito, A.; Pastorino, F.; Ponzoni, M.;
Marcucci, F; et al. Spatiotemporal Regulation of Tumor Angiogenesis by Circulating Chromogranin A Cleavage and Neuropilin-1
Engagement. Cancer Res. 2019, 79, 1925-1937. [CrossRef]

Reni, M.; Andreasi, V.; Gasparri, A.M.; Dugnani, E.; Colombo, B.; Macchini, M.; Bianco, M.; Dallatomasina, A.; Citro, A.;
Assi, E.; etal. Circulating Chromogranin A Is Cleaved Into Vasoregulatory Fragments in Patients with Pancreatic Ductal
Adenocarcinoma. Front. Oncol. 2020, 10, 613582. [CrossRef]

Blois, A.; Holmsen, H.; Martino, G.; Corti, A.; Metz-Boutigue, M.H.; Helle, K.B. Interactions of chromogranin A-derived
vasostatins and monolayers of phosphatidylserine, phosphatidylcholine and phosphatidylethanolamine. Regul. Pept. 2006, 134,
30-37. [CrossRef]

Ramella, R.; Boero, O.; Alloatti, G.; Angelone, T.; Levi, R.; Gallo, M.P. Vasostatin 1 activates eNOS in endothelial cells through a
proteoglycan-dependent mechanism. J. Cell. Biochem. 2010, 110, 70-79. [CrossRef]

Kiranmayi, M.; Chirasani, V.R.; Allu, PK.; Subramanian, L.; Martelli, E.E.; Sahu, B.S.; Vishnuprabu, D.; Kumaragurubaran, R.;
Sharma, S.; Bodhini, D.; et al. Catestatin Gly364Ser Variant Alters Systemic Blood Pressure and the Risk for Hypertension in
Human Populations via Endothelial Nitric Oxide Pathway. Hypertension 2016, 68, 334-347. [CrossRef]

Belloni, D.; Scabini, S.; Foglieni, C.; Veschini, L.; Giazzon, A.; Colombo, B.; Fulgenzi, A.; Helle, K.B.; Ferrero, M.E.; Corti, A ; et al.
The vasostatin-I fragment of chromogranin A inhibits VEGF-induced endothelial cell proliferation and migration. FASEB J. 2007,
21, 3052-3062. [CrossRef]

Bianco, M.; Gasparri, A.M.; Colombo, B.; Curnis, F; Girlanda, S.; Ponzoni, M.; Bertilaccio, M.T.; Calcinotto, A.; Sacchi, A.; Ferrero,
E.; et al. Chromogranin A is preferentially cleaved into pro-angiogenic peptides in the bone marrow of multiple myeloma patients.
Cancer Res. 2016, 76, 1781-1791. [CrossRef]

Teesalu, T.; Sugahara, K.N.; Kotamraju, V.R.; Ruoslahti, E. C-end rule peptides mediate neuropilin-1-dependent cell, vascular, and
tissue penetration. Proc. Natl. Acad. Sci. USA 2009, 106, 16157-16162. [CrossRef]

Teesalu, T.; Sugahara, K.N.; Ruoslahti, E. Tumor-penetrating peptides. Front. Oncol. 2013, 3, 216. [CrossRef]

Rocca, C.; Grande, F,; Granieri, M.C.; Colombo, B.; De Bartolo, A.; Giordano, F.; Rago, V.; Amodio, N.; Tota, B.; Cerra, M.C.; et al.
The chromogranin A1-373 fragment reveals how a single change in the protein sequence exerts strong cardioregulatory effects by
engaging neuropilin-1. Acta Physiol. 2021, 231, €13570. [CrossRef]

Pena, V.B.; Bonini, I.C.; Antollini, S.S.; Kobayashi, T.; Barrantes, EJ. Alpha 7-type acetylcholine receptor localization and its
modulation by nicotine and cholesterol in vascular endothelial cells. J. Cell. Biochem. 2011, 112, 3276-3288. [CrossRef]

Cooke, ].P.; Ghebremariam, Y.T. Endothelial nicotinic acetylcholine receptors and angiogenesis. Trends Cardiovasc. Med. 2008, 18,
247-253. [CrossRef]

Arias, H.R; Richards, V.E.;; Ng, D.; Ghafoori, M.E.; Le, V.; Mousa, S.A. Role of non-neuronal nicotinic acetylcholine receptors in
angiogenesis. Int. |. Biochem. Cell. Biol. 2009, 41, 1441-1451. [CrossRef]

Heeschen, C.; Jang, J.J.; Weis, M.; Pathak, A.; Kaji, S.; Hu, R.S.; Tsao, P.S.; Johnson, F.L.; Cooke, J.P. Nicotine stimulates angiogenesis
and promotes tumor growth and atherosclerosis. Nat. Med. 2001, 7, 833-839. [CrossRef]

Taupenot, L.; Mahata, S.K.; Mahata, M.; Parmer, R.]J.; O’Connor, D.T. Interaction of the catecholamine release-inhibitory peptide
catestatin (human chromogranin A(352-372)) with the chromaffin cell surface and Torpedo electroplax: Implications for nicotinic
cholinergic antagonism. Regul. Pept. 2000, 95, 9-17. [CrossRef]

Mahata, S.K.; Mahata, M.; Fung, M.M.; O’Connor, D.T. Catestatin: A multifunctional peptide from chromogranin A. Regul. Pept.
2010, 162, 33-43. [CrossRef]

142



Pharmaceutics 2022, 14, 2555

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Sahu, B.S.; Mohan, J.; Sahu, G.; Singh, PX.; Sonawane, PJ.; Sasi, B.K.; Allu, PK.; Maji, S.K.; Bera, A.K.; Senapati, S.; et al. Molecular
interactions of the physiological anti-hypertensive peptide catestatin with the neuronal nicotinic acetylcholine receptor. J. Cell.
Sci. 2012, 125, 2323-2337. [CrossRef]

Folkman, J. Angiogenesis: An organizing principle for drug discovery? Nat. Rev. Drug Discov. 2007, 6, 273-286. [CrossRef]
Italiano, J.E., Jr.; Richardson, J.L.; Patel-Hett, S.; Battinelli, E.; Zaslavsky, A.; Short, S.; Ryeom, S.; Folkman, J.; Klement, G.L.
Angiogenesis is regulated by a novel mechanism: Pro- and antiangiogenic proteins are organized into separate platelet alpha
granules and differentially released. Blood 2008, 111, 1227-1233. [CrossRef]

Ribatti, D. Endogenous inhibitors of angiogenesis: A historical review. Leuk. Res. 2009, 33, 638—644. [CrossRef]

Kleeff, J.; Korc, M.; Apte, M.; La Vecchia, C.; Johnson, C.D.; Biankin, A.V.; Neale, R.E.; Tempero, M.; Tuveson, D.A;
Hruban, R.H.; et al. Pancreatic cancer. Nat. Rev. Dis. Prim. 2016, 2, 16022. [CrossRef]

Rawla, P; Sunkara, T.; Gaduputi, V. Epidemiology of Pancreatic Cancer: Global Trends, Etiology and Risk Factors. World ]. Oncol.
2019, 10, 10-27. [CrossRef]

Conroy, T.; Desseigne, F.; Ychou, M.; Bouche, O.; Guimbaud, R.; Becouarn, Y.; Adenis, A.; Raoul, ].L.; Gourgou-Bourgade, S.; de la
Fouchardiere, C.; et al. FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N. Engl. J. Med. 2011, 364, 1817-1825.
[CrossRef]

Kawasaki, T.; Kitsukawa, T.; Bekku, Y.; Matsuda, Y.; Sanbo, M.; Yagi, T.; Fujisawa, H. A requirement for neuropilin-1 in embryonic
vessel formation. Development 1999, 126, 4895-4902. [CrossRef]

Wang, Y.; Cao, Y,; Yamada, S.; Thirunavukkarasu, M.; Nin, V.; Joshi, M.; Rishi, M.T.; Bhattacharya, S.; Camacho-Pereira, J.;
Sharma, A.K,; et al. Cardiomyopathy and Worsened Ischemic Heart Failure in SM22-alpha Cre-Mediated Neuropilin-1 Null Mice:
Dysregulation of PGClalpha and Mitochondrial Homeostasis. Arterioscler Thromb. Vasc. Biol. 2015, 35, 1401-1412. [CrossRef]
Thomas, G.J.; Nystrom, M.L.; Marshall, ].E. Alphavbeta6 integrin in wound healing and cancer of the oral cavity. . Oral Pathol.
Med. 2006, 35, 1-10. [CrossRef]

Busk, M.; Pytela, R.; Sheppard, D. Characterization of the integrin alpha v beta 6 as a fibronectin-binding protein. J. Biol. Chem.
1992, 267, 5790-5796. [CrossRef]

Bandyopadhyay, A.; Raghavan, S. Defining the role of integrin alphavbeta6 in cancer. Curr. Drug Targets 2009, 10, 645-652.
[CrossRef]

Ozawa, A.; Sato, Y.; Imabayashi, T.; Uemura, T.; Takagi, ].; Sekiguchi, K. Molecular Basis of the Ligand Binding Specificity of
alphavbeta8 Integrin. J. Biol. Chem. 2016, 291, 11551-11565. [CrossRef]

Kraft, S.; Diefenbach, B.; Mehta, R.; Jonczyk, A.; Luckenbach, G.A.; Goodman, S.L. Definition of an unexpected ligand recognition
motif for alphav beta6 integrin. J. Biol. Chem. 1999, 274, 1979-1985. [CrossRef]

Dong, X.; Hudson, N.E.; Lu, C.; Springer, T.A. Structural determinants of integrin beta-subunit specificity for latent TGF-beta.
Nat. Struct. Mol. Biol. 2014, 21, 1091-1096. [CrossRef]

Dong, X.; Zhao, B.; Iacob, R.E.; Zhu, J.; Koksal, A.C.; Lu, C.; Engen, ].R.; Springer, T.A. Force interacts with macromolecular
structure in activation of TGF-beta. Nature 2017, 542, 55-59. [CrossRef]

Kotecha, A.; Wang, Q.; Dong, X.; Ilca, S.L.; Ondiviela, M.; Zihe, R.; Seago, J.; Charleston, B.; Fry, E.E.; Abrescia, N.G.A.; et al. Rules
of engagement between alphavbeta6 integrin and foot-and-mouth disease virus. Nat. Commun. 2017, 8, 15408. [CrossRef]
DiCara, D.; Rapisarda, C.; Sutcliffe, J.L.; Violette, S.M.; Weinreb, P.H.; Hart, I.R.; Howard, M.].; Marshall, ].E. Structure-function
analysis of Arg-Gly-Asp helix motifs in alpha v beta 6 integrin ligands. J. Biol. Chem. 2007, 282, 9657-9665. [CrossRef]

Nardelli, F.; Ghitti, M.; Quilici, G.; Gori, A.; Luo, Q.; Berardi, A.; Sacchi, A.; Monieri, M.; Bergamaschi, G.; Bermel, W.; et al. A
stapled chromogranin A-derived peptide is a potent dual ligand for integrins alphavbeta6 and alphavbeta8. Chem. Commun.
2019, 55, 14777-14780. [CrossRef]

Lugardon, K.; Chasserot-Golaz, S.; Kieffer, A.E.; Maget-Dana, R.; Nullans, G.; Kieffer, B.; Aunis, D.; Metz-Boutigue, M.H.
Structural and biological characterization of chromofungin, the antifungal chromogranin A-(47-66)-derived peptide. J. Biol. Chem.
2001, 276, 35875-35882. [CrossRef]

Koivisto, L.; Bi, ].; Hakkinen, L.; Larjava, H. Integrin alphavbeta6: Structure, function and role in health and disease. Int. |.
Biochem. Cell. Biol. 2018, 99, 186-196. [CrossRef]

Liu, H.; Wu, Y.; Wang, F; Liu, Z. Molecular imaging of integrin alphavbeta6 expression in living subjects. Am. J. Nucl. Med. Mol.
Imaging 2014, 4, 333-345.

Koivisto, L.; Larjava, K.; Hakkinen, L.; Uitto, V.J.; Heino, J.; Larjava, H. Different integrins mediate cell spreading, haptotaxis and
lateral migration of HaCaT keratinocytes on fibronectin. Cell Adhes. Commun. 1999, 7, 245-257. [CrossRef]

Radek, K.A.; Lopez-Garcia, B.; Hupe, M.; Niesman, I.R.; Elias, PM.; Taupenot, L.; Mahata, S.K.; O’Connor, D.T.; Gallo, R.L. The
neuroendocrine peptide catestatin is a cutaneous antimicrobial and induced in the skin after injury. J. Investig. Dermatol. 2008,
128, 1525-1534. [CrossRef]

Avraamides, C.J.; Garmy-Susini, B.; Varner, J.A. Integrins in angiogenesis and lymphangiogenesis. Nat. Rev. Cancer 2008, 8,
604-617. [CrossRef]

Desgrosellier, ].S.; Cheresh, D.A. Integrins in cancer: Biological implications and therapeutic opportunities. Nat. Rev. Cancer 2010,
10, 9-22. [CrossRef]

143



Pharmaceutics 2022, 14, 2555

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Elayadi, A.N.; Samli, K.N.; Prudkin, L.; Liu, Y.H.; Bian, A ; Xie, X.].; Wistuba, L.L; Roth, J.A.; McGuire, M.].; Brown, K.C. A peptide
selected by biopanning identifies the integrin alphavbeta6 as a prognostic biomarker for nonsmall cell lung cancer. Cancer Res.
2007, 67, 5889-5895. [CrossRef]

Moore, KM.; Thomas, G.J.; Duffy, S.W.; Warwick, J.; Gabe, R.; Chou, P; Ellis, I.O.; Green, A.R.; Haider, S.; Brouilette, K.; et al.
Therapeutic targeting of integrin alphavbeta6 in breast cancer. J. Natl. Cancer Inst. 2014, 106. [CrossRef]

Sipos, B.; Hahn, D.; Carceller, A.; Piulats, J.; Hedderich, J.; Kalthoff, H.; Goodman, S.L.; Kosmahl, M.; Kloppel, G. Imnmunohisto-
chemical screening for beta6-integrin subunit expression in adenocarcinomas using a novel monoclonal antibody reveals strong
up-regulation in pancreatic ductal adenocarcinomas in vivo and in vitro. Histopathology 2004, 45, 226-236. [CrossRef]

Reader, C.S,; Vallath, S.; Steele, C.W.; Haider, S.; Brentnall, A.; Desai, A.; Moore, K.M.; Jamieson, N.B.; Chang, D.; Bailey, P; et al.
The integrin alphavbeta6 drives pancreatic cancer through diverse mechanisms and represents an effective target for therapy.
J. Pathol. 2019, 249, 332-342. [CrossRef]

Niu, J.; Li, Z. The roles of integrin alphavbeta6 in cancer. Cancer Lett. 2017, 403, 128-137. [CrossRef]

Hazelbag, S.; Kenter, G.G.; Gorter, A.; Dreef, E.J.; Koopman, L.A.; Violette, S.M.; Weinreb, P.H.; Fleuren, G.J. Overexpression of
the alpha v beta 6 integrin in cervical squamous cell carcinoma is a prognostic factor for decreased survival. J. Pathol. 2007, 212,
316-324. [CrossRef]

Zhang, Z.Y.; Xu, K.S.; Wang, ].S.; Yang, G.Y.; Wang, W.; Wang, ].Y.; Niu, W.B.; Liu, E.Y.; Mi, Y.T; Niu, J. Integrin alphanvbeta6 acts
as a prognostic indicator in gastric carcinoma. Clin. Oncol. 2008, 20, 61-66. [CrossRef]

Bates, R.C.; Bellovin, D.I; Brown, C.; Maynard, E.; Wu, B.; Kawakatsu, H.; Sheppard, D.; Oettgen, P.; Mercurio, A.M. Transcrip-
tional activation of integrin beta6 during the epithelial-mesenchymal transition defines a novel prognostic indicator of aggressive
colon carcinoma. J. Clin. Investig. 2005, 115, 339-347. [CrossRef]

Altmann, A.; Sauter, M.; Roesch, S.; Mier, W.; Warta, R.; Debus, ].; Dyckhoff, G.; Herold-Mende, C.; Haberkorn, U. Identification
of a Novel ITGalphavbeta6-Binding Peptide Using Protein Separation and Phage Display. Clin. Cancer Res. 2017, 23, 4170-4180.
[CrossRef]

Roesch, S.; Lindner, T.; Sauter, M.; Loktev, A.; Flechsig, P.; Muller, M.; Mier, W.; Warta, R.; Dyckhoff, G.; Herold-Mende, C.; et al.
Comparison of the RGD Motif-Containing alphavbeta6 Integrin-Binding Peptides SFLAP3 and SFITGv6 for Diagnostic Applica-
tion in HNSCC. J. Nucl. Med. 2018, 59, 1679-1685. [CrossRef]

Quigley, N.G.; Czech, N.; Sendt, W.; Notni, J. PET/CT imaging of pancreatic carcinoma targeting the “cancer integrin” alphavbeta6.
Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 4107—4108. [CrossRef]

Kimura, R.H.; Wang, L.; Shen, B.; Huo, L.; Tummers, W.; Filipp, EV.; Guo, H.H.; Haywood, T.; Abou-Elkacem, L.; Baratto, L.; et al.
Evaluation of integrin alphavbeta6 cystine knot PET tracers to detect cancer and idiopathic pulmonary fibrosis. Nat. Commun.
2019, 10, 4673. [CrossRef]

Hausner, S.H.; Bold, R.J.; Cheuy, L.Y,; Chew, H.K.; Daly, M.E.; Davis, R.A.; Foster, C.C.; Kim, E.J.; Sutcliffe, J.L. Preclinical
Development and First-in-Human Imaging of the Integrin av36 with [18F]av36-Binding Peptide in Metastatic Carcinoma. Clin.
Cancer Res. 2019, 25, 1206-1215. [CrossRef]

McCarty, ].H. alphavbeta8 integrin adhesion and signaling pathways in development, physiology and disease. J. Cell Sci. 2020,
133. [CrossRef]

Takasaka, N.; Seed, R.I.; Cormier, A.; Bondesson, A.J.; Lou, J.; Elattma, A.; Ito, S.; Yanagisawa, H.; Hashimoto, M.; Ma, R.; et al.
Integrin alphavbeta8-expressing tumor cells evade host immunity by regulating TGF-beta activation in immune cells. JCI Insight
2018, 3. [CrossRef]

Jin, S.; Lee, W.C.; Aust, D,; Pilarsky, C.; Cordes, N. beta8 Integrin Mediates Pancreatic Cancer Cell Radiochemoresistance. Mol.
Cancer Res. 2019, 17, 2126-2138. [CrossRef]

Ahmedah, H.T.; Patterson, L.H.; Shnyder, S.D.; Sheldrake, H.M. RGD-Binding Integrins in Head and Neck Cancers. Cancers 2017,
9, 56. [CrossRef]

Monieri, M.; Rainone, P; Sacchi, A.; Gori, A.; Gasparri, A.M.; Coliva, A,; Citro, A.; Ferrara, B.; Policardi, M.; Valtorta, S.; et al.
A stapled chromogranin A-derived peptide homes in on tumors that express av36 or av38 integrins. Int. J. Biol. Sci. 2022, 19,
156-166.

Conroy, K.P; Kitto, L.].; Henderson, N.C. Alphav integrins: Key regulators of tissue fibrosis. Cell Tissue Res. 2016, 365, 511-519.
[CrossRef]

144



pharmaceutics

Article

Antimicrobial Peptides and Biomarkers Induced by Ultraviolet
Irradiation Have the Potential to Reduce Endodontic
Inflammation and Facilitate Tissue Healing

Kimberly A. Morio !, Robert H. Sternowski ?, Erliang Zeng 3 and Kim A. Brogden **

Citation: Morio, K.A.; Sternowski,
R.H.; Zeng, E.; Brogden, K.A.
Antimicrobial Peptides and
Biomarkers Induced by Ultraviolet
Irradiation Have the Potential to
Reduce Endodontic Inflammation
and Facilitate Tissue Healing.
Pharmaceutics 2022, 14, 1979.
https://doi.org/10.3390/
pharmaceutics14091979

Academic Editors: Scavello
Francesco, Jean-Eric Ghia and
Amiche Mohamed

Received: 18 August 2022
Accepted: 13 September 2022
Published: 19 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

1 Apex Endodontics, Hiawatha, IA 52233, USA

2 Softronics, Ltd., Marion, 1A 52302, USA

Division of Biostatistics and Computational Biology, College of Dentistry, The University of Iowa,
Iowa City, IA 52242, USA

4 College of Dentistry, The University of lowa, Iowa City, IA 52242, USA

*  Correspondence: kim-brogden@uiowa.edu

Abstract: Background: Ultraviolet (UV) irradiation can modulate host immune responses and this
approach is a novel application for treating endodontic infections and inflammation in root canals.
Methods: A dataset of UV-induced molecules was compiled from a literature search. A subset of this
dataset was used to calculate expression log? ratios of endodontic tissue molecules from HEPM cells
and gingival fibroblasts after 255, 405, and 255/405 nm UV irradiation. Both datasets were analyzed
using ingenuity pathway analysis (IPA, Qiagen, Germantown, MD, USA). Statistical significance was
calculated using Fisher’s exact test and z-scores were calculated for IPA comparison analysis. Results:
The dataset of 32 UV-induced molecules contained 9 antimicrobial peptides, 10 cytokines, 6 growth
factors, 3 enzymes, 2 transmembrane receptors, and 2 transcription regulators. These molecules
were in the IPA canonical pathway annotations for the wound healing signaling pathway (9/32,
p=322x 10~11) and communication between immune cells (6/32, p =874 x 10~11). In the IPA
disease and function annotations, the 32 molecules were associated with an antimicrobial response,
cell-to-cell signaling and interaction, cellular movement, hematological system development and
function, immune cell trafficking, and inflammatory response. In IPA comparison analysis of the
13 molecules, the predicted activation or inhibition of pathways depended upon the cell type exposed,
the wavelength of the UV irradiation used, and the time after exposure. Conclusions: UV irradiation
activates and inhibits cellular pathways and immune functions. These results suggested that UV
irradiation can activate innate and adaptive immune responses, which may supplement endodontic
procedures to reduce infection, inflammation, and pain and assist tissues to heal.

Keywords: ultraviolet irradiation; UV; UVC; UVB; UVA; antimicrobial peptides; chemokines;
cytokines; endodontic; inflammation; pain; tissue healing

1. Introduction

Physical traumas, factures, erosions, and local infections, including caries and pe-
riodontal disease, on human teeth are among the conditions that lead to endodontic
disease [1]. These conditions often create ‘barrier defects’ that allow entry of opportunistic
oral microbiota into the underlying dental pulp tissue. Invading microorganisms can
then develop into polymicrobial biofilms containing Archaebacteria, Eubacteria, yeast, and
fungal species [2—-4]. The resulting infections can induce inflammation and pain in the root
canal systems. The associated craniofacial pain can be severe and significantly impact the
patient’s quality of life and day-to-day comfort.

Current standard-of-care treatment for endodontic emergencies and treatment include
opening the tooth; exposing underlying inflammatory tissue or infection; and creating an
open instrumented root canal to the tooth apex, removing the inflammatory tissue, canal
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exudate, necrotic tissue, and tissue debris [3]. The root canal is then irrigated with sodium
hypochlorite (NaOC]) to cleanse and dissolve the canal of the remaining tissue and debris,
followed by the irrigation of ethylenediaminetetraacetic acid (EDTA) to remove the smear
layer and open the dentinal tubules. The root canal is completed by sealing the canal space
with endodontic sealer and gutta percha. The access opening is filled with amalgam or a
composite material, and in some cases, a crown is advocated to enhance tooth integrity and
adequate seal.

Unfortunately, the standard-of-care treatment is unable to completely clean the canal
space and residual pulp tissue debris, missed areas of infection, and remnant microorgan-
isms in the dentin tubules along the sides of the root canal can be left; resulting in potential
persist reinfections and apical chronic inflammation [3]. Irrigation with NaOCl is the gold
standard, but extrusion of this irrigant apically can be extremely detrimental to the apical
tissues. The damaged apical tissues by the NaOCI have little chance to regenerate and
heal with no opportunities for activation of local innate or adaptive immune responses in
the area.

An emerging and novel concept is to treat instrumented root canals with ultraviolet
(UV) irradiation during the standard-of-care treatment procedure [5,6]. UVC irradiation
kills microorganisms isolated from endodontic infections [6-8]. Brief treatment with UV
irradiation would also modulate host immune responses [9,10]. UV irradiation induces an
influx of cells and the production of antimicrobial peptides (AMPs); chemokines, cytokines,
and biomarkers (CCBMs); and other molecules that alter lesion pathogenesis and facilitates
local tissue healing [9,10]. UVC induces the secretion of CCBMs in HEPM cells and gingival
fibroblasts related to endodontic tissue regeneration [6].

In this study, we were interested in identifying molecules expressed or secreted from
cells and tissues after UV irradiation. We first searched the PubMed literature to identify
AMPs or CCBMs reported to have up- or down-levels of mRNA expression or secretion in
response to UV irradiation treatment. We used a bioinformatics approach with ingenuity
pathway analysis (IPA, Qiagen, Germantown, MD, USA) to associate their expression
with specific innate and adaptive immune responses. We then used the concentrations of
13 CCBMs in tissue culture media of HEPM cells and gingival fibroblasts after treatment
with 255, 405, or 255/405 UV irradiation [6] as (i) wet lab experimental data to validate
claims from the bioinformatics data, and (ii) to assess the ability of UV irradiation to
activate or inhibit cellular pathways related to innate and adaptive immune responses. We
hypothesized that UV irradiation would induce host cells and tissues to express AMPs and
CCBMs (Figure 1) and these molecules would be important in future treatments designed
to reduce endodontic infection and inflammation, modulate endodontic pain, and assist in
endodontic tissue healing.
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Figure 1. A schematic diagram of the proposed effects of UV irradiation on endodontic infection
and inflammation, pain, and tissue healing. UV irradiation can kill microorganisms directly (blue
line). UV irradiation can also induce host cells to express antimicrobial peptides (AMPs) and
chemokines, cytokines, and biomarkers (CCBMs) (blue lines). AMPs can kill microorganisms (red
line); induce the production of CCBMs (brown line); and induce chemotaxis, modulate immune
responses, assist in wound healing, play a role in angiogenesis, and reduce pain (red lines). CCBMs
can kill microorganisms (green line); induce the production of AMPs (brown line); and induce
chemotaxis, modulate immune responses, assist in wound healing, play a role in angiogenesis, and
reduce pain (green lines).

2. Materials and Methods
2.1. Dataset of UV-Induced Molecules

We searched the PubMed literature using UVC, UVB, UVA, chemokines, cytokines,
and antimicrobial peptides as search terms linked in various combinations, using Boolean
operators to identify AMPs or CCBMs reported to have up- or down-levels of mRNA
expression or secretion in response to UV irradiation. AMPs and CCBMs were combined
into a single dataset (Table 1).

Table 1. Antimicrobial peptides (AMPs); chemokines, cytokines, and biomarkers (CCBMs); and other
mediators were identified from ingenuity pathway analysis (IPA, Qiagen, Germantown, MD, USA),
combined into a single dataset below, annotated for their IPA symbol, Entrez Gene name, Entrez
Gene ID (human), cellular location, and function type.

Entrez Gene ID

Symbol Entrez Gene Name (Human) Location Function Type
BMP10 Bone morphogenetic protein 10 27302 Extracellular space Growth factor
CAMP Cathelicidin antimicrobial peptide 820 Cytoplasm Other
CCL2 C-C motif chemokine ligand 2 6347 Extracellular space Cytokine
CCL20 C-C motif chemokine ligand 20 6364 Extracellular space Cytokine
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Table 1. Cont.

Entrez Gene ID

Symbol Entrez Gene Name (Human) Location Function Type
CSF2 Colony stimulating factor 2 1437 Extracellular space Cytokine
CXCL1 C-X-C motif chemokine ligand 1 2919 Extracellular space Cytokine
CXCL2 C-X-C motif chemokine ligand 2 2920 Extracellular space Cytokine
CXCL3 C-X-C motif chemokine ligand 3 2921 Extracellular space Cytokine
CXCL8 C-X-C motif chemokine ligand 8 3576 Extracellular space Cytokine
DEFB1 Defensin beta 1 1672 Extracellular space Other
DEFB103B Defensin beta 103B 55894 Extracellular space Other
DEFB4A Defensin beta 4A 1673 Extracellular space Other
FGF1 Fibroblast growth factor 1 2246 Extracellular space Growth factor
FGF2 Fibroblast growth factor 2 2247 Extracellular space Growth factor
FN1 Fibronectin 1 2335 Extracellular space Enzyme
ICAM1 Intercellular adhesion molecule 1 3383 Plasma membrane Transmembrane receptor
IL6 Interleukin 6 3569 Extracellular space Cytokine
IL10 Interleukin 10 3586 Extracellular space Cytokine
PI3 Peptidase inhibitor 3 5266 Extracellular space Other
PIGF Phosphfilgs}’;ﬁiﬁzl;fi(;lcgli};ﬁ; anchor 5281 Cytoplasm Enzyme
RNASE7 Ribonuclease A family member 7 84659 Extracellular space Enzyme
S100A7 5100 calcium binding protein A7 6278 Cytoplasm Other
S100A8 5100 calcium binding protein A8 6279 Cytoplasm Other
S100A9 5100 calcium binding protein A9 6280 Cytoplasm Other
S100A12 5100 calcium binding protein A12 6283 Cytoplasm Other
SELE Selectin E 6401 Plasma membrane Transmembrane receptor
SMAD3 SMAD family member 3 4088 Nucleus Transcription regulator
SMAD4 SMAD family member 4 4089 Nucleus Transcription regulator
TGFA Transforming growth factor alpha 7039 Extracellular space Growth factor
TGFB1 Transforming growth factor beta 1 7040 Extracellular space Growth factor
TNF Tumor necrosis factor 7124 Extracellular space Cytokine
VEGFA Vascular endothelial growth factor A 7422 Extracellular space Growth factor

2.2. Subset of Endodontic Tissue Molecules

Morio et al. reported the concentrations of 13 CCBMs in tissue culture media of HEPM
cells and gingival fibroblasts at 0, 24, and 48 h after treatment with 255, 405, or 255/405
UV irradiation [6]. We used these CCBMs as (i) wet lab experimental data to validate
claims from the bioinformatics data, and (ii) to assess the ability of UV irradiation to
activate or inhibit cellular pathways related to immune functions. For this, levels of CCBM
expression were calculated as the expression log2 ratios of the mean of each treatment
after UV irradiation, divided by the mean of the respective control for the same treatment
(Figure 2).
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PDGFA
TGFA
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FGF1
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HEPM cells HEPM cells HEPMcells HEPMcells HEPM cells HEPM cells HEPM cells HEPM cells HEPM cells
0 hours 0 hours 0 hours 24 hours 24 hours 24 hours 48 hours 48 hours 48 hours 0 hours 0 hours 0 hours 24 hours 24 hours 24 hours 48 hours 48 hours 48 hours
Group 2 Group 3 Group 4 Group 6 Group 7 Group 8 Group 10 Group 11 Group 12 Group 2 Group 3 Group 4 Group 6 Group 7 Group 8 Group 10 Group 11 Group 12
255 nm 405nm  255/405nm  255nm 405nm  255/405nm 255 nm 405 nm 255/405 nm 255 nm 405nm _ 255/405nm 255 nm 405nm | 255/405 nm 255 nm 405nm  255/405 nm
0.18137 0.08246 0.22474 0.13245 0.08082 0.00000 0.95936 0.95936 =0.18209 =0.47520 0.50056 0.43610 =0.04307 0.16046
-0.58863 -062770  -0.53459 0.86355 —0.00450 1.09492 1.25599 0.16628 -0.08489 -0.08489 —0.66985 0.58486 -0.01004 0.68498 1.23808 0.15370 0.75529
-0.70020 -0.69271 -0.65765 0.09560 —0.18049 0.06643 0.30141 0.34028 0.13151 -0.05219 -0.03458 -0.34589 —0.00065 0.02748 0.22280 0.06307 0.03771 0.20408
-0.27008 -0.31316 -0.29146 —-0.15605 -0.12167 -0.02609 0.09818 0.07907 0.07907 -0.02106 -0.02106 —0.04244 0.00000 -0.06875 -0.12063 0.00000 0.00000 0.00000
—0.64134 -0.68109 —0.79277 —0.08053 0.03484 -0.23631 —0.12635 0.19443 —0.09880 0.39652 -0.24548 —0.81597 0.14570 -0.28323 —1.07768 —0.46651 —0.53225 0.11240
=0.85775  -0.06325 -0.08019 -0.10554 0.06529 0.06529 0.06529 0.88679 = -0.33560 0.38060 -0.07514 -0.12625 0.14978 0.19686 0.33703 0.12131
=0.35257 -0.53766  -0.68450 0.24644 0.19794 0.31057 -0.03562  -0.07215 -0.18763 -0.25376 —0.04731 —0.09622 0.21573 0.25526 -0.07973 —0.19265 —0.29956 0.12928
—0.40166 -0.44745 —0.43487 0.07528 0.32285 0.26028 0.14420 -0.01558 0.06091 0.08549 0.03317 0.01668 0.07733 0.30806 0.00587 0.26732 0.05311 0.22607
-0.14202 -0.25853 —0.25853 0.05697 -0.07717 0.13028 0.03045 0.06028 -0.13289 0.12873 —0.92504 —0.73697 -0.13347 -0.17113 0.02476 0.17945 —0.00959 0.15391
-0.63346 -0.45670  -0.59994 0.13290 =0.02708 0.07266 -0.02438 0.27107 0.85603  -0.01934 0.01391 -0.08823 -0.02580 -0.18741 -0.47923 =0.72477 =0.77892 0.18481
-061778 -0.61095 -0.60719 -0.01875 —0.03683 -0.09946 0.11520 0.09723 0.15328 0.11792 0.08450 0.04181 0.10998 0.03329 -0.21360 —0.38145 —0.18510 -0.08476
0.16163 0.11746 0.75870 @ -0.21728 -0.25538 -0.17722 -0.02804 0.00000 0.23772 -0.12218 -0.19465 -0.11251 -0.29223 -0.24737 -0.29679 -0.05221 -0.10547 0.14309
0.05247 0.02647 0.47393 0.03526 0.10357 0.07764 -0.18772  -0.24391 =0.60547 -031194  -0.58496 =0.64636 0.03743 =0.10706 =0.59471 =0.38878 =0.23553 =0.52704

Figure 2. Expression Log? ratios of 13 chemokine, cytokine, and biomarker (CCBMs) concentrations
reported in tissue culture media of HEPM cells and gingival fibroblasts at 0, 24, and 48 h after
treatment with 255 nm, 405 nm, or 255/405 nm UV irradiation. Expression was calculated as the log?2
ratio of the mean of each treatment after UV irradiation over the mean of the untreated control for
that same cell type, UV irradiation wavelength, and time period. Groups are shown as a heatmap,
where blue represents inhibition (negative values), white represents midpoint, and orange represents
activation (positive values).

2.3. Analysis

We used ingenuity pathway analysis (IPA, Qiagen, Germantown, MD, USA) to assess
whether the molecules in this study were related to the activation of innate and immune
mechanisms. Two types of analysis were performed.

IPA core analysis was run on the list of 32 molecules from the literature dataset in
Table 1 and used to assess whether the IPA canonical pathway and IPA diseases and
function annotations were predicted to be associated with relevant diseases, immune
pathways, and immune functions. Statistical significance was calculated using Fisher’s
exact test and significant p values (p < 0.05) were reported.

IPA comparison analysis was run on the expression log?2 ratios of the 13 molecules
and used to assess whether the IPA canonical pathway and IPA diseases and function
annotations were predicted to be activated or inhibited after UV irradiation. Statistical
differences were determined using activation z-scores calculated from the mean of each
treatment expression log2 ratio. The activation z-score was determined by IPA as reported
by Kramer et al. [11] and makes predictions based on the direction of gene activation
or inhibition.

IPA comparison analysis was also used to assess whether the IPA canonical pathway
predicted any effects of the activated or inhibited 13 molecules on downstream regulation
of gene expression for other innate or adaptive immune functions.

3. Results
3.1. Dataset of 32 UV-Induced Molecules

We identified 32 unique molecules reported to be expressed after UV irradiation of
cells and tissues (Table 1). There were 9 antimicrobial peptides (Supplementary Table S1),
10 cytokines, 6 growth factors, 3 enzymes, 2 transmembrane receptors, and 2 transcription
regulators (Supplementary Table S2).

IPA analysis predicted that UV irradiation can induce molecules that are involved
in innate and adaptive immune responses. IPA canonical pathway annotations of these
32 molecules (Table 1) were predicted to be associated with cellular stress and injury.
This category included the wound healing signaling pathway (9/32, p = 3.22 x 10~ 11).
Annotations were also associated with cellular immune responses, and this category in-
cluded the role of cytokines in mediating communication between immune cells (6/32,
p =874 x 1071), communication between innate and adaptive immune cells (5/32,
p =7.44 x 1073), the Th1 and Th2 activation pathway (4/32, p = 8.01 x 107°), the Th1l
pathway (3/32, p =5.81 x 10~%), and the Th2 pathway (3/32, p= 8.13 x 10~%). The top
relevant pathway annotations are listed in Table 2 and all the relevant annotations ranked
by their —log(p value) are listed in Supplementary Table S3. This list contains relevant
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annotations within categories on cytokine signaling; growth factor signaling; intracellular
and second messenger signaling; cellular growth, proliferation, and development; cellular
immune response; and organismal growth and development.

Table 2. Ingenuity pathway analysis (IPA, Qiagen, Germantown, MD, USA) was used to assess
whether the biomarkers in the literature dataset (1 = 32) would participate in the activation of innate
and immune mechanisms applicable to reducing endodontic infection, reducing inflammation, and
assisting in endodontic tissue healing. Representative IPA canonical pathways annotations were
associated with cellular stress and injury; cytokine signaling; cellular immune response. Representa-
tive IPA diseases or functions annotations were associated with antimicrobial response, cell-to-cell
signaling and interaction, cellular movement, hematological system development and function,
immune cell trafficking, and inflammatory response.

IPA Function p-Value No. Identification of Molecules

Canonical Pathway Annotations

Cellular Stress and Injury

Wound healing signaling pathway 322 x 10~ 11 9 CSF2, CXCL8, FGF2, FN1, IL6, TGFA, TGFB1, TNF,

VEGFA
Cytokine Signaling
CCL2, CCL20, CSF2, CXCL1, CXCL3, CXCL8, DEFB1,
IL17 signaling 8.43 x 10720 13 DEFB103A /DEFB103B, DEFB4A /DEFB4B, IL6,
TGFB1, TNFE, VEGFA
IL6 signaling 253 x 107° 4 CXCLS, IL6, TNF, VEGFA
IL10 signaling 1.23 x 1074 3 IL10, IL6, TNF
IL8 signaling 1.73 x 107* 4 CXCL1, CXCL8, ICAM1, VEGFA
Cellular Immune Response
f;ﬁ;i ;i’zgﬁgf;xre‘zilf‘rﬁfune wlls 874> 1071 6 CSF2, CXCLS8, IL10, IL6, TGFB1, TNF
Th1 and Th2 activation pathway 8.01 x 105 4 ICAM1, IL10, IL6, TGFB1
Th1 pathway 5.81 x 107* 3 ICAM1, IL10, IL6
Th2 pathway 8.13 x 1074 3 ICAM1, IL10, TGFB1
Communication between innate and 7 44 % 10-3 5 CSF2, CXCLS, IL10, IL6, TNF

adaptive immune cells

Diseases or Functions Annotations

Antimicrobial Response, Inflammatory Response

CAMP, CCL20, DEFB1, DEFB103A /DEFB103B,
Antibacterial response 1.66 x 10~ 22 13 DEFB4A /DEFB4B, IL10, IL6, RNASE?7, S100A12,
S100A7, S100A8, S100A9, TNF

Antimicrobial Response, Inflammatory Response

CAMP, CCL2, CCL20, CSF2, CXCL1, CXCL3, CXCLS,
DEFB4A /DEFB4B, FN1, TGFB1, TNE, VEGFA

Cellular Movement, Hematological System Development and Function, Immune Cell Trafficking, Inflammatory Response

CAMP, CCL2, CCL20, CSF2, CXCL1, CXCL2, CXCL3,
CXCLS, DEFB1, DEFB103A /DEFB103B,

Chemotaxis 428 x 107% 27 DEFB4A /DEFB4B, FGF2, FN1, ICAM]1, IL10, IL6,
S100A12, S100A7, SI00A8, S100A9, SELE, SMAD3,
SMAD4, TGFA, TGFB1, TNF, VEGFA

Chemoattraction 5.09 x 10~23 12
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IPA Function p-Value No. Identification of Molecules
CAMP, CCL2, CCL20, CSF2, CXCL1, CXCL2, CXCL3,
CXCLS8, DEFB1, DEFB103A /DEFB103B,

Chemotaxis of leukocytes 143 x 107% 24 DEFB4A /DEFB4B, FN1, ICAM1, IL10, IL6, S100A12,

S100A7, S100A8, S100A9, SELE, SMAD3, TGFB1, TNF,
VEGFA

Inflammatory Response

CAMP, CCL2, CCL20, CSF2, CXCL1, CXCL2, CXCL3,
CXCLS, DEFB1, DEFB103A /DEFB103B,

Inflammatory response 9.34 x 107% 26 DEFB4A /DEFB4B, FGF1, FGF2, FN1, ICAM1, IL10,
IL6, S100A12, SI00A7, S100A8, S100A9, SELE, SMAD3,
TGFB1, TNF, VEGFA

Proinflammatory response 492 x 10715 7 CCL2, CXCL3, CXCL8, IL10, IL6, TNF, VEGFA

Innate immune response 504 % 10-14 10 CAMP, CXCL1, CXCLS, FN1, IL10, IL6, RNASE?,

S100A12, SMAD3, TNF

Tissue Development

Healing of wound 1.53 x 10~20 13

CSF2, FGF1, FGF2, FN1, ICAM]1, IL10, IL6, SMAD3,
SMAD4, TGFA, TGFB1, TNF, VEGFA

Cell-To-Cell Signaling and Interaction, Cellular Movement, Hematological System Development and Function, Immune Cell

Trafficking, Inflammatory Response

CAMP, CCL2, CCL20, CSF2, CXCL3, CXCLS, DEFB1,
DEFB103A /DEFB103B, FN1, ICAM1, IL10, IL6,

31
Cell movement of monocytes 1.37 x 10 19 S100A12, S100A7, SELE, SMAD3, TGFB1, TNE,
VEGFA
CAMP, CCL2, CSF2, CXCL1, CXCL2, CXCL3, CXCLS,
Cell movement of neutrophils 2.01 x 10~28 21 DEFB1, DEFB103A/DEFB103B, DEFB4A /DEFBAB,

FN1, ICAM]1, IL10, IL6, SI00A12, S100A8, S100A9,
SELE, SMAD3, TGFB1, TNF

Cell-To-Cell Signaling and Interaction, Cellular Movement, Hematological System Development and Function, Immune Cell

Trafficking, Inflammatory Response

BMP10, CAMP, CCL2, CCL20, CSEF2, CXCL1, CXCL2,
CXCL3, CXCLS, DEFB4A /DEFB4B, FGF2, FN1,

. -29
Recruitment of cells 7.85 %10 21 ICAMI, TL10, IL6, SI00A8, SELE, SMAD3, TGFBI,
TNE, VEGFA
BMP10, CAMP, CCL2, CCL20, CSF2, CXCL1, CXCL2,
Recruitment of leukocytes 1.05 x 10~2 19 CXCL3, CXCL8, DEFB4A /DEFB4B, FN1, ICAM1,

IL10, IL6, S100A8, SELE, SMAD3, TGFB1, TNF

Cell-To-Cell Signaling and Interaction, Inflammatory Response

CAMP, CCL2, CCL20, CSF2, CXCL1, CXCL3, CXCLS,

Immune response of cells 2.70 x 10718 18 FN1, ICAM]1, IL10, IL6, S100A12, S100A8, S100A9,
SMAD3, TGFB1, TNE, VEGFA
Immune response of myeloid cells 2.85 x 10717 13 CAMP, CCL2, CSF2, CXCLL, CXCL3, CXCLS, N1,

ICAM]1, IL10, IL6, S100A9, TGFB1, TNF

Cellular Growth and Proliferation

BMP10, CAMP, CCL2, CSE2, CXCL1, CXCL2, CXCLS,
FGF1, FGF2, FN1, ICAM]1, IL10, IL6, PIGF, S100A12,

. . —23
Angiogenesis 1.74 %10 24 S100A8, S100A9, SELE, SMAD3, SMAD4, TGFA,
TGFB1, TNF, VEGFA
CAMP, CCL2, CXCL1, CXCL8, FGF1, FGF2, EN1, IL10,
Proliferation of vascular cells 332 x 10~20 16 IL6, S100A8, S100A9, SMAD3, SMAD4, TGFB1, TNF,

VEGFA
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IPA Function p-Value No. Identification of Molecules

Cellular Movement, Hematological System Development and Function, Inmune Cell Trafficking

CAMP, CCL2, CSF2, CXCL1, CXCL2, CXCL3, CXCLS,
DEFB103A /DEFB103B, DEFB4A /DEFB4B, FGF1,
FGF2, FN1, ICAML1, IL10, IL6, SI00A8, S100A9, SELE,
SMAD3, SMAD4, TGFA, TGFB1, TNF, VEGFA

CAMP, CCL2, CSF2, CXCL1, CXCL2, CXCL3, CXCLS,
Cell viability 2.74 x 10715 22 FGF1, FGF2, FN1, ICAM]1, IL10, IL6, S100A8, S100A9,
SELE, SMAD3, SMAD4, TGFA, TGFB1, TNF, VEGFA

Cell survival 1.73 x 10717 24

IPA disease and function annotations of these 32 molecules (Table 1) were predicted
to be associated with innate and adaptive immune responses, applicable to reducing
infection and inflammation and assisting in tissue healing. These included antimicrobial
response, inflammatory response, cell-to-cell signaling and interaction, cellular movement,
immune cell trafficking, cell death and survival, cellular growth and proliferation, cellular
development, hematological system development and function, hematopoiesis, lymphoid
tissue structure and development, tissue development, and tissue morphology. Examples of
these functions are listed in Table 2 and all the relevant IPA disease and function annotations
are listed in Supplementary Table S4.

3.2. Subset of 13 Endodontic Tissue Molecules

IPA analysis also predicted that different wavelengths of UV irradiation might selec-
tively regulate gene expression for innate or adaptive immune functions. IPA comparison
analysis of the log2 ratios of the concentrations of 13 CCBMs in tissue culture media of
HEPM cells and gingival fibroblasts at 0, 24, and 48 h after treatment with 255, 405, or
255/405 UV irradiation identified differences in expression across 18 observations, repre-
senting 2 cell lines, 3 UV treatments, and 3 time periods (Figure 3). The expression log2
ratios of the 13 CCBMs varied from —2.6245 to 1.6114. Relevant IPA canonical pathways in
Figure 3 were related to cellular stress and injury (wound healing signaling pathway, the
CLEAR signaling pathway, HIF1« signaling pathway, and autophagy), cytokine signaling
(IL17 signaling, IL6 signaling, and NF-«B signaling), growth factor signaling (regulation of
the epithelial mesenchymal transition by growth factors pathway), and organismal growth
and development (ID1 signaling pathway). IPA comparison analysis predicted that UV
irradiation activated or inhibited pathways depending upon the cell type, wavelength of
treatment, and time after treatment. Numerous IPA canonical pathway annotations were
inhibited shortly after irradiation (0 h) but activated at 24 and 48 h. Fibroblasts and HEPM
cells both were strongly activated by 405 nm and 255/405 nm UV irradiation treatments
(Figure 3).

Within the wound healing signaling pathway, for example, after 0 h of 255, 405, and
255/405 nm irradiation, fibroblasts and HEPM cells (observations 1-3, 10-12) had negative
z-scores, predicting inhibition of pathway signaling, whereas after 24 and 48 h after 255, 405,
and 255/405 nm irradiation, fibroblasts (observations 4-9) and after 48 h of 255, 405, and
255/405 nm irradiation, HEPM cells (observations 16-18) had positive z-scores, predicting
activation of pathway signaling. There were also conditions predicted to activate some
pathways yet inhibit others (observations 3, 9, 12, 15, and 18). Here, treatment with cells
with 255/405 nm irradiation contained both inhibited and activated pathway signaling.
After 48 h of 255/405 nm irradiation, HEPM cells (observation 18) had a positive z-score
but contained both inhibited and activated pathway signaling (Figure 4A-C). Signaling was
predicted to occur through binding of molecules to the TNF receptor, EGFR, and TGFBR
and signaling through JNK and ERK1/2 to transcription factors NF-«B, CEBPB, and AP-1.
This was predicted to activate additional CCBMs, leading to proinflammatory responses,
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disruption of desmosomes, chemoattraction of leukocytes, migration and proliferation of
fibroblasts and cells, collagen matrix remodeling, and wound healing pathways.

-2.646 2.449

Canonical Pathway 123 456 7 8 91011121314151617 18
Wound Healing Signaling
NF-kB Signaling

IL-17 Signaling

IL-6 Signaling

ID1 Signaling

Epithelial Transition Signaling
HIF1a Signaling

Autophagy Signaling

CLEAR Signaling H

Activation z-score

Figure 3. IPA comparison analysis of 18 observations from fibroblasts (observations 1-9) and HEPM
cells (observations 10-18) at 0 h (observations 1-3, 10-12), 24 h (observations 4-6, 13-15), and 48 h
(observations 7-9, 16-18) after treatment with 255 nm (observations 1, 4, 7, 10, 13, and 16), 405 nm
(observations 2, 5, 8, 11, 14, 17), or 255/405 nm (observations 3, 6, 9, 12, 15, and 18) irradiation.
Groups are shown as a heatmap, where blue represents inhibition (negative values), white represents
midpoint, and orange represents activation (positive values). Numerous IPA canonical pathways
were inhibited shortly after irradiation (0 h) but activated at 24 and 48 h. Fibroblasts and HEPM cells
both were strongly activated by 405 nm and 255/405 nm UV irradiation treatments.

{0

recepler ntegrin
v v 2 6 beta
@ PRKCA i /
TRAFG, ]
Organization ]
/ \ Grb2- Sfﬂ -S0s. of FA i
(e = * (e Fypeproiersion
l of keratinocytes
[« MAPaKu

Lamelipodia

Keratinocyte
> migration

@& E

¥
@

Pro-infiammatory
Cytokine .
|
| (EEEETD Scar
’“'9"'"”“ formation
D\uruvﬂan of
nesmusume: FNG

Wound
healing

Figure 4. Cont.

153



Pharmaceutics 2022, 14, 1979

receptor

l_..

Iniegrin

a\phaﬂbmal alpha 3 beta 1
[preca] 1
sz Shc1-Sos Mﬂﬂﬂb/rrfiu EMT
@ (e ] G, e [
‘ pomiciong (IR \
v
Gytoskeletal
Lamellipodia Keratinocyte
1y
Pro-inflammatory l /\
Cytokine Keratinocytes Collagen matrix
migration remodeling

v

Proinflammatory
response

J

Scar
formation

Disruption of
desmosommes

Lo

Weund
healing

tegrin tegr
alpha 6 beta 4 |y alpha3beta 1

hd ¥ oy
Organization - i
T [ [
desmosomes migration || of keratinocytes 4
v
Cylaskeletal
leuruﬂmlaﬂon
ERK112 LamEI\pod\a |, Kerahnu:ﬂe
lnrma\ m.grauun
ERKi12
EEE®®. & e (s
@ 1
Prodnflammatory -
[oe] ] [Cogre
migration remodeiing
“a
Chemn-llrnulon Pvalwemn afl Prolifaration l
inflammator of fibroblasts
P"”.EET.., "’ - Kenatinoorts Sear
migtadion Proliferation of formation
Aogiagensais Wound
healing

Figure 4. Schematic diagrams of the wound healing signaling pathway, prepared using Ingenuity
Pathway Analysis software (IPA, Qiagen, Germantown, MD), showing both inhibited and activated
pathway signaling in HEPM cells 48 h after (A) 255 nm irradiation, (B) 405 nm irradiation, and
(C) 255/405 nm irradiation. Signaling starts via TNF binding to the TNF receptor; EGF and TGFA
binding to the EGFR; and TGFB binding to the TGFBR. These pathways signal through TRADD
and TRAF?2 to JNK and through RAS, RAF, and MEK to ERK1/2. Signaling continues to NF-«B,
CEBPB, and AP-1 to activate additional CCBMs, leading to proinflammatory responses, disruption
of desmosomes, chemoattraction of leukocytes, migration and proliferation of fibroblasts and cells,
collagen matrix remodeling, and wound healing pathways. Pathway molecules in red indicate
activation and molecules in green indicated inhibition. Signaling connections in orange indicate
pathway activation and signaling connections in blue indicate pathway inhibition.
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3.3. Modulating Endodontic Pain

While UV irradiation is not known to be directly anti-nociceptive, it does act on ERK,
p38 MAPK, JNK, and NF-«B signaling pathways (Supplementary Figure S1) that produce
AMPs and CCBMs that are involved in pain reduction (Supplementary Figure S2). Many
of the molecules induced by UV irradiation (Table 1) can be pro-nociceptive, nociceptive,
and anti-nociceptive stimuli. AMPs can be anti-nociceptive stimuli or pro-nociceptive
stimuli, chemokines can be pro-nociceptive or nociceptive stimuli, and growth factors can
be anti-nociceptive stimuli.

4. Discussion

We identified a list of 32 molecules expressed or secreted from cells and tissues
after UV irradiation and used a bioinformatics approach to show that they were related
to wound healing and innate and adaptive immune functions, including chemotaxis,
movement, growth, and proliferation of cells. We then used a subset of 13 osteoinductive,
angiogenic, proliferative, and proinflammatory molecules to show that HEPM cells and
gingival fibroblasts treated with 255, 405, and 255/405 nm UV irradiation had different
expression profiles. These results suggested that UV irradiation can activate innate and
adaptive immune responses, which may supplement endodontic procedures to reduce
infection, inflammation, and pain and assist tissues to heal.

Wound healing is a complex process, whereby secreted molecules from infected, in-
jured, or damaged cells and tissues attract a variety of inflammatory cells to the injured
site (inflammatory phase). Once present, inflammatory cells release additional CCBMs.
These include growth factors that attract and transform fibroblasts and molecules that
stimulate attracted cells to proliferate and stimulate other cells to begin forming new cap-
illaries and blood vessels (proliferative phase). Tissue development, angiogenesis, and
vasculogenesis occurs (maturation and remodeling phase). IPA identified 13/32 molecules
(p = 1.53 x 10729) in the IPA canonical pathway annotations associated with these phases
in the wound healing signaling pathway (Table 2, Supplementary Table S3). Of the
13 molecules, TNFA, a proinflammatory cytokine, is secreted by activated monocytes,
macrophages, B-cells, T-cells, and fibroblasts; IL6 regulates immune and inflammatory
responses, including B-cell differentiation and antibody production; and IL10 inhibits the
expression of pro-inflammatory cytokines, but enhances humoral immune responses and at-
tenuates cell mediated immune reactions. CSF2 stimulates the development of neutrophils
and macrophages. Growth factors including FGF1, FGF2, TGFA, TGFB1, and VEGFA are
involved in cell motility; cell proliferation; cell growth and differentiation; redistribution
of tissue; angiogenesis and vascular permeability of endothelial cells; and synthesis and
deposition of the extracellular matrix. FN1 and collagen from fibroblasts allow tissues to
contract [12], SMAD3 and SMAD4 play roles in the signaling of TGFB1 [13], and ICAM1
provides adhesion between endothelial cells and leukocytes after stress or injury.

Innate immunity is a type of nonspecific host resistance without memory, involving
soluble molecules and cells [14]. Stimulation of receptors activates several cellular path-
ways, resulting in the production of AMPs and inflammatory cytokines. Stimulation also
leads to changes in cellular metabolism, upregulation of numerous genes involved in cell
defense and pathogen restriction, and the induction of regulated cell death [14].

AMPs are a large component of innate immune responses and UV irradiation in-
duces their transcription and secretion (Supplementary Table S1). Their ability to mod-
ulate both innate immune responses, cellular immunity, and angiogenesis are very well
known [15-18]. IPA identified 14/32 molecules involved in antimicrobial and antibacterial
response annotations (Supplementary Table S4). These included CAMP (LL37), the defensin
family (DEFB1, DEFB103A/DEFB103B, and DEFB4A /DEFB4B), the S100 family of calcium
binding proteins (S100A7, SI00A8, SI00A9, and S100A12), and RNASE?. It also included
the chemokine CCL20, which has antimicrobial activity [19] and cytokines IL6, IL10, TNFA,
and TGFB1, which contribute to the antibacterial response. So far, AMP expression and
secretion has been reported to occur in a narrow range from 280 to 400 nm (Supplementary
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Table S1). AMP expression is increased after 280-313 nm irradiation [20,21], but not after
340 to 400 nm irradiation [22,23]. Thus, UV irradiation of an infected root canal would not
have to kill 100% of microorganisms, but simply reduce the microbial infection burden to a
level that could be managed by UV-induced innate immune mechanisms.

CCBMs are large components of innate immune responses and UV irradiation induces
their transcription and secretion (Supplementary Table S2), CCBM expression and secretion
has been reported to occur in a wider range from 254 to 404 nm (Supplementary Table S2).
In irradiated cells, CCBM expression is increased for many CCBMs after 200 to 320 nm
irradiation but decreased for others, such as BMP10 and FGF1 in HEPM cells and VEGF
in fibroblasts [6]. At 340 to 405 nm irradiation, cells had increased levels of IL6, CXCLS,
and CSF mRNA expression and secretion in keratinocytes [24,25] but decreased levels of
secreted FGF1 in fibroblasts [6]. In irradiated human and murine skin at 2-3 MED (minimal
erythemal dose), there were increased levels of immunostaining for CCL2, CCL20, CXCL1,
CXCLS, ICAM1, IL1, IL10, SELE, SMAD3, SMAD4, TGFA, TGFB, TNFA, and VEGF 24-48 h
after exposure [26-28].

UV-induced AMPs and CCBMs would have a variety of common functions (Figure 1).
In addition to their potent antimicrobial activity mentioned above, these UV-induced
molecules can chemoattract a variety of cells important to both immune protection and
wound healing. Defensins attract keratinocytes, dendritic cells, and T-cells [29,30] and
CAMP (LL37) attracts fibroblasts, microvascular endothelial cells, and human umbilical
vein endothelial cells [31]. AMPs can regulate proinflammatory CCBM production [32].
At lower concentrations, defensins do not induce TNFA or IL1B expression in monocytes
or macrophages [33,34]. However, at higher concentrations, defensins induce CCBM
production in epithelial cells, keratinocytes, monocytes, and macrophages [30,35,36] and
CAMP (LL37) induces CXCLS in epithelial cells and macrophages [37]. Finally, AMPs
and CCBMs play a direct role in wound healing, angiogenesis, and vasculogenesis [18].
DEFB4A (HBD2) increases keratinocyte proliferation [30,38] and CAMP (LL37) increases
tibroblast proliferation, induces human microvascular endothelial cell and human umbilical
vein endothelial cell proliferation and stimulates re-epithelialization [31,39,40].

UV irradiation also suppresses cellular immunity and acts primarily on T-cell-mediated
immune reactions [41-43]. This application has been used to treat several T-cell-mediated
diseases, including graft-versus-host disease and systemic scleroderma [44]. UV irradia-
tion alters antigen specificity, alters antigen-presenting cell function, acts on effector and
regulatory T-cells [41] and induces the production of CCBMs [42]. For example, UV irradi-
ated dendritic cells do not present antigens effectively, and thus induce regulatory T-cells
(CD4*CD25%), but not effector T-cells [41]. UV irradiation can lead to T-cell tolerance and
prevents the priming of antigen-specific CD8* T-cells (in models of contact hypersensi-
tivity) independent of conventional CD4* regulatory T-cells [44]. Tolerant CD8* T-cells
prevented migration of dendritic cells and prevented priming of other CD8" T-cells. TGFB
and immunosuppressive IL10 are regulatory T-cell-associated cytokines [10,45].

There are differences based on the specific wavelength. UVB induces the infiltration
of immature inflammatory myeloid CD11c* bDCA1" dendritic cells, which may have a
suppressive function [10]. UVA1 does not induce IL10, but does suppress the production of
TNFA and IL12, and contributes to cis-UCA isomerization [10,46]. Inmune suppression
may be dependent upon the extent of UV irradiation-induced damage to DNA [41]. How-
ever, to what extent the secondary immunostimulatory effects of UV-induced AMPs and
CCBMs offset the immunosuppressive effects of immune cells is not yet known.

Many oral related infections, inflammation, and tissue injury/peripheral nerve injury
can be stimuli that activate receptors on the surface of cells, initiating signal transduction
through MAPK and NF-«kB signaling pathways (Supplementary Figure S2) [47]. The
MAPK pathway regulates proinflammatory and pronociceptive molecules involved in
inflammation and pain [48]. Nociceptive activity or nerve injury stimuli signal through raf
and MEK1/2 to ERK in the cytoplasm and transcription factor CREB in the nucleus [48].
Chemokines (FKN), cytokines (TNFA), and nerve injury stimuli signal through TAK1
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and MKK3,6 to p38 MAPK in the cytoplasm and on to transcription factor ATF-2 in the
nucleus [48]. Cytokines (TNFA), growth factors BFGF (FGF2), and nerve injury stimuli
signal through MLK3/MEKK1 and MKK4,7 to J]NK in the cytoplasm and on to transcription
factor c-Jun (AP-1) in the nucleus [48].

UV irradiation also alters the expression of ERK, p38 MAPK, JNK, and NF-«B signaling
pathways [49] (Supplementary Figure S1) and it is possible that treatment of endodontic
infections, inflammation, and tissue injury/peripheral nerve injury can modulate down-
stream production of CCBMs and be a potential intervention at these nodes to mitigate
acute or chronic pain. Phosphorylation of ERK in nerve injury is induced early, is long
lasting, and is involved in the induction of pain (Supplementary Figure S2). Suppress-
ing this step in ERK is thought to be a promising strategy for treatment of neuropathic
pain [50]. Likewise, targeting the p38 MAPK pathway and its signaling is also thought to
be a potential therapeutic strategy for pain management [51].

Our analysis and results support those of Ou and Peterson [9] and Vieyra-Garcia et al. [10]
and also suggest that UV irradiation can induce the production of AMPs and CCBMs. Our
results also suggest that the production of these molecules can induce the innate and adaptive
immune responses involved in attenuating infection, inflammation, and pain and enhancing
healing and regeneration of tissue. However, these results are based on bioinformatics analysis
of molecules induced by UV irradiation reported in the literature and produced in culture
from cells treated with UV irradiation. These concepts and results form a strong hypothesis
for future studies and should be examined in detail.

5. Conclusions

In summary, UV irradiation has the ability to kill microorganisms, but could also be
used to activate innate and adaptive immune mechanisms in endodontic root canals directly
or through UV-induced molecules. UV irradiation-induced effects appear to be wavelength
specific and could supplement procedures to reduce infection, to reduce inflammation, and
to facilitate local tissue healing.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14091979/s1, Supplementary Figure S1: A schematic
diagram of UV-induced MAPK signaling; Supplementary Figure S2: A schematic diagram of neuro-
pathic pain signaling; Supplementary Table S1: Antimicrobial peptides (AMPs) expressed or secreted
in cells, tissues, and tissue explants after irradiation with UVC, UVB, or UVA; Supplementary
Table S2: Chemokines, cytokines, and biomarkers (CCBMs) expressed or secreted in cells, tissues, and
tissue explants after irradiation with UVC, UVB, or UVA; Supplementary Table S3: Antimicrobial
peptides and biomarkers in the literature dataset (n = 32) participating in the activation of innate and
immune mechanisms, as determined using IPA canonical pathways annotations; and Supplementary
Table S4: Antimicrobial peptides and biomarkers in the literature dataset (n = 32) participating in
the activation of innate and immune mechanisms as determined using IPA diseases and function
annotations. Refs. [52-71] are cited in Supplementary Materials.
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Abstract: Periodontal disease (PD) is a common oral disease in dogs. Recent in vitro research revealed
that nisin-biogel is a promising compound for canine PD control. In this work, a clinical trial was
developed to assess the in vivo efficacy of nisin-biogel in dogs by determining the dental plaque index
(DPI), gingivitis index (GI), and periodontal pocket depth (PPD) after dental administration. The
biogel’s influence on aerobic bacteria counts was also evaluated, as well as its acceptance/adverse
effects in dogs. Twenty animals were allocated to one of two groups: a treatment group (TG)
subjected to a dental topical application of nisin-biogel for 90 days and a control group (CG) with no
treatment. Besides daily monitoring, on day 1 (T0) and at the end of the assay (T90), animals were
subjected to blood analysis, periodontal evaluation, dental plaque sampling, scaling, and polishing.
Statistical analysis with mixed models showed a significant reduction in mean PPD (estimate = —0.371,
p-value < 0.001) and DPI (estimate = —0.146, p-value < 0.05) in the TG animals at T90. A reduction
in the GI (estimate = —0.056, p-value > 0.05) was also observed but with no statistical significance.
No influence on total bacterial counts was observed, and no adverse effects were detected. The
nisin-biogel was revealed to be a promising compound for canine PD control.

Keywords: nisin-biogel; periodontal disease; dogs; clinical trial

1. Introduction

Periodontal disease (PD) is one of the most prevalent inflammatory diseases in dogs [1].
Affecting over 80% of animals over two years old, PD is initiated by the formation of a
polymicrobial biofilm on the tooth surface; this is also known as dental plaque and is
responsible for a subsequent local host inflammatory reaction [1,2]. PD can evolve from a
reversible stage of gingivitis to an irreversible stage of periodontitis [3]. The periodontal
damage can be assessed by evaluating gingivitis, furcation, and mobility indices or stages
and by measuring the periodontal pocket depth and the clinical attachment level [4].
According to the severity of the periodontium damage, four stages can be considered in
PD classification. Stage 1 includes animals with only gingivitis; stage 2 includes animals
with early periodontitis with less than 25% of attachment loss and/or stage 1 furcation;
stage 3 comprises animals with moderate periodontitis, revealing an attachment loss of
25 to 50% and/or stage 2 furcation involvement; and the final stage, stage 4, includes
dogs with advanced periodontitis, more than 50% of attachment loss and/or stage 3
furcation [4,5]. Besides damaging the periodontium, the persistent contact of dental plaque
bacteria with periodontal structures facilitates their migration to the bloodstream and,
consequently, the appearance of PD-related systemic consequences in distant organs [6-9].
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Several strategies can be used for PD control. Professional removal of the dental plaque
along with the application of measures that inhibit dental plaque formation, such as daily
toothbrushing (the gold standard method), application of chemical or natural anti-plaque
compounds, administration of dental treats and biscuits, or a specific dental diet, are useful
for PD control [4]. However, when periodontitis is present, apart from the previously
mentioned measures and according to the case severity, PD treatment may include specific
surgical approaches, the use of host modulation drugs, and even antimicrobial therapy [5].

Recently, an innovative approach based on the application of the antimicrobial pep-
tide nisin incorporated in a delivery system formed by guar gum gel (nisin-biogel) has
shown inhibitory and eradication abilities against pre-formed biofilms composed by PD
enterococci, as well as towards canine dental plaque polymicrobial biofilms, in vitro [10,11].
Previous studies have also revealed that nisin-biogel activity is maintained in the presence
of canine saliva and over a long-term storage period at distinct temperatures. Furthermore,
nisin-biogel has shown an absence of cytotoxicity up to 200 pg/mL towards several cell
lines, reinforcing the potential of nisin-biogel as a promising compound for canine PD
control [12,13].

The main goal of this in vivo study was to evaluate the influence of the long-term
dental application of the nisin-biogel on the dental plaque and gingivitis indices, the
periodontal pocket depth, and total oral bacterial counts in dogs through a randomized
controlled clinical trial. In addition, hematological and biochemical parameters were
monitored during the trial, as well as general side effects.

2. Materials and Methods
2.1. Nisin—Biogel Preparation

Nisin-biogel was prepared as described elsewhere [10,11,13,14]. According to pre-
vious studies, a final concentration of 200 pg/mL was selected to be used in the clinical
trial [10-13]. After preparation, the nisin-biogel was stored at 4 °C until further use.

2.2. Dog Selection

Animals were selected according to the Veterinary Oral Health Council (VOHC)
guidelines for trials testing compounds for PD prevention. The dogs were from an official
animal rescue institution (“Casa dos Animais de Lisboa”), and all experimental procedures
were approved by the Ethical Committee for Research and Teaching (CEIE) of the Faculty
of Veterinary Medicine, University of Lisbon, Portugal (IN/Ref 014/2020).

The inclusion criteria were as follows: healthy dogs over 2 years old without severe
PD and with no history of antimicrobial therapy in the last month. All animals were
submitted to a clinical examination, oral handling, and complete blood analysis (hemogram
and measurement of urea, creatinine, alanine aminotransferase, alkaline phosphatase,
glucose, albumin, and total blood proteins) to detect any deviations that would prevent
their inclusion in the study.

2.3. Clinical Trial

A total of twenty dogs were selected and submitted to a complete periodontal eval-
uation, dental plaque sampling (for bacterial total counts), scaling, and dental polishing
(timepoint 0). The complete removal of dental plaque and calculus was checked using a
disclosure solution (GC Tri Plaque ID Gel®, Tokyo, Japan). All procedures were performed
under general anesthesia using acepromazine (0.01 mg/kg, IM), propofol (2 mg/kg, IV),
and isoflurane. Intraoperative meloxicam (0.2 mg/Kg, SC) and amoxicillin/clavulanate
(8.75 mg/kg, SC) were administered to all animals [15]. After that, each dog was randomly
allocated to one of two groups: a treatment group (TG, N = 10) or a control group (CG,
N =10). Animals in the treatment group were submitted to a topical dental application
of the nisin-biogel (200 pg/mL) every 48 h, as mentioned in Table 1. The control group
was composed of dogs that were not submitted to any treatment. Animals were kept in the
trial for 90 days. At the end of the clinical trial (T90), all animals were subjected to a new
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complete blood analysis, complete periodontal evaluation, dental plaque sampling, scaling,
and dental polishing.

Table 1. Posology of the nisin-biogel (200 pg/mL) according to the animal’s weight.

Animal’s Weight Volume of Nisin-Biogel
<20 kg 2mL
20-40 kg 3mL
>40 kg 4mL

In addition, two intermediate dental plaque evaluations of all animals were performed
on days 30 and 60. Intermediate evaluations included an awake dental plaque evaluation
using a disclosure solution (GC Tri Plaque ID Gel®, Tokyo, Japan) that dyed the dental
plaque according to its accumulation. Then, a photographic register of the vestibular
margins was performed on all animals. After that, the dental plaque coverage of 4 teeth
(2 canines and 2 premolars) of each dog was evaluated using the IMAGEJ® program. The
percentage of dental plaque coverage was determined after measuring the total tooth
vestibular margin and the area of the dyed dental plaque.

Animals in both groups were fed the same dry food and housed in the same building.
All animals were observed daily to detect any general side effects, such as changes in
feeding habits and behavior, prostration, vomiting, or diarrhea.

2.4. Periodontal Evaluation

The periodontal examination was blinded and performed by a trained veterinarian.
The clinician determined the dental plaque and gingivitis scoring and performed six
measures of the distance between the gingival margin and the bottom of the periodontal
pocket (periodontal pocket depth—PPD) of each tooth (three measures were performed
in the vestibular face and the other three in the palatine face) [16,17]. Every tooth in each
animal was evaluated. The indexes used are presented in Tables 2 and 3.

Table 2. Dental plaque index (DPI) based on Holmstrom et al. [16].

Score Description
1 No plaque on the dental surface
2 Thin film of plaque at gingival margin detectable with probing
3 Moderate amount of plaque at gingival margin, plaque is directly visible
4 High abundance of dental plaque accumulation in the gingival margin

and/or dental surface, including interdental space

Table 3. Gingivitis index (GI) according to the modified Talbott method [17].

Score Description
0 Normal gingiva; no inflammation, discoloration, or bleeding
1 Mild inflammation, slight color change, mild alteration of gingival surface, no
bleeding upon probing

Moderate inflammation, erythema, swelling, or bleeding upon probing or when
pressure applied

Severe inflammation, severe erythema and swelling, tendency toward spontaneous
hemorrhage, some ulceration

2

3

2.5. Dental Plaque Sample Processing

A dental plaque sample was collected from all dogs on day 0 and day 90 using a swab
(AMIES, VWR, Amadora, Portugal), which was applied to the entire dental surface. Swabs
were transported to the Laboratory of Microbiology and Immunology, Faculty of Veterinary
Medicine, University of Lisbon, and processed for total bacterial quantification, according
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to Belo et al. (2018) [18]. Briefly, the collected swabs were placed in test tubes with 1 mL of
sterile saline and vortexed, and the resulting suspension was diluted (10! to 10~®). From
each dilution, 100 uL were collected and inoculated on Brain Heart Infusion agar (VWR,
Amadora, Portugal) and incubated at 37 °C for 48 h. Afterward, bacterial quantification
was performed by determining the colony-forming units [18].

2.6. Statistical Analysis

Statistical analysis of the data was carried out using RStudio® software version 1.1.383
(Boston, MA, USA) and Microsoft Excel 2016%® (Redmond, WA, USA). Variables were
evaluated by plotting the data into a histogram to confirm that they followed a normal
distribution. Linear mixed models were used to evaluate differences in the dependent
variables: mean PPD, GI, and DPI. In the mixed model, the variables group, timepoint, and
tooth type (superior or inferior, incisive, canine, pre-molar, and molar) were defined as
fixed effects, and the variables animal, weight, and tooth number were considered random
effects. The interaction between fixed effects was investigated, and the Akaike Information
Criterion was used to select the model.

Quantitative variables were expressed as mean values + standard deviation. A
confidence interval of 95% was considered in this study, with a p-value < 0.05 indicating
statistical significance.

3. Results

A total of 20 dogs were selected to participate in this clinical trial. The animals” gender
distribution and mean age and weight are presented in Table 4. The results of the hemogram
and biochemical parameters of all animals included in the trial agreed with the reference
values established for healthy dogs at both timepoints (0 and 90) (Supplementary File S1).

Table 4. Gender, age, and weight distribution by group of animals in this study.

Global Gender Distribution (Female/Male) 8F/12M
Treatment group 4F/6 M
Control group 4F/6 M

Global age distribution (years) (mean values + SD) 5.25 +1.69
Treatment group (TG) 6.1 +£1.52
Control group (CG) 444 1.58

Global weight distribution (Kg) (mean values =+ SD) 23.34 +6.30
Treatment group (TG) 25.4 4 6.59
Control group (CG) 21.35 + 6.04

F—Female; M—Male; SD—Standard deviation.

3.1. Periodontal Evaluation

Complete periodontal evaluations of every tooth of each dog were performed at
timepoints 0 and 90. The mean results for each dog are presented in Table 5. At timepoint
0, after periodontal assessment, all dogs were submitted to scaling and dental polishing
before proceeding to the clinical trial.

Statistical analysis with mixed models showed a significant reduction in mean PPD
(estimate = —0.371, p-value < 0.001) for all tooth types evaluated (incisive, canine, molar,
and pre-molar) in the animals in the treatment group at T90. For the DP], a statistically
significant reduction (estimate = —0.145, p-value < 0.05) was observed in the animals in
the treatment group at T90, with a marked reduction (p-value < 0.001) in incisive teeth. In
addition, a reduction in the GI was observed in the animals in the treatment group at T90,
but it was not statistically significant (estimate = —0.056, p-value > 0.05). For the GI, it was
possible to observe a significant reduction (p-value < 0.05) in the mandibular incisive teeth
and the maxillary molars and pre-molars.
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Intermediate evaluation of dental plaque coverage performed on days 30 and 60 using
a disclosure solution revealed that the animals in the treatment group presented a mean
dental plaque coverage of 24.58% and 33.08%, respectively. On the other hand, the dogs
in the control group presented a mean dental plaque coverage of 42.37% on day 30 and
51.61% on day 60.

The results of the intermediate dental plaque coverage obtained by IMAGE] are
presented in Table 6.

Table 6. Mean dental plaque coverage (%) of each dog, determined after application of a disclosure
solution and IMAGE] analysis, on days 30 and 60.

Dental Plaque Coverage (%)

Animal ID Group
30 Days 60 Days

1 TG 16.73 17.73

3 TG 16.82 22.52

9 TG 27.83 28.31

10 TG 26.87 3291

11 TG 22.74 32.31

12 TG 24.54 36.99

13 TG 32.92 45.44

14 TG 13.65 28.17

18 CG 53.25 44.83

19 CG 62.16 77.03

20 CG 61.36 78.15

22 TG 38.74 39.68

23 TG 18.74 46.76

27 CG 16.88 22.65

28 CG 4411 43.94

31 CG 40.29 36.79

33 CG 33.95 57.85

34 CG 48.11 64.12

35 CG 29.02 35.22

37 CG 34.63 55.53
Mean + SD 33.38 +£14.73 42.35 £ 17.02
Mean T £ SD 24.58 +7.89 33.08 £9.39
Mean C + SD 42.37 +£14.41 51.61 + 18.24

ID—identification; SD—standard deviation; TG—treatment group; CG—control group.

3.2. Dental Plaque Sample Processing

Total oral aerobic bacteria counts were performed on days 0 and 90 using the den-
tal plaque swab samples obtained from each animal. At TO, the samples revealed a
mean total count of 8.6 x 107 CFU/mL, with those from the treatment group present-
ing 6.9 x 107 CFU/mL and those from the control group presenting 1 x 10 CFU/mL.
At T90, the mean total counts were 7.4 x 107 CFU/mL, with the samples from the treat-
ment group presenting 8.3 x 107 CFU/mL and those from the control group presenting
6.6 x 107 CFU/mL.

4. Discussion

Periodontal disease (PD) is well established as one of the most common oral inflam-
matory diseases in dogs, with 80% of these animals presenting some degree of PD by
two years of age [2,19]. Its high prevalence, along with its potential local and systemic
consequences, reinforces the need to improve PD control measures [6-9]. Nisin-biogel
has been shown to be a promising compound against canine oral biofilms in vitro [10,11],
with the ability to act on periodontopathogens present in the canine oral microbiome [20].
In this study, an in vivo clinical trial was performed to assess the efficacy of nisin-biogel
dental topical application in dogs. A total of twenty animals were included in the trial
after health parameter assessment through blood analysis to confirm the animals” health.
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During the study, all animals were observed daily to identify any adverse clinical signs or
behavior deviations. Previous reports have described an absence of cytotoxicity of nisin at
200 pg/mL [12,13,21,22], which was confirmed by our study, in which none of the animals
showed side effects during the 3-month trial. Moreover, a blood analysis was performed in
all dogs at the end of the study, and it was observed that none presented deviations in the
evaluated parameters.

In addition, oral samples were collected from all animals at TO and T90 to evaluate
the influence of the nisin-biogel on oral aerobic bacteria through total bacterial counts. No
reduction in total bacteria counts was observed in the samples collected after the application
of the nisin-biogel for 3 months, which is in agreement with previous reports that have
suggested resilient behavior of dental plaque and oral microbiota after professional dental
cleaning [15,23]. In addition, Cunha and collaborators (2021), who studied the influence
of the dental application of the nisin-biogel in the dynamics of the oral microbiome of
dogs, detected an increase in bacterial diversity after one week of application of this
compound [20]. Considering these studies, the oral bacteria population seems to suffer
a rearrangement after antimicrobial compound administration or physical aggression,
maintaining microbiota dynamics and relative concentrations [20,23].

One of the main goals of this study was to evaluate the in vivo efficacy of nisin-biogel
for PD control using periodontal measures, such as DPI, GI, and PPD, and it was observed
that the nisin-biogel had the ability to reduce dental plaque accumulation. This reduction
was particularly evident after 1 month of dental topical application, which resulted in
24.58% dental plaque coverage in the treatment group and 42.37% in the control group.
Similar results were obtained by Howell et al. (1993), who applied a nisin mouth rinse
in dogs for 88 days. In that study, researchers observed a 34-38% reduction in the dental
plaque index in the animals submitted to nisin application [24]. Dental plaque is one of the
key factors in PD onset, being responsible for the initial aggression to the periodontium [1,4].
Considering this, dental plaque reduction is an essential step for PD control [5]. At the end
of our trial, a significant reduction in DPI was observed in the animals in the treatment
group in comparison with those in the control group, reinforcing the potential of the nisin—
biogel for PD management. This reduction may be caused by the direct action of nisin—
biogel on the inner layers of the biofilm. Previous reports have shown that this compound
can not only inhibit biofilm formation but also eradicate mono and polymicrobial oral
biofilms [10,11]. It has been suggested that nisin’s biochemical structure and mechanism of
action contribute to its high activity against biofilms [25]. Specifically, nisin can penetrate
these structures without being neutralized or bound by the biofilm cells or matrix and is
able to target the extracellular polymeric substances of the surrounding matrix [26,27].

The other periodontal indicator evaluated was the gingivitis index. PD can be clas-
sified into four different stages, the first of which is characterized by gingivitis [4]. This
is a reversible stage in which most periodontal structures are undamaged, with animals
showing inflammation and swelling of the gingiva with or without bleeding upon prob-
ing [1,4]. At the end of our clinical trial, it was possible to observe that the application
of the nisin—biogel induced a slight reduction in GI. Howell and collaborators (1993) also
observed a reduction in GI after nisin oral application for 88 days, which may be related
to the potential immunomodulatory effect of this antimicrobial peptide [24]. In fact, be-
sides having antimicrobial activity against several periodontopathogens, nisin presents
immunomodulatory and hound healing abilities [12,28]. It acts by binding to Lipid II,
present in the bacterial cell membrane, and by interfering with cell wall biosynthesis, lead-
ing to bacterial death [10]. In addition, it has been shown that nisin promotes a reduction
in pro-inflammatory cytokines, which contributes to PD progression, and presents some
effects on immune cells [28-30]. In our trial, a significant PPD decrease was observed in the
animals from the treatment group at T90, which may be directly related to dental plaque
and gingivitis reduction. It is known that gingiva swelling can increase pocket depth, so the
reduction of gingivitis after nisin-biogel therapy may have decreased local inflammation,
leading to gingival shrinkage and reducing PPD [4].
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It is important to note that the animals in the control group also exhibited a slight
reduction in GI and PPD at T90, with no statistical significance, which was potentially
caused by the scaling and dental polishing performed at the beginning of the study. In fact,
dental scaling, polishing, irrigation, and home dental care are the standard procedures for
the treatment of PD stage one cases (gingivitis), so a reduction in this periodontal parameter
was expected. Nevertheless, the use of nisin-biogel promoted a higher and statistically
significant decrease of the DPI and PPD and a reduction in the GI compared with the results
from the control group. Moreover, nisin-biogel was well accepted by the animals, showing
no adverse effects over a 3-month period of application.

This study has some limitations, such as the number of animals included, and a larger
in vivo study would help to validate the nisin-biogel as a potential future compound to be
applied by clinicians. Yet, the fact that it was necessary to use dogs with similar housing
conditions, which needed to be maintained over a long period of time, prevented the
inclusion of more animals in the trial. In addition, although the oral cavity is a complex and
diverse environment [11,20], in our study we focused on supragingival dental plaque and,
consequently, on the aerobic microbiota. However, anaerobic bacteria are also present in
dental plaque and should be evaluated in a future trial [11,20]. Finally, as PD establishment
is a multifactorial process [31,32] influenced by the oral microbiome, the host immune
system and the local oral environment [1,4,33], in upcoming studies the influence of
the nisin-biogel in the oral immune-inflammatory response could be a relevant issue
to explore [33].

Considering the high prevalence and impact of canine PD, several other natural
compounds are being studied to evaluate their potential for the control of this disease.
Promising strategies include essential oils, alcoholic herbal products, and algae [34,35].
Most of these compounds have already been evaluated in vitro regarding their antimicro-
bial abilities. Moreover, in vivo studies have already shown the efficacy of oral products,
including Calendula officinalis or the brown alga Ascophyllum nodosum, for PD control [34,35].

The nisin-biogel seems to be a promising compound for veterinary dentistry and
human medicine [31,32]. Reports have described the potential application of this com-
pound in human odontology and other areas, including for the treatment of diabetic foot
infections [36], reinforcing the versatility of the nisin-biogel use in the biomedical field.

5. Conclusions

Periodontal disease is an inflammatory disease that is highly prevalent in dogs. The
development of effective measures to control this disease is essential. Previous in vitro
studies have revealed that the nisin-biogel is a safe antibiofilm agent with the potential
to be used in canine PD control. Our study aimed to evaluate the in vivo efficacy of the
nisin-biogel in dogs. Nisin-biogel showed the ability to reduce the DPI, GI, and PPD
without any adverse effects on the animals in the study. These results suggest that the
topical dental application of nisin-biogel may be used as an adjuvant measure for the
prevention and control of canine PD. In the future, a large in vivo trial would be useful
to fully validate this compound for commercial use. In addition, considering the high
similarity between dog and human PD [31,32], nisin-biogel could also be a valuable
compound to use in human dentistry.
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Abstract: Immunogenicity, defined as the ability to provoke an immune response, can be either
wanted (i.e., vaccines) or unwanted. The latter refers to an immune response to protein or peptide
therapeutics, characterized by the production of anti-drug antibodies, which may affect the efficacy
and/or the safety profiles of these drugs. Consequently, evaluation of the risk of immunogenicity
early in the development of biotherapeutics is of critical importance for defining their efficacy and
safety profiles. Here, we describe and validate a fit-for-purpose FluoroSpot-based in vitro assay
for the evaluation of drug-specific T cell responses. A panel of 24 biotherapeutics with a wide
range of clinical anti-drug antibody response rates were tested in this assay. We demonstrated that
using suitable cutoffs and donor cohort sizes, this assay could identify most of the compounds
with high clinical immunogenicity rates (71% and 78% for sensitivity and specificity, respectively)
while we characterized the main sources of assay variability. Overall, these data indicate that the
dendritic cell and CD4+ T cell restimulation assay published herein could be a valuable tool to assess
the risk of drug-specific T cell responses and contribute to the selection of clinical candidates in
early development.

Keywords: immunogenicity; immunomodulation; biotherapeutics; in vitro T cell assay; assay validation

1. Introduction

Despite success in the clinic, a substantial number of biotherapeutics elicit unwanted
immune or immunogenic responses—termed immunogenicity. One of the hallmarks of
immunogenicity is the onset of anti-drug antibodies (ADAs). Due to ADAs exhibiting major
consequences for both patient’s safety and treatment efficacy, it is of utmost importance to
assess this risk as early as possible during drug development [1,2].

Partially or fully humanized biotherapeutics (i.e., antibodies with minimal non-
germline amino acid sequences) are usually at lesser risk of an unwanted immunogenicity
response; however, this measure may not completely abrogate ADA formation. It is now
established that a compound immunogenicity risk assessment must include multiple com-
plex factors ranging from product-related risks, such as protein structure, formulation,
or impurities [3]; patient and disease-related factors, including genetic factors, age, con-
comitant treatment; and route of administration [4]. In the case of immunomodulatory
drugs, adverse events may also be caused by target binding in healthy tissues, or enhanced
pharmacology attenuating the activity of target molecules on cells.

Consequently, an integrated preclinical risk assessment should be considered as a
key element in biotherapeutics development. Regulatory bodies, such as the European
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Medicines Agency (EMA) and the Food and Drug Administration (FDA), are now encour-
aging drug developers to consider risk factors related to the product and to the patient,
mentioned above, as early as possible in the development process. An integrated approach
relies on the use of specific tools and methods to identify relevant immunogenicity factors
and to develop corresponding risk mitigation strategies [5]. Currently, these tools include
in silico screening algorithms to scan for sequence liabilities, in vitro cell-based assays to
measure various readouts from the immune response (dendritic cell internalization, activa-
tion and presentation, T cell activation), and the use of transgenic animal models designed
to study the intimate mechanisms of an immune response from a mechanistic viewpoint [6].
However, most of these tools have not undergone a formal qualification process, and factors
contributing to assay variability are not always understood. For example, T cell-dependent
responses are the major drivers for immunogenicity, and in vitro T cell assays are frequently
used to identify and measure CD4+ T cell responses to biotherapeutics. These assays have
been derived in different formats and reviewed elsewhere [6-8]. However, the sensitivity
of these assays is usually quite low, as the size of the pre-existing CD4+ T cell repertoire
reactive to the drug is very small, ranging from 1 to 10 cells out of 10® T cells [9].

Here, we describe and characterize a dendritic cell and CD4+ T cell restimulation assay
and discuss the potential of such an assay to assess a CD4+ T cell-driven immunogenicity
risk. This assay consists of a co-culture between monocyte-derived dendritic cells (moDCs)
and autologous CD4+ T cells, including a re-stimulation step to increase assay sensitivity.
The main goals of this study were to establish an assay threshold to distinguish between
positive and negative responses, to determine the optimal cohort size for the assay, and to
identify factors affecting assay variability. We are currently using this assay as part of an
integrated approach to rank candidate biotherapeutics during the initial selection process,
enabling the selection of lower-risk clinical leads for subsequent large-scale production and
clinical trials.

2. Materials and Methods
2.1. Compounds

Stock solutions of keyhole limpet hemocyanin (KLH-Imject Maleimide-Activated
mcKLH, Thermo Fisher Scientific, Basel, Switzerland, #77600) were reconstituted and
stored at —80 °C in single-use aliquots according to the manufacturer’s recommendations
under sterile conditions. All biotherapeutics were bought from Runge Pharma GmbH
& Co (Lorrach, Germany) in their respective formulation and stored according to the
manufacturer’s recommendations. Peptides were synthesized by Cambridge Research
Biochemicals and reconstituted in sterile ultra-pure water (Invitrogen, Basel, Switzerland,
#10977015) and 50% Acetonitrile (>99.95%, VWR, #83639.320). Biotherapeutics were used
at a final concentration of 0.3 uM (peptides were used at a final concentration of 10 pug/mL)
for both the DC stimulation stage and re-stimulation stage.

2.2. Healthy Donor Cohort

Healthy donors were recruited at Phase I clinical trial units in the UK. All samples
were collected under an ethical protocol approved by a local Research Ethics Committee
(reference number: 21/1L.0/0474), and written informed consent was obtained from each
donor prior to sample donation. All samples were stored according to the terms of Lonza’s
Human Tissue Authority license for the use of samples in research. Peripheral blood
mononuclear cells (PBMC) from healthy donors were prepared from whole blood or
leukopaks using Lymphorep density gradient medium (Cedarlane, # CL5120) within six
hours of blood withdrawal. PBMC were controlled-rate frozen and stored in vapor-phase
nitrogen at —196 °C until used in the assays. The quality and functionality of each PBMC
preparation were analyzed after seven days of activation, with positive controls such as
KLH to assess naive T cell responses. For each screen, the donor cohorts consisted of
typically 30 donors selected to represent the world population in terms of their HLA-DRB1
allele frequency distribution [5] (Supplementary Figure S1).
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2.3. DC:CD4+ Re-Stimulation Assay (Epibase®IV, Lonza)

Monocytes were isolated from frozen PBMC samples by magnetic bead selection
using CD14 microbeads (Miltenyi Biotec # 130-050-201 on an AutoMACS Pro system) and
differentiated into immature DC (iDC) using 1000 IU/mL of granulocyte-macrophage
colony-stimulating factor (GM-CSF) and 1000 IU/mL of IL-4 in a serum-free mediun (Cell-
Genix # 20805-0500, supplemented with 0.05 mg/mL Gentamicin Lonza # 17-518L) for
5 days at 37 °C, 5% CO,. iDC were then harvested, washed and loaded with each test
protein/peptide individually for 4 h at 37 °C, 5% CO,. A DC maturation cocktail contain-
ing TNF«x (800 IU/mL) and IL-1p (100 IU/mL) was then added for a further 4042 h to
activate/mature the DC (mDC). The expression of key DC surface markers (CD11¢-3.9,
CD14-63D3, CD40-5C3, CD80-2D10, CD83-HB15E, CD86-BU63, CD209-9E9AS8 and HLA-
DR-L243) at both the immature and mature stage were assessed by flow cytometry (Bio-Rad
ZE5 Cell Analyzer) to ensure the DC were activated prior to T cell interaction. After a
thorough washing procedure, 100,000 mDCs were then co-cultured with 1 million autolo-
gous CD4+ T cells (isolated by magnetic bead selection, Miltenyi Biotec # 130-045-101 on
an AutoMACS Pro system) in a deep-well plate (final volume of 1.2 mL, Greiner # 780271).
The DC:CD4+ T cells ratio is 1:10 and the co-culture is incubated for 6 days at 37 °C,
5% CO, in a humidified atmosphere. On day 6, autologous monocytes were isolated from
PBMC using magnetic bead selection (Miltenyi Biotec # 130-050-201 on an AutoMACS Pro
system) and loaded with the selected protein or peptide that were initially used to load
the DC. After incubation at 37 °C, 5% CO; in a humidified atmosphere for 4 h, the mono-
cytes were washed and then added to anti-IFN-y/anti-IL-5 pre-coated FluoroSpot plates
(Mabtech # FSP-0108-10) along with the corresponding DC:CD4 co-culture in quadruplicate
(25,000 monocytes: 250,000 CD4+ T cells in a final volume of 200 pL). The FluoroSpot plates
were incubated for 4042 h at 37 °C, 5% CO, in a humidified atmosphere. After incubation,
the FluoroSpot plates were developed according to the manufacturer’s procedure (IRIS
FluoroSpot reader, Mabtech) and the number of spot-forming cells (SFC) per well were
assessed for each test condition in an automated and unbiased manner.

2.4. Data Analysis

Data management and statistical analysis were performed in the R programming lan-
guage (https://www.R-project.org/, accessed on 28 October 2022, versions 3.6.1 up to 4.1.2),
including essential packages for handling generalized linear models (nlme, emmeans) and
carrying out variance component analyses (VCA, version 1.4.3).

The calculation of Stimulation Indices (SI) was performed as follows. Spot forming
cells (SFC) from the FluoroSpot assay were transformed to a log2 scale, and a generalized
linear model (GLM) was applied to estimate the SI (i.e., the ratio between a treatment
condition and the donor-matched blank on a linear signal scale) and associated confidence
intervals. Quadruplicate SFC measurements were implicitly aggregated by the GLM to
yield one SI value for each combination of a specific test compound, donor, and screen. The
screens were analyzed sequentially and independently from each other, with the linear
model considering a specific cytokine readout of an entire screen as input. The processing
workflow was tailored to address a few peculiarities of the given data. Specifically, we
used an exponential type of heteroscedasticity adjustment in the GLM to achieve scale-
invariance of residuals and injected some Gaussian noise at the low end of the SFC scale to
support model convergence with the frequent presence of ties of discrete values around
zero. (The standard deviation of this normally distributed, zero-centered noise was chosen
to correspond to the replicate variability inferred by the GLM in the limit of zero SFC counts
at the low end of the SFC scale and drops down exponentially by a factor of exp (—2) = 0.14
for every unit increase of the log2 SFC). Furthermore, we observed a consistent trend in
the data to the effect that higher blank values of a donor corresponded to systematically
lower SI values for that donor. The relation between ‘pre-stimulation” of the blank and
observed stimulation indices could be well captured by linear regressions performed for
each treatment within a screen. We corrected the raw SI values then for every donor-
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treatment pair with the respective linear model, basically extrapolating to the value which
would have been observed with a common blank value of 0.

Standard quality control plots were generated for every data set, including the visu-
alization of DC differentiation markers, the reproducibility of reference compound data
across studies, and (if possible) the variability of repeated compound testing with the
same donor. We also looked at the individual stimulation profile of each donor within
a study, as the overall inducibility of T-cell response could vary from person to person;
simultaneously, this enabled us to rule out the presence of generally inert sample material.
A donor response was recorded as “positive” if a SI fold-change of 2 or above (compared to
its blank control) was measured at a statistical significance of p < 0.05 (using non-adjusted
p-values from the GLM). The fraction of positive donor responses (within a cohort of
typically 30 healthy donors per screen) provided the response rate for the treatment in a
specific screen.

3. Results
3.1. DC:CD4+ T Cell Restimulation Assay Workflow

The general workflow of the assay is illustrated on Figure 1a. Test items were investi-
gated in independent screens of the DC:CD4+ T cell restimulation assay over a time span
of several years. Therefore, various controls were employed to ensure a consistent and
comprehensive analysis of the data.
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Figure 1. The DC:CD4+ T cell restimulation assay. (a) Experimental setup of the DC:CD4+ re-
stimulation assay. The assay starts with the isolation of monocytes from healthy donor PBMCs,
followed by the loading of the protein of interest and maturation of the monocyte derived Dendritic
Cells (moDC). Autologous CD4+ T cells are isolated and co-cultured with the loaded moDCs. After
an incubation of 6 days, freshly isolated monocytes are challenged with the same protein and added
to the co-culture for an additional 42 h before analyzing the production of IFN-y by FluoroSpot.
(b) DC were characterized by the expression of the following cell surface markers: CD11c, CD14,
CD80, CD83, CD86, CD209, and HLA-DR before and after DC activation by addition of TNF-« and
IL-1B to ensure good cell fitness. Created with BioRender.com, accessed on 27 November 2022.

For each screen, 30 healthy donors were selected based on their HLA-DRB1 alleles to
reflect the world population [5] (Supplementary Figure S1). In addition, a characterization
of the dendritic cells (DCs) was included in every screen to assess the phenotype of these
cells before and after maturation by flow cytometry. Activation of the DCs was determined
by upregulation of key maturation markers on the cell surface that are known to be
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correlated with T-cell priming capacity: CD40, CD80, CD83, CD86, and HLA-DR [10].
Moreover, CD209, a pathogen-recognition receptor expressed on the surface of immature
DCs, is internalized together with other markers, thus resulting in efficient presentation [11].
Accordingly, the downregulation of CD209 is the consequence of a shift from an immature
to a mature DC phenotype. A representative distribution of cell surface marker expression
at both the immature (iDC) and mature stage (mDC) is shown in Figure 1b. The addition
of the DC maturation cocktail, composed of TNF-« and IL-1f3, led to a slightly higher
expression of CD40, CD80, CD83, and HLA-DR, but also a substantial increase in CD86
expression, resulting in a more than ten-fold increase in the average MFI for this surface
marker. In addition, we also observed a moderate decrease in CD209 expression. Altogether,
this analysis confirmed that DCs from all donors of the cohort have the potential to be
activated prior to their interaction with autologous CD4+ T cells. Moreover, the assay is
qualified for a given immunomodulatory protein by treating the DCs together with KLH to
assess what impact the protein has on the KLH-induced T cell response. This enables us to
highlight proteins that may influence the DC-induced activation of T cells.

3.2. DC:CD4+ T Cell Restimulation Assay Precision Assessment and Comparators

We investigated first the repeatability of the assay by testing the IFN-y response of
donors to KLH and Avastin (same production batch) in multiple assay screens. To this
aim, we plotted the SI for KLH and Avastin for all donors, grouped by batches. All the
donors analyzed over 24 screens consistently showed high SIs (with a geometric mean
of 225 across all screens) upon treatment with KLH (a widely accepted positive control),
while SIs obtained with treatment with bevacizumab were distributed around 1 (Figure 2a),
suggesting that there was no substantial change in IFN-y release compared to the blank.
Moreover, very few donors (40/607, 6.6%) in this treatment group showed a two-fold SI
change or above (our criterion for calling a positive response, see Section 2). Based on these
findings, we recommend the use of bevacizumab as a negative comparator in this assay.
We used KLH as the technical positive control in our analyses, as highly immunogenic
biopharmaceuticals tend not to reach marketing authorization [12].

We used the DC:CD4+ T-cell restimulation assay to investigate 24 biotherapeutics
developed by a range of pharmaceutical companies, comprising a broad range of drug
formats and targets. Details about the molecules were extracted from the corresponding
FDA label [13] and are summarized in Table 1.

However, for most of the labels, important data about the trial were missing, ultimately
limiting the interpretability of the reported ADA rates. Moreover, for a number of trials,
drugs were administered in combination with radiotherapy, which is known to impact the
immune system and the subsequent production of ADA [14]. In other cases, biopharma-
ceuticals were administered with corticoid pre-treatment to dampen the immune response,
which also influences the production of ADA. In this manuscript, data from combination
trials were omitted, except for Alemtuzumab, Cetuximab, Daratumumab, Elotuzumab,
Sarilumab, and Tocilizumab, which are always co-administered with other drugs.

Results are summarized in Figure 2b,c. Most of the tested biopharmaceuticals elicited
low levels of IFN-y release (alirocumab, avelumab, benralizumab, bevacizumab, brentux-
imab, certolizumab, cetuximab, durvalumab, evolocumab, galcanezumab, necitumumab,
nivolumab, sarilumab, tocilizumab, ustekinumab, vedolizumab). However, we saw
stronger T cell responses with alemtuzumab, elotuzumab, pembrolizumab, infliximab,
and daratumumab, for which more than 10% of the donors showed a SI statistically sig-
nificant above 2. Interestingly, antibodies with identical modes of action (i.e., infliximab,
adalimumab, and certolizumab all target TNF-«) triggered different T cell responses with
regards to IFN-y production. In addition, when compounds were tested several times
in different screens, we observed that SIs and the derived response rates showed a sig-
nificant variability (Figure 2c). We observed that for adalimumab, for which screens 02
and 06 resulted in 23.3% and 26.7% of positive donors, respectively, whereas it dropped
to 0% in screen 07. These discrepancies are seen for pembrolizumab, atezolizumab, and
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elotuzumab, as well. One explanation for this observation could be a compound batch
effect, as illustrated for adalimumab in Figure 2d.
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Figure 2. Overview of the stimulation indexes (SI) obtained in the DC:CD4+ T cell restimulation assay.
(a) Stability of the controls over different assay screens and donor batches. Data were generated for
the set of benchmark compounds in single (b) or multiple screens (c,d). SI represents the number of
IFN-y positive cells over baseline. If a datapoint is significantly above the SI threshold of 2, the donor
is considered as positive for this condition and appears in red.
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Table 1. Overview of the test items and their respective clinical ADA rates. Alemtuzumab, cetuximab,

daratumumab, elotuzumab, sarilumab and tocilizumab are part of a co-treatment. Therefore, con-

sideration should be taken when looking at the reported ADA rates. The information was extracted

from FDA labels [13]. If several clinical ADA rates were reported, studies mentioning a co-treatment

were excluded and the mean value for the remaining study outcomes was taken. In many cases,

larger deviations may be due to systematic differences in the treated patient populations, as well as

different analytical methods.

. Main Target Clinical
Antibody Name Trade Name Format Target Patient Population ADA Rate Screens
Adalimumab Humira Human IgG1 TNF-« Rheumatoid Arthritis 23 02; 061; (;J 71; 10 8;09;
Alemtuzumab Lemtrada Humanized IgG1 CD-52 Multiple Sclerosis 35 10; 22
Alirocumab Praluent Human IgG1 PCSK9 Cardiovascular disease 5 10
. . Human IgG1 . Non-Small-Cell Lung aq.
Atezolizumab Tecentriq no-Glyco PD-L1 Carcinoma (NSCLC) 44 02;11;12
Avelumab Bavencio Human IgG1 PD-L1 Urothelial Carcinoma 17 12
Benralizumab Fasenra Humanized IgG1 CD-125 Asthma 13 11
Bevacizumab Avastin Humanized IgG1 VEGF Solid Tumor 0.6 ALL
. . Chimeric Classical Hodgkin
Brentuximab Adcetris IgG1-ADC CD-30 Lymphoma (late stage) 30 11
. - Crohn Disease and
Certolizumab Cimzia FabPEG TNF-o Rheumatoid Arthritis 8 10
Cetuximab Erbitux Chimeric IgG1 EGFR Head, Colorectal and 5 12
Neck Cancer
Daratumumab Darzalex Human IgG1 CD-38 Multiple myeloma 0 12
Locally advanced or
Durvalumab Imfinzi Human IgG1 PD-L1 Metastatic Urothelial 3 10
Carcinoma, NSCLC
Elotuzumab Empliciti Human IgG1 SLAMF7 Multiple Myeloma 27 11;15;17
Evolocumab Repatha Human IgG2 PCSK9 Cardiovascular Disease 0.3 10
Galcanezumab Emgality Humanized IgG4 Calcitonin Migraine 5 10
Infliximab Remicade Chimeric IgG1 TNF-« Psoriatic Arthritis 27 01;11; 15; 17
Metastatic melanoma,
Ipilimumab Yervoy Human IgG1 CTLA-4 advanced renal cell 8 12;15;17
carcinoma, metastatic
colorectal cancer
Necitumumab Portrazza Human IgG1 EGFR NSCLC 4 12
Nivolumab Opdivo Human IgG4-CPPC PD-1 NSCLC 11 02
. Humanized
Pembrolizumab Keytruda IgG4-CPPC PD-1 Cancer 2 02;15; 17
Sarilumab Kevzara IgG1 IL-6R Rheumatoid Arthritis 9 10
Tocilizumab Actemra Humanized IgG1 IL-6R Rheumatoid Arthritis 2 10
Ustekinumab Stelara Human IgG1 IL-12/1L-23 Plaque Psoriasis 6 10
. . . Integrin Ulcerative colitis and
Vedolizumab Entyvio Humanized IgG1 «dp7 Crohn’s disease 6 11

3.3. Statistical Characterization of the Assay

We investigated the stability of the assay across independent screens and the potential

influence of confounding experimental factors using a variance component analysis on the
full data set, which included the controls as well as the marketed compounds.

The data reported in this study were recorded in 24 different screens over several

years. Hence, data replication occurred on various levels (i.e., bevacizumab and KLH
were measured in all screens, several compounds were repeatedly measured in some
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screens, while subsets of compounds were tested on all donors within each screen), we
could estimate the variance contributions of the treatments, the donor, the treatment-donor
interaction, and the screen. As a typical screen is done in 3—4 batches, running a given
subset of donors on all compounds in each batch, we can also assess the batch effect that is
nested in the screen. During the course of the study, healthy donors that had given their
blood could visit the blood donation center again, and the derived cells were used in two
(or more) screens (i.e., same donor, same treatment but different screens). The results of
this analysis are summarized in Figure 3a. Treatment-related effects (the expected effect
from a compound in the assay, here driven primarily by the large number of strong KLH
responses) accounted for 54% of the total variance; in contrast, the contribution of purely
experimental factors was quite small (screen-to-screen variability: 0.5%, batch-to-batch
variability within a screen: 2.0%). The donor factor (i.e., a factor accounting for a generally
higher or lower donor-specific IFN-y release independently of the treatment) accounted for
6.9% of the total variability; a similar proportion of the variance (5.4%) was attributed to
the donor-treatment interaction (i.e., a factor taking account of a subject-specific response
to a given treatment). A relatively high proportion of the total variance (23.6%) could
not be readily accounted for by the known experimental factors. This could be due, for
example, to the unavoidable technical variability in the protocol used to carry out the
assay, or to heterogeneities unaccounted for when collecting sample material from a given
donor at different times. In general, it would be very difficult to single out these technical
and biological sources of variance and to investigate their relative impact on the assay
reproducibility without some very cumbersome additional quality control processes.
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Figure 3. Variance and assay power. (a) Main factors contributing to assay variability esti-
mated by a variance component analysis. The fitted model is the following: log2 (SI) ~ (Com-
pound x DonorlID) + Screen/Batch. There is a relatively low relative impact of assay batching
variables (Screen, Batch within a screen) in comparison to the compound component. (b) DC:CD4+ T
cell restimulation assay power curves for compound comparison. (c) Assay power curves showing
the statistical power to detect a treatment effect by comparing a compound with a comparator treat-
ment. A one-sided paired test within-study (« = 0.05) according to various donor cohort sizes has

been used.
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The breakdown of the SI readouts into individual variance components enables us to
simulate data sets with specified effect sizes for hypothetical treatments. Hence, we can
estimate the statistical power (i.e., the probability of detecting a true compound effect) in
a wide range of conditions. For example, Figure 3b shows the resulting statistical power
when comparing a compound SI fold-change response with the one of a reference or
comparator treatment; here, we differentiate the case where both compounds of interest
were assessed in the same screen, in contrast to a comparison that was conducted across
different screens. A major advantage of a within-screen comparison is that one could apply
paired testing (i.e., using ‘donor’ as a covariate) to yield higher statistical power because
the donor-to-donor variability would be partially accounted for in this approach. This
is, in our opinion, the recommended setting for a compound ranking study. Moreover,
depending on the hypothesis of interest, some additional statistical power may be gained
by using a one-sided testing approach. This is legitimate when only a higher (or lower)
compound response is of interest as compared to a reference treatment, which, in fact, could
be the most relevant scenario. As a rule of thumb, we expect that SI differences of about
75% on a linear scale (i.e., a SI fold-change of 1.75 or 0.8 log?2 units) can be detected with a
statistical power of 80%, assuming one-sided testing within the same screen, alpha = 0.05,
and n = 30 donors.

Statistical power is also a function of the sample size (here, number of donors per
screen); we next examined this dependency and the impact of this variable in the interpre-
tation of our assay results (Figure 3c). We observe a considerable gain in statistical power
for studies including up to 30 donors per study. Increasing the number of donors beyond
this point leads to noticeably smaller gains in statistical power at the cost of a consider-
able increase in effort and expenses, which is associated with larger experiments. In our
experience, a standard study size of 30 donors per screen strikes the right balance, both
for the experimental and statistical angles. In the case that enhanced statistical power is
desired, we believe that a reduction of the residual assay variance by experimental protocol
refinements could be a more promising approach than merely increasing the donor count.

3.4. Qualification of the Assay Threshold

An essential aspect of the study was to investigate the assay’s ability to predict the
potential for unwanted immune responses in line with FDA labels [13]. Accordingly,
we characterized our assay in terms of accuracy (overall rate of correct predictions on
compound level), sensitivity (probability to detect an immunogenic treatment), specificity
(probability of correctly identifying a non-immunogenic treatment), and Positive/Negative
Predictive Value (confidence in assigning either label correctly). To this end, we tested the
aforementioned 24 molecules for which clinical data were available; however, since ADA
responses in a limited number of patients would not necessarily be considered a relevant
risk, we divided the tested molecules into two categories: high risk (>20% reported ADA
rate) and low risk (<20% reported ADA rate) for immunogenicity according to the reported
data upon treatment. This classification was correlated to the proportion of donors for
which a given biopharmaceutical triggered a CD4+ T cell-driven IFN-y production in
the assay: a positive assay readout was set to generate a SI statistically significant above
2 compared to the blank control, while a negative assay readout would not.

Using 10% as an optimal threshold (>3 /30 positive donors according to our criteria),
the assay reported 4 true positives (TP) and 16 true negatives (TN) for a total of 24 tested
biopharmaceuticals (6 categorized as high risk, 18 labeled as low risk). It categorized
2 antibodies (daratumumab and pembrolizumab) at high risk of immunogenicity, even
though their clinical ADA rates were below 20% (false positives, FP), while brentuximab and
atezolizumab are categorized as low risk of immunogenicity, even though their clinical ADA
rate were above 20% (false negatives, FN). The accuracy is the sum of true positives and true
negatives over the total of tested compounds, yielding an estimated assay accuracy of 83%
(20/24). The sensitivity, TP/(TP + EN), and specificity, TN /(TN + FP), are two additional
important estimators, which represent the two types of possible errors. At this threshold,
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Stimulation Index (SI) &

% responders

the DC:CD4+ T cell restimulation assay provides a 67% sensitivity at 89% specificity, with a
67% (4/6) and 89% (16/18) Positive and Negative Predictive Value, respectively.

3.5. Case Studies in Pre-Clinical Research

An important motivation of running a DC:CD4+ T cell restimulation assay in a pre-
clinical setting is to derive information on whether compounds in development might
be at risk of inducing an immunogenic response in treated patients. In this context, it is
important to reduce false positive compound categorization, even at the expense of a higher
false negative rate (i.e., over-classifying new molecules in the high immunogenicity risk
category). As part of an integrated immunogenicity risk assessment, other risk factors (e.g.,
peptide presentation, mode of action, etc.) should also be taken into consideration. Our
analysis demonstrates that a direct comparison of the responder rates in the DC:CD4+ T
cell restimulation assay with the proportion of ADA-positive patients for a given treatment
may not provide the best context of use for this assay. Our proposed strategy is to apply
a given threshold to interpret results, essentially reducing the assay output to a binary
outcome for biotherapeutics immunogenicity hazard identification. This enables us to
retain the essential information on compound risk categorization, while minimizing the
impact of noise in the data. Our data suggest that a selected threshold of 10% positive
responders to classify a molecule as bearing a higher potential for immunogenicity is the
optimal cutoff to flag compounds with high immunogenic potentials, while limiting the
number of false negatives at an early stage of preclinical development.

To illustrate the strategy delineated above, we provide here a case study derived from
one of our internal programs where seven potential clinical candidates from the same
project, which differ from their primary sequence, have been tested in the assay (Figure 4a).
The results showed that compounds A, B, D, and G were above the threshold, whereas
variants C, E, and F were below the threshold and, therefore, associated with a lower risk
of immunogenicity.

b
1000- 3
500- Control Peptides
100 . 1001
501 . .
3 E .] — . L
5. l‘%‘l b {i e [_.'7?:.‘:] = 3 | de-immunization > |de—immunizatior> >
L =% =) c =
18 e eater A s v “ O 60 S
o0 % 3 2. =
05 o B S B R 8 8
3 - PO S I K s 2 =
0.1 A e & . 2401 =
100
201
80 I
60 a— , , ! ] ‘
z 8o 8o 8o 8% 8%
40 g SL 48 4T S5 53
= da &z Jdz 2x 22
%) < J0 Jun -~ O )
20 s 82 8F 8& £% £
@ S =
= £ £> £ S St
o I =] [ e == 2 8T ST 3T s3 X%
59 s3 §2 83 &%
A B C D E F G T 2 3 2 =8 =9
<

Bevacizumab

Figure 4. Case studies in pre-clinical research. (a) Stimulation Index (SI) obtained for 7 different
candidate compounds of the same project (named A to G). The change in color, from green to red,
depicts the positivity of the donor within the screen. The lower panel represents the proportion
of positive donors. The threshold derived from the validation study is set at 10% positive donors.
(b) DC:CD4+ re-stimulation results obtained for a selection of known T cell epitopes derived from
biotherapeutics and their “de-immunized” counterparts.
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Furthermore, we demonstrated that this assay was also suitable for testing whether
peptides could trigger a CD4+ T cell response. Hence, we tested known T cell epitopes
from Natalizumab and Interferon 3, as well as potential deimmunized versions [15,16]
(Figure 4b). Peptides were tested at 2 ug/mL and followed the same experimental proce-
dure as described in the Material and Methods section. Results from the assay demonstrate
that minor changes in the amino acid sequence of the T cell epitopes could reduce the onset
of a CD4+ T cell response, thus confirming the published findings, but also that this assay
can accommodate peptides (e.g., peptide based biotherapeutics or T cell epitopes).

4. Discussion

The multifactorial nature of immunogenicity requires that an integrated preclinical risk
assessment should be a key element of biotherapeutics development. As T cell-dependent
responses are major drivers of immunogenicity, in vitro T cell assays are frequently used as
tools to identify and measure CD4+ T cell-dependent responses to biotherapeutics. The
DC:CD4+ T cell restimulation assay described here assesses the propensity of a biother-
apeutic to trigger a CD4+ T cell response that may result in B cell activation and ADA
production. This assay plays a key role in our integrated approach to therapeutic protein
immunogenicity risk estimation, which could accelerate drug development.

While a number of assays probing T cell activation in the context of immunogenicity
have been published in recent years [6], we believe that the DC:CD4+ T cell restimulation
assay described here provides a more comprehensive insight into the role of dendritic cells
(taken here as the archetypal APC) in the context of their activation of T cells [17]. The
immune response follows a three-signal rule for activation (TCR:MHC/peptide interactions,
costimulatory interactions such as via CD28, and cytokine production); the assay published
herein captures the interplay of all three signals [18]. In addition, the number of preexisting
T cells specific to biotherapeutics is very low, ranging between 1 out of 10° (e.g., trastuzumab
and etanercept) and 1 out of 107 T cells (e.g., rituximab) [9], but the assay format of the
DC:CD4+ T cell restimulation assay allows screening of more CD4+ T cells than in a classical
PBMC-based assay. We also believe that the re-stimulation step increases the likelihood of
capturing a sustained T cell response [19].

A key part of validating the DC:CD4+ T cell restimulation assay was assessing re-
peatability and reliability, and its potential to categorize biotherapeutics according to their
risk of inducing an unwanted immune response in the clinic. To this end, we carried out a
detailed analysis of 24 biotherapeutics with various levels of clinically-detected ADA rates
as a proxy for immunogenicity risk. Our robust assessment comprised several levels of
repetitions, including repeated assessment of some compounds in multiple assay screens,
to provide insights into both the potential and inevitable limitations of the assay. Variance
component analysis showed that the primary factors governing the experimental setup,
i.e., the screen and the batched donor processing within each screen, did not have a major
systematic impact on the readouts. Notable variability arose, however, when compounds
were re-tested in another screen, presumably related to subtle variation in compound
preparation or the used production batches. Nonetheless, the compound batch effect is not
specific to this assay. It is likely that the handling and storage of the sample plays a role here,
influencing post-translational modifications and aggregation. Additionally, non-product
related factors (e.g., DNA and host cell protein contaminations) have an impact on the risk
of immunogenicity and could also influence the assay readout. General donor specific
inducibility and the donor specific response to individual compounds also explained parts
of the signal variability. However, there was a rather substantial residual unexplained
variance, which should caution the user with regard to overinterpretation of individual
readouts. Notably, quantification of SI changes in a strict sense were not directly infor-
mative, as even clinically-tested compounds with low immunogenic risks (for example,
bevacizumab) resulted in a few positive readouts. We presume that additional insights
might be gained by fundamental and costly changes of the lab protocol, i.e., performing
replicated measurements in different experimental batches for every condition. In our

181



Pharmaceutics 2022, 14, 2672

experience, donor cohorts of 30 individuals per screen offer a reasonable tradeoff between
the cost, timelines, and statistical power of the assay. While not specifically discussed
in the manuscript, we found it important to test all compounds using a panel of donors
that showed an HLA-DRBI allele frequency that broadly reflects the world population.
It has been demonstrated that certain HLA alleles were associated with an increased im-
munogenic response towards certain biopharmaceuticals [20-25]. Nevertheless, in the
context of use of this preclinical assay carried out in 30 donors, we primarily investigated
whether compounds may be at risk of inducing an enhanced immunogenic response in a
general population. As each screen usually comprised different sets of donors, an arbitrary
selection of pre-typed donors with respect to their allelic HLA-DRB1 composition enabled
a higher comparability of the data in the long term.

While tempting, it is problematic to compare SI values measured in a DC:CD4+ T cell
restimulation assay with actual ADA rates in the clinic, although it is one of the few avail-
able measures directly related to clinical immunogenicity. Assays used to measure ADA
in clinics are based on different methodologies sensitive to sample handling, the timing
of sample collection, concomitant medications utilized in the study, and the underlying
nature of the treated disease [26]. Furthermore, while we believe we have used the most
recent information available on the FDA database, most labels may not be updated on a
regular basis: in a recent review, Borrega et al. showed that 57% (39/69) of the biological
drugs authorized before 2012 did not have updated summaries of product characteristics,
especially in the immunogenicity section [27]. In our study, we collected the ADA rates of
the 24 assessed marketed compounds as a starting point to build a database to benchmark
newly developed immunogenicity estimation methods and to have a retrospective and
comprehensive overview of the immunogenicity of marketed antibodies. We used the
available data to create two categories of compounds, at high (>20% reported ADA rate)
and low (<20% ADA rate) risk for immunogenicity, on which we calibrated the assay’s
linear mixed model. Thus, this binary high/low risk paradigm is the most reasonable for
implementation in preclinical risk evaluation for therapeutics. To facilitate this process, we
found it essential to add in the panel a few standard compounds (at minimum, a negative
control, such as bevacizumab, and a positive control, such as KLH; any additional com-
parators also provide useful comparisons) to help set precise boundaries of low and high
risk of immunogenicity while mitigating intrinsic donor variability. Accordingly, in this
context of use, one of the most useful applications of the DC: CD4+ T cell restimulation
assay is to provide a relative ranking for compounds with similar amino acid sequences
and mode of action, or compounds that have different formulation or have been produced
in different batches.

While assays measuring T cell activation in response to novel biopharmaceuticals are
not yet required by regulatory agencies, there is added value in presenting the results of
such assays as part of the risk assessment submitted in the Integrated Summary of Immuno-
genicity [28]. A current challenge is that none of the published assays is considered to be
fully validated. We here propose a new assay format that captures the interaction between
DCs and CD4+ T cells by monitoring the production of IFN-y by CD4+ T cells in response to
biotherapeutics processed by DCs. We tested the predictive power of this assay vs. clinical
ADA rate by assessing 24 marketed antibodies, which resulted in 83% accuracy. Predicting
the actual rate of ADA-positive patients in a clinical setting with a single in vitro assay
is unlikely to be possible, given the myriad contributing factors. However, the DC:CD4+
T cell restimulation assay can help flag potentially immunogenic biopharmaceuticals in
preclinical drug development, allowing for selection or de-immunization before a clinical
trial starts, improving both patient safety and the cost of pharmaceuticals. Implementation
of this assay as part of a comprehensive risk assessment has the potential to provide a more
robust and informative immunogenicity risk assessment in early drug development.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ pharmaceutics14122672/s1, Figure S1: Heatmap showing the
relative distribution of the HLA-DRB1 supertype frequencies among the donor cohorts per screen of
the DC:CD4+ T cell restimulation assay.
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Abstract: The emergence and dissemination of carbapenem-resistant Klebsiella pneumoniae (KP), one
of the carbapenem-resistant Enterobacteriaceae (CRE), is now an emerging cause of antibiotic-resistant
nosocomial infections associated with high rates of morbidity and mortality. Colistin, or polymyxin
E, is a last-resort peptide antibiotic used to treat multidrug-resistant (MDR) Gram-negative bacterial
infections including KP. Unfortunately, resistance to colistin is rising with increasing use in the
clinical setting. Although clinical evidence links certain mutations to colistin resistance (COL-R) in
KP, the origination and association of the mutations remain unclear. We hypothesize that the timing
of COL-R mutations influences the development and progression of KP resistance to colistin. We
performed planktonic and biofilm in vitro experimental evolutions of KP strain ATCC 43816 under
increasing colistin concentrations to characterize the temporal regulation of critical COL-R mutations
throughout COL-R progression. The resistance generation and mutation profiles of independently
evolved bacterial populations with different lifestyles were compared. Genes with various functions
theorize the timeline in which key mutations are generated and their roles in the progression of
COL-R. Our results aim to advance the research and development of effective therapeutics to treat
MDR bacterial infection as the dissemination of CRE continues to be a severe public health threat.

Keywords: Klebsiella pneumoniae; colistin; antimicrobial resistance; mutation timing; evolution

1. Introduction

The emergence of carbapenem-resistant Enterobacterales (CRE) has become a global
public health threat with high mortality rates of infection and limited available antimi-
crobial treatment options [1]. According to the US Centers for Disease Control and Pre-
vention 2019 Antibiotic Resistance Threats Report, CRE infections led to approximately
13,100 hospital incidents and 1100 infection-related deaths, with average case numbers
remaining steady between 2012 and 2017 [2]. Additionally, the worldwide dissemination of
extended-spectrum (3-lactamases (ESBLs) in species of Enterobacteriaceae and P. aeruginosa
has facilitated resistance to a number of p-lactam antibiotics, including carbapenem:s,
cephalosporins, monobactams, and penicillins, as well as recent detection of resistance to
aztreonam and oxyimino-cephalosporins [3,4]. A pathogen of urgent concern of the Enter-
obacteriaceae family, Klebsiella pneumoniae (KP), is a one of six nosocomial ESKAPE pathogens
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species), noted for its virulence and high potential
for multidrug resistance (MDR) [5]. KP is characterized as an encapsulated, Gram-negative,
nonmotile, facultative anaerobic pathogen acquired in community or healthcare settings
that may cause pneumonia, urinary tract infection, soft-tissue infection, bacteremia, and
meningitis, especially in immunocompromised individuals [6]. The recent emergence
and rising prevalence of carbapenem-resistant hypervirulent KP (CR-hvKP) has several
concerning clinical impacts due to high resistance and pathogenicity, high mortality, pro-
duction of multiple carbapenemases, and gut colonization, facilitating further resistance

Pharmaceutics 2023, 15, 270. https:/ /doi.org/10.3390/ pharmaceutics15010270

https://www.mdpi.com/journal /pharmaceutics
185



Pharmaceutics 2023, 15, 270

dissemination [7]. Due to rising numbers of identified ESBLs and the global spread of
CR-hvKP, there are limited treatment options available.

Colistin, or polymyxin E, is a last-resort antibiotic reserved for treating complex CR-
hvKP infections. Polymyxins are cationic cyclic polypeptides that belong to a family of
antimicrobial peptides (AMPs), which are bactericidal components of the host innate im-
mune system present in plant and animal species, as well as some bacteria and fungi. AMPs
are usually amphipathic, cationic, and approximately 15-30 amino acids in length; they
impose their activity at the cell membrane of bacteria [8]. The two dominant polymyxins
used clinically to treat Gram-negative bacterial infections are polymyxin B and polymyxin
E (Figure 1) [9,10]. AMPs challenge the development of drug resistance due to their diverse
killing mechanisms and low specificity for a given target in host cells [11].

Palymyxin E (Colistin)
CezHoeN1e013

0O H
B

i "‘\Ts)’ _?\"(0"!1
HN ) 0\}\&:“{
0_\‘H"""§ H

Polymyxin B (Poly-Rx)
CsgHoasN1s013 H

Figure 1. Chemical structure of polymyxins B and E. The primary polymyxins used clinically to treat
Gram-negative infections are the cyclic polypeptides Polymyxin B and E. Both polymyxins enact their
activity through binding to negatively-charged lipopolysaccharide and disruption of outer membrane
permeability. The two-dimensional chemical structures and formulas for polymyxin B and polymyxin
E displayed in this figure were obtained from PubChem, with CIDs 4868 and 5311054, respectively.

Colistin is a cationic polypeptide that exerts its activity by binding to anionic regions of
lipopolysaccharide (LPS), leading to permeabilization of the cell envelope, cell leakage, and
cell death [12]. Since its displacement by other antimicrobials four decades prior, colistin has
shown significant activity against KP, P. aeruginosa, A. baumannii, and other Gram-negative
pathogens with low initial resistance levels [13]. However, with increased use in the clinical
space, rates of colistin resistance have been on the rise through several main mechanisms,
including chromosomal mutations in genes responsible for disrupting the cationic charge
of LPS (PhoP /PhoQ and PmrA /PmrB two-component regulatory systems) and MgrB, a
transmembrane regulator of PhoP/PhoQ signaling, as well as plasmid-mediated colistin
resistance (mcr-1-10) [14,15]. It has also been shown that increased production of capsular
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polysaccharide hinders interactions between colistin with the cell membrane of bacteria,
facilitating resistance [14]. While the primary mechanisms of COL-R have been identified,
the relationship among resistance generation timing, population frequency, and interactions
of mutations facilitating the onset and progression of COL-R has not been thoroughly
investigated. The demand for further development of effective antimicrobials against the
growing public health threat of MDR infections continues to grow. Now, even last-resort
treatments are showing high rates of resistance.

In particular, biofilm-associated infections comprise ~65% of all bacterial infections
in the clinical setting and present a serious challenge to the healthcare community due
to their diversity and innate defense mechanism to protect against antimicrobials [16,17].
There are several mechanisms via which biofilms may resist antimicrobial agents. The
exopolysaccharide matrix of biofilm environments may hinder penetration of negatively
charged antimicrobials such as aminoglycosides [17]. Furthermore, microcolonization
within the biofilm leads to waste accumulation and fluctuation of pH and CO, and O, par-
tial pressures, consequently disrupting antimicrobial activity [17]. Additionally, regulation
of efflux pumps, expression of antimicrobial chelating enzymes, and quorum sensing are
other biofilm-associated resistance mechanisms [17]. KP biofilms may lead to invasive,
chronic infections in the urinary, gastrointestinal, or respiratory tracts through cell adhesion
to a surface, colony formation, biofilm maturation, and cell detachment [18]. Here, we
consider both planktonic and biofilm KP lifestyles in our experimental evolution methods
to better understand the timing of critical resistance mutations and their likely impact on
the progression of COL-R.

2. Materials and Methods
2.1. Bacteria Strain and Culture Media

Klebsiella pneumoniae American Type Culture Collection (ATCC) strain 43816 was
first grown on cation-adjusted Mueller-Hinton Broth 2 (MHB2) agar medium (Sigma-
Aldrich, St. Louis, MO, USA) overnight, and a single colony was transferred into liquid M9
medium supplemented with JMIC level of colistin sulfate treatment (Research Products
International, Mount Prospect, IL, USA). M9 minimal growth medium was designed
using M9 salts (6 g/L NayHPOy,, 3 g/L KHPOy, 0.5 g/L NaCl, and 1.0 g/L NH,ClI)
supplemented with 0.1 mM CaCly, 2 mM L-Glutamine, 2 mM MgSQOy, and 4% glucose to
reflect the essential components required by mammalian cells and biofilm formation to
prevent additional nutrient selection effects [19,20].

2.2. Bacterial Transfer and Resistance Selection

To investigate the timing and relevance of resistance genes concerning MIC increase,
we performed bacterial experimental evolution studies using a serial passage of KP
planktonic culture and a single colonized biofilm bead under colistin selection pressure
(Supplementary Figure S1). Three replicate populations were subjected to colistin selec-
tion according to bacteria lifestyle. For planktonic populations, 1/100 or approximately
2.5 x 10° colony forming units (CFU)/mL of total overnight culture was transferred into
fresh M9 media supplemented with colistin. For biofilm populations, a bead transfer-based
biofilm evolution system was used according to a method described previously [21-23].
Briefly, a single colonized 7 mm polystyrene bead, approximately 2.5 x 10° CFU/mL, was
transferred into M9 medium supplemented with colistin and two sterile polystyrene beads.
The sterile beads facilitate the processes of bacteria attachment, biofilm formation, and
dispersal. The concentration of colistin treatment was doubled every three days to steadily
enhance bacteria resistance selection. Evolution under antibiotic selection continued for 36
days without complete inhibition of growth after each doubling of treatment concentration
(Figure 2A).
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Figure 2. Colistin selection and population MIC result by bacterial lifestyle. (A) Colistin treatment for
KP planktonic and biofilm populations started at % MIC; the selection concentrations were doubled
every three days for 36 days. (B) Colistin population MIC results averaged among three replicate
colistin-treated KP populations by bacteria lifestyle. Rapid resistance to colistin was observed for
(C) planktonic and (D) biofilm individually evolved populations after 36 days of colistin selection
pressure. By day 36, there was a 1024-2048-fold increase in colistin MIC compared to baseline level.
The resistance is distinguished in gray background when MIC is above the CLSI-determined clinical
breakpoint at 4 ug/mL for colistin.

2.3. MIC Measurement

Colistin MIC was determined using the broth microdilution method established by
the Clinical and Laboratory Standards Institute (CLSI) [24]. Whole-population MIC was
determined for each KP population replicate at the end of every 3 days of serial passage
and prior to transfer into the subsequent treatment concentration. The range of antibiotic
selection began at a baseline level of %MIC or 0.5 ug/mL for the ancestor KP clone on
days 1-3 and was subsequently increased to a level of 1024 x MIC or 1024 pg/mL for
the final days 33-36. Cation-adjusted Mueller-Hinton Broth 2 (MHB2) (Sigma-Aldrich,
MO, USA) was used to inoculate each planktonic KP population for overnight incubation
at 37 °C prior to MIC testing to increase bacterial cell count. KP biofilm populations
were isolated by transferring a single colonized polystyrene bead into a 15 mL conical
tube containing 2 mL of phosphate-buffered saline for ultrasonic homogenization (DPS-
20 model, PRO Scientific Inc., Oxford, CT, USA). Prior to MIC testing, planktonic and
homogenized biofilm populations were cultured in MHB2 medium for 24 h at 37 °C
in a shaking incubator (Corning LSE 71L model, Corning, NY, USA). MIC testing was
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performed using sterile 96-well, microplates (Greiner, Frickenhausen, Germany). Bacterial
concentration was adjusted to approximately 5 x 10> CFU/mL with PBS prior to plating.
MIC values were determined by measuring turbidity via optical density readings at 570 nm
wavelength using a Gen 5 Microplate Reader and Imaging software (BioTek Instruments,
Winooski, VT, USA, Version 3.04). Samples selected for MIC testing were preserved in 8%
dimethyl sulfoxide for further genomic analysis.

2.4. Whole-Genome DNA Sequencing

KP (whole population or single clone) genomic DNA was extracted using a DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany). Biofilm attached to beads was dissociated
by sonication in sterile PBS before DNA extraction. Planktonic cultures were centrifuged
and pelleted before DNA extraction. Whole-genome DNA sequencing was performed
using an Illumina NextSeq 2000 platform with a paired-end mode of 2 x 150 base pairs
and sequencing depth coverage of 200 Mbp for individual clones and 650 Mbp for whole-
population bacterial genomes (SeqCenter, Pittsburgh, PA, USA).

2.5. Comprehensive Mutation Analysis

Data preprocessing for raw sequencing data included gentle quality trimming using
trimmomatic (version 0.38, parameter: PE -phred33 LEADING:20 TRAILING:20 SLIDING-
WINDOW:4:20 MINLEN:70) to filter out low-quality and unpaired reads before compu-
tational mutation analysis [25]. Bowtie2 (version 2.4.1), as part of the breseq workflow,
was used to build an index of the reference genome and align reads to the index refer-
ence genome K. pneumoniae strain ATCC 43816 (serotype O1:K2) [26,27]. The reference
genome was downloaded from NCBI GenBank with accession number SRR13008124. Bre-
seq was used to detect mutations relative to the reference genome in consensus mode and
polymorphism mode for clonal and mixed-population samples, respectively [28]. Both
mixed-population and clonal samples were analyzed to identify and confirm the most
integral COL-R mutations generated with increased selection. Breseq gdtools COMPARE
subcommand was used to create side-by-side mutation comparison tables for individual
populations to show how genetic variants and their frequencies change over time.

2.6. Mutation Selection Criteria

A series of criteria were distinguished to select relevant genes and their corresponding
mutations of interest. Mutation prediction using breseq and mutation comparison tables
were designed and analyzed to identify alterations in genes that were observed in inde-
pendently evolved populations at greater than 20% frequency. Most of these mutations
increased in frequency with enhanced selection pressure or became fixed at 100% frequency
in these populations. We studied the function of genes for which these mutations were
observed to speculate their potential role in and importance for the resistance mechanism.
Using a thorough review of the current literature, we noted mutations that have been
previously identified as critical for colistin-resistance development. In addition, we in-
cluded mutations that have not been studied extensively in K. pneumoniae to theorize how
they may be influential in the resistance pathway according to their timing and associated
gene functions.

2.7. String Test for Hypervirulence

The string test was performed to assess changes in hypervirulence following %MIC col-
istin treatment for planktonic KP populations. Tryptic soy agar plates containing 40 mg/L
Congo Red (Sigma, MO, USA) and 20 mg/L Coomassie Brilliant Blue (Bio-Rad, Watford,
UK) dyes were prepared and used to plate various bacterial dilutions to achieve compa-
rable single-colony counts between each treated population and the evolution ancestor
clone. A sterile inoculation loop was used to touch the surface of each single colony and
measure the length of mucoid string produced. A positive test was determined for a
mucoid string of 5 mm or greater in length, a feature observed clinically to define the
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hypervirulent phenotype [29]. Statistical comparisons between treatment populations and
the original clone were made using one-way ANOVA. A p-value < 0.05 was considered to
be statistically significant.

3. Results
3.1. Rapid MIC Increase in Colistin-Treated KP Populations

The baseline MIC for the colistin-susceptible ancestor KP clone (ATCC 43816) was
determined to be 1 pg/mL. Rapid increases in MIC were observed for individually evolved
KP populations through experimental evolution under colistin selection with increasing
concentrations (Figure 2A) independent of bacteria lifestyle (Figure 2B). However, there
was a slower rate of MIC increase within the first 3 days and for the extent of evolution
for biofilm- compared to planktonic-evolved KP. For planktonic-evolved KP populations,
the most substantial jumps in MIC occurred during the first 3 days of colistin selection.
More gradual and consistent twofold increases occurred every 3 days afterward and for
the remaining days of evolution. Compared to the planktonic lifestyle, biofilm populations
showed modest (twofold) increases from baseline MIC after 24 h of incubation at %MIC
level treatment. After 24 h of antibiotic selection, colistin MIC increased over 32-fold for
planktonic populations and twofold for biofilm populations (Figures 1D and 2C). By day 3,
planktonic populations 1-3 showed 64-, 512-, and 64-fold increases in MIC compared to 128-,
16-, and 64-fold increases for biofilm populations 1-3. Similar to planktonic populations,
after the first 3 days of selection, biofilm populations showed consistent 2—4-fold increases
in MIC for the remainder of the 36 day evolution experiment. The CLSI breakpoint for
colistin of 4 pg/mL was surpassed after only 24 and 48 h evolution at %MIC level of
selection for planktonic and biofilm lifestyles, respectively. After day 27, KP showed further
twofold increases in MIC with no hindrance in growth under selection pressure for both
lifestyles. Following 36 days of selection, 2048-fold increases in colistin MIC were observed
for all three planktonic populations (Figure 2C) as well as 1024-, 2048-, and 2048-fold
increases in biofilm populations 1-3, respectively (Figure 2D).

3.2. Temporal Regulation of COL-R Mutations in Planktonic KP

After 24 h of 1MIC level colistin selection, all three replicate planktonic KP populations
showed an insertion in mucoid phenotype A regulator RmpA, as well as single-nucleotide
polymorphisms (SNPs) in quinolinate synthase NadA and large-conductance mechanosen-
sitive channel protein MscL, at nearly 100% frequency (Table 1, Figure 3A-C). These
mutations coincided with a substantial rise in colistin MIC equivalent to 64-, 32-, and
32-fold increases compared to baseline MIC level (1 ng/mL) for populations 1-3, respec-
tively. By day 6 of selection, KP population 1 showed an SNP in two-component system
sensor histidine kinase PhoQ at 93% frequency, which aligned with a 128-fold increase in
colistin MIC compared to baseline. In addition, this mutation increased to 100% frequency
in population 1 in accordance with a 512-fold increase in colistin MIC. By day 36, a SNP at a
new position in phoQ was acquired at 100% frequency as well as an SNP in two-component
system sensor histidine kinase PmrB at high frequency, in line with a 2048-fold increase
in colistin MIC compared to baseline (Figure 3A). Despite detection at different positions,
mutations in phoQ were persistently observed from day 6 onward until day 36, which may
contribute to the continued enhanced colistin resistance (Table 1, Figure 3A).

For planktonic population 2, two different SNPs in phoQ acquired by day 3 of selection
corresponded with a 512-fold increase in colistin MIC. This dramatic rise in MIC during the
first 3 days of selection was prominent in population 2, compared to populations 1 and 3,
which showed more gradual increases over selection time (Figure 3A-C). Population
2 showed a similar pattern of phoQ SNPs generated at different positions through the
course of evolution to that of population 1 (Table 1). Colistin MIC level remained con-
sistent from days 3 to 27, in alignment with the duration of a unique SNP in phoQ and
an SNP in thioredoxin-dependent thiol peroxidase BCP, observed on days 15-27. The
final jump in MIC (2048-fold) was linked to mutations at unique positions of UDP-3-
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O-(3-hydroxymyristoyl)glucosamine N-acyltransferase LpxD, phoQ, and bcp, all at 100%
frequency. Interestingly, no prmB mutations were observed for population 2 for the extent
of colistin resistance evolution (Table 1, Figure 3B).

Table 1. Timepoint and MIC of acquired COL-R mutations in planktonic evolved KP populations.
COL-R mutations are represented for each individually evolved KP population with colistin MIC
(ng/mL) and population frequency. Mutations with shared gene positions between populations are
shaded gray. Shared mutations in genes that are acquired in independently evolved populations are
color-coded for comparison. Mutations unique to individual populations are in white background.
The shading is darker for mutations with higher population frequency.

Position Mutation Gene Day1: 64 Day2:64 Day3: 64 Day 6: 128 Day 15: 512 Day 27: 512 Day 36: 2048
796,797 SNP mscL 94.20% 100% 100% 100% 100% 100% 100%
2,898,145 SNP nadA 94.50% 100% 100% 100% 100% 100% 100%
:‘ 4,782,985:1 INS rmpA 100% 100% 100% 100% 100% 100% 100%
S 3,366,007 SNP phoQ 26.30% 9.80% 92.50% 100% 100%
& 5228037 SNP bep 24.80% 100% 100%
3. 2,287,052 SNP IpxD 15.00% 100%
£ 4585314 SNP mgrB 70.80%
3,366,111 SNP phoQ 100%
2,949,548 SNP pmrB 68.60%
363,465 SNP mdtO 12.20%
Positi . Day 2: Day 3:
osition Mutation Gene Day 1: 32 256 512 Day 6: 512 Day 15: 512 Day 27: 512 Day 36: 2048
796,797 SNP mscL 94.20% 100% 100% 100% 100% 100% 100%
o 2,898,145 SNP nadA 94.50% 100% 100% 100% 100% 100% 100%
g 47829851 INS rmpA 100% 100% 100% 100% 100% 100% 100%
T 3,367,207 SNP phoQ 12.60% 79.30% 100% 100%
= 3,366,550 SNP phoQ 25.10% 14.70%
g 5,228,086 SNP bep 85.00% 85.50%
&~ 2,287,052 SNP IpxD 10.40%
2,287,023 SNP IpxD 100%
3,366,222 SNP phoQ 100%
5,228,407 DEL bep 100%
Position =~ Mutation Gene Day1:32 Day2:64 Day3: 64 Day 6: 64 Day 15: 512  Day 27: 512 Day 36: 2048
796,797 SNP mscL 94.20% 100% 100% 100% 100% 100% 100%
2,898,145 SNP nadA 94.50% 100% 100% 100% 100% 100% 100%
o 4782985:1 INS rmpA 100% 100% 100% 100% 100% 100% 100%
g 2949368 SNP pmrB 12.60% 86.30% 63.60%
T 3,367,778 SNP phoP 33.00%
= 3,306,214 SNP phoQ 50.30%
S 2,287,022 SNP IpxD 37.60%
~ 3,367,218 SNP phoQ 22.40%
3,366,222 SNP phoQ 72.90%
796,974 SNP mscL 21.00%
3,366,013 SNP phoQ 15.90%

Abbreviations: single-nucleotide polymorphism—SNP; insertion—INS; deletion—DEL.

Planktonic population 3 showed a unique pattern of SNPs in phoQ and pmrB with
enhanced selection. On day 6, a SNP in pmrB was acquired and increased to 86.3% fre-
quency by day 15. On day 15, a substantial rise in MIC was seen (512-fold) along with an
additionally acquired SNP in two-component system response regulator PhoP that exists in
the population until day 27 (Table 1, Figure 3C). On day 27, three unique mutations in phoQ
(two positions) and IpxD were observed for which the MIC was maintained at 512-fold
compared to baseline. The phoQ mutation seen at the same position as population 2 oc-
curred at 73% frequency in population 3 on day 36, consistent with a 2048-fold increase
in colistin MIC. The shifts in phoQ SNP positions with increased selection pressure likely
contributed to the enhanced evolution of colistin resistance. The temporal regulation of
COL-R mutations can be seen via the generation of key mutations sequentially, in alignment
with considerable increases in MIC, with many alterations rising in population frequency
or becoming fixed with enhanced selection pressure (Table 1, Figure 3A-C).
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Figure 3. Temporal regulation of colistin-resistant mutations in planktonic and biofilm KP popu-
lations. Timelines of acquired mutations having mutation frequencies greater than 10% in known
and theorized COL-R genes are represented by horizontal bars throughout a 36 day evolution. The
duration of evolution in which the COL-R mutations exist within each planktonic (A-C) and biofilm
(D-F) population is compared against colistin MIC. For both lifestyles, mutations in genes rmpA,
nadA, and mscL were generated after 24 h at % MIC colistin selection and were subsequently fixed in
each population. Planktonic populations 1 (A) and 2 (B) acquired a mutation in bcp around midpoint
of evolution followed by mutations in [pxD. Biofilm populations 1 (D) and 3 (F) acquired mutations
in IpxC around midpoint of evolution. Mutations in two component system sensor regulator genes
phoQ/phoP and histidine kinase genes pmrB/pmrA appeared sporadically, in relation to notable (at
least twofold) increases in colistin MIC.

3.3. Temporal Regulation of COL-R Mutations in Biofilm KP

Similar to the “first wave” of colistin resistance acquired in planktonic KP, after 24 h
selection, all three replicate KP biofilm populations showed mutations in rmpA, nadA, and
mscL at 100% frequency (Table 2, Figure 3D-F). Insertions in rmpA, and SNPs in nadA and
mscL coincided with 128-, 16-, and 64-fold increases in colistin MIC by day 3 of selection
for biofilm populations 1-3, respectively. After 6 days of selection, biofilm population 1
acquired three SNPs in pmrB at unique positions, as well as an SNP in phoQ, consistent with
a 128-fold increase in MIC. These mutations generated by day 6 were lost. Subsequent SNPs
in phoQ and UDP-3-O-acyl-N-acetylglucosamine deacetylase LpxC were later acquired
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by day 24, which likely contributed to additional MIC increase (Figure 3D). In addition,
a SNP in IpxC by day 15 aligned with another twofold increase in MIC, equivalent to a
256-fold increase from baseline. The final day of selection showed a 1024-fold increase
in MIC, which overlapped with the timing of a deletion in PhoP/PhoQ regulator and
DNA-binding transcriptional repressor MgrB-KdgR and a SNP in two-component system
response regulator PmrA (Table 2, Figure 3D).

Table 2. Timepoint and MIC of acquired COL-R mutations in biofilm evolved KP populations. COL-R
mutations are represented for each individually evolved KP population with colistin MIC (ug/mL)
and population frequency. Mutations with shared gene positions between populations are shaded
gray. Shared mutations in genes that are acquired in independently evolved populations are color-
coded for comparison. Mutations unique to individual populations are in white background. The

shading is darker for mutations with higher population frequency.

Position =~ Mutation Gene Day1:2 Day2:8 DlazySS: Dlazys6: D;}5,615: D;§624: D?IIZ3 " Dlag,ZZG:

796,797 SNP mscL 100% 100% 100% 100% 100% 100% 100% 100%
2,898,145 SNP nadA 100% 100% 100% 100% 100% 100% 100% 100%

— 4,782,985:1 INS rmpA 100% 100% 100% 100% 100% 100% 100% 100%
g 2,949,706 SNP pmrB 47.60%
= 2,949,547 SNP pmrB 40.70%
= 2,949,548 SNP pmrB 38.60%
3 2,950,483 SNP pmrA 36.40%
&~ 3,367,219 SNP phoQ 13.10% 52.20%
2,178,392 SNP IpxC 100%
2,178,666 SNP IpxC 36.70%
[mgrB]— 0, 0,
4,585,299 DEL [kdgR] 100% 100%
2,950,399 SNP pmrA 100%
Position =~ Mutation Gene Day1:2 Day2:2 D;}GI 5 DZZ 6: Day 15: 96 D35}1’224: D?{; 0: Dzag;SG:
796,797 SNP mscL 100% 100% 100% 100% 100% 100% 100% 100%
‘; 2,898,145 SNP nadA 100% 100% 100% 100% 100% 100% 100% 100%
S 47829851  INS rmpA 100% 100% 100% 100% 100% 100% 100%
= 3,366,550 SNP phoQ 74.60%
3, 2,949,916 SNP pmrB 75.90%
£ 3366423 SNP phoQ 33.90%

554,800 DEL gseC 100% 100% 100%
3,365,950 SNP phoQ 100% 100% 100%
4,903,958 SNP baeS 100%
Position =~ Mutation Gene Day 1: 2 Dig % DZX * DZZ * Di§815: D;§624: Dla()yZZO: DZa(ilgG:

o 796,797 SNP mscL 100% 100% 100% 100% 100% 100% 100% 100%
g 2898145 SNP nadA 100% 100% 100% 100% 100% 100% 100% 100%
= 47829851 INS rmpA 100% 100% 100% 100% 100% 100% 100% 100%
= 864,604 SNP envZ 100%

3 2,178,740 SNP IpxC 100% 100% 100%
&~ 2,949,703 SNP pmrB 100% 100% 100%

864,325 SNP envZ 61.80%
3,367,440 SNP phoP 45.40%

Abbreviations: single-nucleotide polymorphism—SNP; insertion—INS; deletion—DEL.

For biofilm population 2, a similar timeframe for generating two-component system
sensor histidine kinase mutations was seen to that of population 1 (Table 1, Figure 3E). By
day 6, an SNP of 75% frequency was acquired in phoQ), consistent with a 64-fold increase
in MIC from baseline. Two unique SNPs in pmrB and phoQ were generated by day 15
(Figure 3E), with a slight twofold increase in MIC. A 512-fold increase in MIC from baseline
occurred by day 24, with the generation of an SNP in phoQ and deletion in two-component
system sensor histidine kinase QseC, which remain fixed in the population for the extent of
the selection. By day 36 of selection, a newly appeared mutation in two-component system
sensor histidine kinase BaeS aligned with a 2048-fold increase in colistin MIC from baseline
(Table 2, Figure 3E).
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For biofilm KP population 3, a delay in the generation of two-component system sensor
histidine kinase mutations was observed until day 15 of selection (Table 2, Figure 3F). By
day 15, a mutation in two-component system sensor histidine kinase EnvZ was generated,
consistent with a 128-fold increase in MIC from baseline. Another twofold increase in MIC
was seen by day 24, for which mutations in IpxC and pmrB were acquired and fixed for
the extent of selection. By day 36 of selection, two unique mutations in envZ and phoP
were generated, which aligned with a 2048-fold increase in MIC from baseline (Table 2,
Figure 3F). Through monitoring the MIC change via increasing concentrations of colistin
selection, key mutations in two-component system sensor and regulators, as well as SNPs
in IpxC, appear to drive COL-R in biofilm populations. The modification in mutation
position for these critical genes and the increase in population frequency over time are
also likely contributing factors to enhanced colistin resistance, independent of bacterial
lifestyle. Next, we aimed to further characterize COL-R in KP by studying the timing of
these mutations in relation to gene function.

3.4. Timing of Colistin Resistance Mutations by Functional Roles

Planktonic and biofilm-evolved KP in this study shared many COL-R mutations with
various functions in capsule production, cell membrane integrity, energy metabolism,
and modification of LPS structure and biosynthesis (Tables 3 and 4). Defense against
reactive oxygen species (ROS) by bcp was a mutation only observed in planktonic-evolved
KP, while mutations in genes regulating fatty-acid biosynthesis (fadR and acpP), biofilm
formation (gseC), and peptide transport (sbmA) were only observed in biofilm-evolved
KP (Tables 3 and 4). A mutation in DUF3413 domain-containing protein was observed
in both planktonic and biofilm KP, but remains functionally uncharacterized. However,
the generation time of this mutation appears to align with other mutations on genes
responsible for the modification of LPS (IpxC and IpxD) (Figure 4). Next, we assessed the
timing of mutations according to their functional roles observed for both planktonic- and
biofilm-evolved KP to better understand their influence on the COL-R mechanism.

3.4.1. Capsule Production

Hypervirulent KP has been characterized on the basis of several features, including
the virulence gene rmpA, a regulator of the mucoid phenotype A, which is an activator
for capsular polysaccharide synthesis [30,31]. Low rmpA expression has been shown
to be correlated with a hypervirulence-negative phenotype in KP [30]. However, less
is understood regarding the impact of rmpA on COL-R and the potential evolutionary
tradeoff between hypervirulence and COL-R. An insertion in rmpA was acquired by day 1
of selection in both bacteria lifestyles and was nearly fixed after 24 h. The timing of this
insertion aligns with 64-, 32-, and 32-fold increases in MIC for planktonic populations 1-3
(Table 3) and twofold increases in MIC for biofilm populations (Table 4). Notably, these
MIC increases were similarly observed for mscL and nad A mutations, which have functions
in cell membrane integrity and energy metabolism, respectively. Our results suggest that
capsule production is one of the earliest functional groups modified by colistin selection
(Figure 4).

3.4.2. Cell Membrane Integrity

Genes with roles in cell membrane integrity that were altered following colistin selec-
tion include mscL and baeS, which were generated by day 1 and day 36 in planktonic and
biofilm populations, respectively (Tables 3 and 4, Figure 4). SNPs in baeS were observed in
planktonic population 3 and biofilm population 2 on the final day of selection at 75% and
100% frequency, respectively (Tables 3 and 4).
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Table 3. Functional roles of COL-R mutations in relation to timing, population frequency (percentage),
and colistin MIC (ug/mL) for planktonic-evolved KP. Resistant MICs are shown in red, and mutations
independent to planktonic lifestyle are shown in blue.

Planktonic KP Colistin-Resistance Mutations by Functional Role and MIC

Population 1 Population 2 Population 3

Gene

Description

Freq MIC
% ug/mL

Freq MIC

Freq MIC
% ug/mL ¥

Function % pg/mL

Day

rmpA

mucoid phenotype

A regulator

Capsule

production 1-36 100

64-2048 1-36 100 32-2048 1-36 100 32-2048

mscL

baeS

large-conductance
mechanosensitive
channel protein
two-component
system sensor
histidine kinase

Cell 1-36
Membrane
Integrity

94-100 64-2048 1-36 92-100 32-2048 1-36 100 32-2048

2048

nadA

IT767_20610

quinolinate
synthase
XyIR family
transcriptional
regulator

Energy 1-36 95-100 64-2048 91-100 32-2048 95-100 32-2048

Metabolism

2048 36 83 2048

mgrB

phoQ

phoP

pmrB

arnC

PhoP/PhoQ
regulator
two-component
system sensor
histidine kinase
two-component
system response
regulator
two-component
system sensor
histidine kinase
undecaprenyl-
phosphate
4-deoxy-4-
formamido-L-
arabinose
transferase

27 71 512 - - - - - -

Modification 2 97 3-6, 27 22 512

of LPS 36 26-100 64-2048 13-100 512-2048 36 73 2048

27 10-15 512 - - - 15-27 8-33 512

36 69 2048 - - - 64-512

2048

IpxD

IpxC

UDP-3-O-(3-
hydroxymyristoyl)
glucosamine
N-acyltransferase
UDP-3-O-acyl-N-
acetylglucosamine
deacetylase

27 10 512
LPS 15-27 512-2048 36 100 2048 27 38 512

biosynthesis

15-100

- - - 27 22 512 15 14 512

IT767_01585 domain-containing

DUF3413

protein

Unknown 15 16 512 27 30 512 27-36 100 512-2048

bep

thioredoxin-
dependent thiol
peroxidase

15-27

ROS Defense 36

6-27 25-100 128-512 8-100 512-2048 - - -

Abbreviations: mutation frequency—Freq; hypermucoviscous—HMYV; nicotinamide adenine dinucleotide—NAD;
lipopolysaccharide—LPS; reactive oxygen species—ROS.

3.4.3. Energy Metabolism

Quinolinate synthase NadA, XyIR family transcriptional regulator, and pyrroloquinoline—
quinone synthase PqqC are associated with energy metabolism and were modified through
colistin selection. SNPs in nadA were generated by day 1 and persisted throughout selection.
Through carbon catabolite repression, bacteria may activate transcription factor XylR to
regulate the metabolism of | -arabinose and p-xylose in place of glucose [32]. Mutations in
XyIR family transcriptional regulator were only acquired in planktonic populations 2 and 3
on day 36 (Table 3). PgqC expression is required for the biosynthesis of pyrroloquinoline
quinone, a vitamin and redox cofactor of bacterial dehydrogenases, important for cell
growth and metabolic reactions [33]. A mutation in pgqC was generated only in biofilm
population 3 on day 24 but persisted until the end of selection at 100% frequency (Table 4).
While mutations in nadA were fixed early in selection, mutations in xy/R and pgqC were
required at later timepoints for planktonic and biofilm populations, respectively (Figure 4).
It is likely that alterations in bacterial metabolism are direct responses to the environmental
stress posed by increasing colistin selection pressure.
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Table 4. Functional roles of COL-R mutations in relation to timing, population frequency (percentage),
and colistin MIC (ug/mL) for biofilm-evolved KP. Resistant MICs are shown in red, sensitive MICs
are shown in green, and mutations independent to biofilm lifestyle are shown in green.

Biofilm KP Colistin-Resistance Mutations by Functional Role and MIC
Population 1 Population 2 Population 3

Gene

Description

Freq MIC Freq MIC Freq MIC
0, 0,

Function Day % pg/mL % png/mL %o ug/mL

rmpA

mucoid phenotype
A regulator

Capsule

production 1-36 100 2-1024 1-36 100 2-2048 1-36 100 2-2048

mscL

baeS

large-conductance
mechanosensitive
channel protein
two-component
system sensor
histidine kinase

Cell 1-36 100 2-1024 1-36 100 2-2048 1-36 100 2-2048
Membrane
Integrity
- - - 36 100 2048 - - -

nadA

pqqC

quinolinate
synthase
pyrroloquinoline-
quinone
synthase

Energy 1-36 100 2-1024 1-36 100 2-2048 1-36 100 2-2048
Metabolism

- - - - - - 24-36 100 256-2048

[mgrB]-
[kdgR]

phoQ

phoP

pmrB

PhoP/PhoQ
regulator -
DNA-binding
transcriptional
repressor
two-component
system sensor
histidine kinase
two-component
system response
regulator
two-component
system sensor
histidine kinase

30-36 100 512-1024 - - - - - -
Modification
of LPS
6,15,

6,24 13,52 128, 256 2436

34-100 64-2048 - - -
N - - - — - 36 45 2048

6,6,6 39-48 128 15 76 96 24-36 100 256-2048

IpxC

UDP-3-O-acyl-N-
acetylglucosamine
deacetylase

LPS

. . 15,24 100, 37 256 - - - 24-36 100 256-2048
Biosynthesis

DUF3413

IT767_01585 domain-containing

protein

15,
Unknown - - - 2436 63,100

9%,

5122048 15 94 128

fadR

acpP

fatty acid
metabolism
transcriptional
regulator
acyl carrier protein

Fatty Acid 24,36 34,100 256, 1024 - — - - - -
Biosynthesis

24-36 46-100 256-1024 - - - - - -

gseC

two-component
system sensor
histidine kinase

Biofilm

. - - - 24-36 100 512-2048 - - -
Formation

sbmA

peptide antibiotic
transporter

Peptide

- - - - - - 24-30 52-70 256-1024
Transport

Abbreviations: mutation frequency—Freq; hypermucoviscous—HMYV; nicotinamide adenine dinucleotide—NAD;
lipopolysaccharide—LPS; antimicrobial peptide—AMP.

3.4.4. Modification of LPS

The disruption of polymyxin interactions with negatively charged phosphate groups of
lipid A of LPS is a commonly observed mechanism of COL-R [34]. Several genes involved in
the modification of LPS were observed for both lifestyles through selection, including mgrB,
phoQ, phoP, and pmrB. Two-component transduction systems PmrAB and PhoPQ regulate
the modifications of LPS in response to colistin or a decline or rise in Mg?* and Fe3* levels,
respectively [35]. Activation of the PhoPQ signaling system leads to the synthesis of small
regulatory transmembrane protein MgrB, which functions as a negative feedback regulator
of PhoPQ systems [36]. SNPs in phoQ were acquired early in planktonic KP, by days 2,
3, and 27 for populations 1-3. A SNP in pmrB was acquired by day 2 and persisted until
day 27 in population 3, while another SNP in pmrB was generated by day 36 in population 1.
Mutations in phoP were generated by days 27 and 15 for populations 1 and 3. A single SNP
in mgrB was observed on day 27 for population 1 at 71% frequency (Table 3). ArnC, which
encodes undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose transferase, was also
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modified in planktonic population 3 by day 36 (81%). ArnC is one of several enzymes
involved in adding an amino sugar 1 -Ara4N to lipid A, which disrupts the interaction of
cationic peptides with LPS, leading to rapid colistin resistance [37].

Timing of COL-R mutations in Planktonic KP

Gene Timing Functional Role
rmpA 1-36 Capsule Production
mscl 1-36  Cell Membrane Integrity

IT767 20610 36 Energy Metabolism

Timing and Function of COL-R Mutations in Planktonic KP

nadA 1-36 Energy Metabolism
phoQ 2-36 Modification of LPS
pmrB 2-36 Modification of LPS
beP 6-27 ROS Defense
phoP 15-27 Modification of LPS
IpxC 15,27 LPS Biosynthesis
IpxD 15-36 LPS Biosynthesis
IT767_01585 15-36 Uncharacterized Function phoP
mgrB 27 Modification of LPS rmpA IpxC arnc
arnC 36 Modification of LPS mscl IpxD baes
baes 36  Cell Membrane Integrity nadA [ bep l IT767_01585 IT767_20610

0123 6 9 12 15 18 21 24 27 30 33 36

Timing of COL-R mutations in Biofilm KP

IT767_01585 15-36 Uncharacterized Function
sbmA 24-30 Peptide Transport

Timing and Function of COL-R Mutations in Biofilm KP

Gene Timing Functional Role
rmpA 1-36 Capsule Production
msclL 1-36  Cell Membrane Integrity
phoQ 6-36 Modification of LPS
pmrB 6-36 Modification of LPS
IpxC 15-36 LPS Biosynthesis

[mgrB-kdgR]

fadrR 24,36  Fatty Acid Biosynthesis sbmA
acpP 24-36  Fatty Acid Biosynthesis fadr
pgqc 24-36 Energy Metabolism
gseC 24-36 Biofilm Formation rmpA acpP

[mgr8J-[kdgR] 30-36  Modification of LPS mscl phoQ Ipxc pqqC phoP
phoR 36 Modificationof LPS nadA pmrB IT767_01585 gseC baes
bae$ 36 Cell Membrane Integrity

Figure 4. Timing of colistin-resistant mutations by functional role for independent KP lifestyles.
Mutations are listed in relation to the first appeared time during evolution and color-coded by
functional role to compare COL-R resistance patterns in planktonic and biofilm lifestyles. The
timing in which shared mutations are generated and their corresponding functions can be compared
between planktonic and biofilm-evolved KP. The colors in the bars are used to identify the individual
or combinations of mutations generated at a similar timeframe throughout colistin selection. There is
no connection between the color scheme used here and in other figures in this manuscript.

For biofilm populations, SNPs in phoQ and pmrB were generated by day 6 in pop-
ulations 1 and 3, while a single SNP in phoP was generated on day 36 in population 3.
Multiple SNPs in phoQ were generated in biofilm population 2 at unique positions, with
each additional mutation aligning with a substantial rise in MIC (Table 4). A single deletion
in mgrB-kdgR was generated on day 30 and was subsequently fixed. Overall, it appears that
mutations involved in LPS modifications are observed early on (by days 2-6) in selection
and reappear at later timepoints (days 27-36) for both planktonic and biofilm populations.
Additionally, mutations involved in LPS biosynthesis are generated around or shortly
following modifications in LPS (Figure 4).

3.4.5. LPS Biosynthesis

In our experimental evolution, we observed mutations in Ipxc and IpxD at later time-
points of selection in both planktonic and biofilm KP (Figure 4). SNPs in [pxD were acquired
by days 15-27 for all planktonic populations, while SNPs in IpxC were observed on days
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27 and 15 for populations 2 and 3, corresponding to a high level of COL-R (512 pg/mL)
(Table 3). For biofilm populations 1 and 3, SNPs in IpxC were observed by day 15 and 24 at
100% frequency.

3.4.6. ROS Defense

Mutations in bacterioferritin comigratory protein (BCP) were solely observed in plank-
tonic populations 1 and 2 through selection. A single mutation in bcp was acquired on day
6 that persisted until day 27 in population 1, which aligned with a 128-512-fold increase in
MIC from baseline. Two mutations in bcp were observed in population 2 on days 15-27 and
day 36, consistent with 512-2048-fold increases in MIC from baseline (Table 3). BCP has
roles in bacteria’s defense against environmental ROS such as hydrogen peroxide [38]. It is
likely that mutations in bcp are responses to oxidative stress posed by colistin treatment on
bacterial cells.

3.4.7. Peptide Transport

A single mutation in peptide antibiotic transport gene sbmA was observed on days
24-30 for biofilm population 3, with a 256-1024-fold increase in MIC (Table 4). SbmA
is an inner membrane transporter that facilitates the transport of antimicrobial peptides,
especially those that are proline-rich, into the cell [39]. It has recently been observed
that mutations in sbmA confer resistance to certain peptide conjugates [40]. Biofilm KP
mutations in sbimA occurred following LPS biosynthesis modifications, in accordance with
two mutations having roles in fatty-acid biosynthesis (Figure 4).

3.4.8. Fatty-Acid Biosynthesis

Two mutations were observed in biofilm population 1 with roles in fatty-acid biosyn-
thesis. A mutation in fatty-acid metabolism transcriptional regulator FadR was observed
on days 24 and 36, which corresponded to 256- and 1024-fold increases in MIC from base-
line. This gene activates fatty-acid synthesis while repressing fatty-acid degradation in
response to environmental fatty-acid levels and may influence bacterial cell size [41]. A
mutation in acyl carrier protein ACP was generated and fixed after day 24 and aligned
with a 246-1024-fold increase in MIC (Table 4). ACP is a highly conserved transport protein
for acyl intermediates and is necessary for fatty-acid biosynthesis [42]. Mutations in fadR
and acpP aligned with the timing of a mutation in pgqC, which affects energy metabolism,
and a mutation in gseC, which has roles in biofilm formation (Figure 4).

3.4.9. Biofilm Formation

A single mutation in a two-component system sensor histidine kinase QseC was
generated in biofilm population 2 on day 24 and became fixed. This mutation coincided
with a 512-2048-fold increase in MIC from baseline (Table 4). QseC is an integral gene of
the QseBC two-component system of quorum-sensing with roles in modulating biofilm
formation and potentially regulating virulence in KP [43].

3.4.10. Mutations with Uncharacterized Function

A mutation in a DUF3413 domain-containing protein was observed following alter-
ations in LPS synthesis genes IpxC and IpxD, independent of bacterial lifestyle. While the
function of this gene is uncharacterized, it was generated by days 15-27 in planktonic and
biofilm populations. The mutations in this gene aligned with a 512-fold increase in MIC
from baseline for planktonic populations (Table 3). Biofilm population 2 acquired two
independent mutations in this gene; one mutation on day 15 corresponded to a 96-fold
increase in MIC from baseline, while another mutation that was fixed after day 24 aligned
with 512-2048-fold increases in MIC from baseline. A single mutation was observed on
day 15 for population 3, with a 128-fold increase in MIC compared to the baseline (Table 4).
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3.5. Theoretical Pathways of Colistin Resistance in K. pneumoniae

On the basis of the similarities in mutations observed with increasing colistin MIC
by bacterial lifestyle, we theorize a pathway of colistin resistance, including the timing of
affected gene functions and their corresponding mutations (Figure 5). We predict that an
initial mutation in rmpA leads to loss of capsule polysaccharide (cps) synthesis, followed
by regulation in osmotic pressure and efflux (mutations in mscL and baeS). Next, one could
observe changes in energy metabolism through a modification in nadA. Additionally, muta-
tions in mgrB, phoQ/phoP, and pmrB led to the addition of 4-amino-4-deoxy-L-arabinose
and/or the transfer of phosphoethanolamine (pEth) by enzyme phosphoethanolamine
transferase. Lastly, mutations in [pxA and IpxD critical for lipid A synthesis contribute to
LPS loss. These mutations allow for the development and progression of colistin resistance
in hypervirulent K. pneumoniae.

LPS
Biosynthesis

IpxC
IpxD

Pathways of Colistin Resistance in HYKP

Capsule
Production

Cell Membrane Integrity Energy

msclL- baeS- Metabolism

@ osmotic efflux
downshock || regulation

Modification
of LPS

@ mgrB
< . phoQ/phoP
pmrB

LPS Loss
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Figure 5. Theoretical pathways of colistin resistance in hypervirulent-K. pneumoniae. Colistin selection
led to changes in five major gene functional groups, possibly in a sequential manner in both bacterial
lifestyles: capsule production, cell membrane integrity, energy metabolism, modifications of LPS, and
LPS biosynthesis loss. We posit that the mutations related to these functional groups facilitate and
allow for enhanced colistin resistance in K. pneumoniae.

3.6. COL-R Isolates Remain Susceptible to Dual-Inhibitor Antibiotics

Recently, physicians have started using the newly approved {3-lactam/ 3-lactamase
dual-inhibitor antibiotics to treat clinical infections that are resistant to colistin treatment.
We investigated the potential for cross-resistance of these COL-R isolates to a novel dual-
inhibitor antibiotic, ceftazidime-avibactam (CAZ/AVI). Throughout the 36 day experi-
mental evolution under colistin selection, we also tested the MIC of CAZ/AVI for both
planktonic and biofilm populations every three days. We found that both planktonic and
biofilm lifestyles showed sustained susceptibility to CAZ/AVI, throughout the 36 days of
selection, even with substantial COL-R progression (Figure 6).
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Cross Resistance to CAZ-AVI in Colistin-Treated KP
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Figure 6. COL-R isolates do not generate cross-resistance to CAZ/AVI. Following 36 days of exper-
imental evolutions of KP ATCC 43816 under colistin selection, cross-resistance to CAZ/AVI was
assessed for COL-R planktonic (red) and biofilm (blue) isolates from all populations in all timepoints.
The clinical breakpoint for CAZ/AVIis 16 ug/mL, and the resistance MIC area is shown in a gray
background. The data points reflect the mean MIC to CAZ/AVI of three replicate populations by
lifestyles and colistin treatment conditions. Data are representative of three independent experiments.

3.7. Loss of Hypermucoviscous Phenotype with Colistin Selection

Our results indicated that rapid COL-R was initially dependent on mutations in
mucoid phenotype A regulator gene rmpA, leading to changes in capsular polysaccharide
synthesis and the hypermucoviscous (HMV) phenotype, independent of bacterial lifestyle.
To demonstrate the rmpA mutations and alterations in HMV, we conducted the string
test for hypervirulence on 1 day evolved (under % MIC colistin treatment) planktonic
population clones compared to the evolutionary ancestor clone. We found a significant
decrease in the percentage of colonies that passed string tests following 1 day of colistin
treatment for all three planktonic populations (Supplementary Figure S2). These results
suggest that there may be an evolutionary tradeoff between hypervirulence and progressive
resistance to colistin.

4. Discussion

Colistin resistance has been extensively studied with meaningful mutations and their
roles in the resistance mechanism identified. Modifications in lipid A moiety of LPS, over-
expression of two-component regulatory systems PhoPQ and PmrAB, plasmid-mediated
transfer of mobilized colistin resistance genes mcr-1 to mcr-8, and the inactivation of the
PhoQ/PhoP signaling regulator MgrB are some of the most understood mechanisms of
colistin resistance in Gram-negative bacteria [14,37,44-50]. In this study, we narrow the
knowledge gap in understanding the importance of mutation timing in the progression of
COL-R by gene function for both planktonic and biofilm KP lifestyles. We show a similar
pattern of resistance mutation timing through colistin selection between bacteria lifestyles
(Figure 4). The “first wave” of early resistance was consistent between lifestyles, with
the generation of mutations relevant to capsule production, cell membrane integrity, and
energy metabolism. Mutations in mscL and nadA, regulating osmotic stress and energy
metabolism, respectively, were likely immediate responses to environmental stress posed
by colistin treatment. NadA is a catalyst in the biosynthesis of nicotinamide adenine
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dinucleotide (NAD™), an essential cofactor, signaling molecule, and coenzyme for redox
reactions of energy metabolism [51,52]. MscL is a pore-forming membrane protein that
protects the cell from osmotic downshock, by promoting the efflux of various molecules
such as potassium, glutamate, and proline, from the cytosol [53]. MscL is considered a
potential drug target by acting as an emergency release valve, allowing for the uptake
of extracellular molecules, including antibiotics [54]. These mutations may promote the
development of further resistance mutations with roles in LPS modification and synthesis.

Following the “first wave”, sporadic mutations affecting LPS structure were observed
after day 2 in planktonic populations and occurred later on, by day 6, in biofilm popula-
tions. It appears that the positioning of the two-component system sensor and response
regulator mutations responsible for LPS modifications may impact COL-R progression. For
instance, for planktonic and biofilm populations, mutations at unique gene positions were
generated in phoQ and pmrB. It is possible that mutation positions facilitating optimized
COL-R became fixed in each population through enhanced selection pressure. Interestingly,
mutations in LPS biosynthesis, likely leading to LPS loss, were generated following modifi-
cations in lipid A. For both lifestyles, lipid A modifications preceded mutations in [pxC and
IpxD genes responsible for LPS biosynthesis. This suggests that LPS production may have
been altered through colistin selection. Complete loss of LPS is a known mechanism of
COL-R in A. baumannii, through modifications in IpxA, IpxC, and IpxD, the primary genes
involved in lipid A synthesis, leading to a dramatic increase in colistin MIC of greater
than 256 ug/mL [49]. Loss of LPS through deletions in Ipx genes associated with COL-R
has also been observed in Escherichia coli [55]. However, less is understood regarding the
potential loss of LPS in KP, leading to rapid COL-R. Decreased LPS and modifications in
LPS are likely the dominant mechanisms of COL-R observed in both planktonic and biofilm
evolutions in our study. In addition, an uncharacterized gene mutation (IT767_0158) was
detected in both lifestyles following mutations [pxC and/or IpxD, suggesting that this gene
may have roles in regulating LPS. Further investigation is necessary to understand the role
of these gene mutations and whether their function is related to LPS biosynthesis.

We also found that bacterial evolution to resistance is likely specialized according to
bacterial lifestyle in terms of mutation timing and MIC increase. The biofilm environment
itself is designed to protect and respond in defense to environmental stressors, shown by a
lag time in COL-R development compared with planktonic-evolved populations. In addi-
tion, biofilm development requires more time and metabolic demand for cell attachment,
colonization, and maturation, compared to free-living cell propagation. Several mutations
were theoretically specialized for biofilm-evolved COL-R, including mutations with roles
in peptide transport, fatty-acid biosynthesis, and biofilm formation (sbmA, fadR, acpP, and
gseC). The sensory kinase QseC is part of the two-component-based quorum sensing system
(QseBC), which responds to environmental stress, including changes in osmotic pressure,
heat shock, and oxidative stress [56]. Further investigation is required to understand
the role of the quorum sensing system QseBC in COL-R development. Mutations gen-
erated at later timepoints (on or past day 27) had roles in regulating LPS modifications
(mgrB, phoP, and arnC), as well as the envelope stress response and efflux pump expression
(baeS). Mutations in baeS, generated by day 36 for both lifestyles, were likely attributed
to bacterial defense against interactions of colistin at the bacterial cell membrane. The
membrane-bound sensor histidine kinase BaeS is part of a two-component system involved
in envelope stress response that responds to environmental stressors and regulates the
expression of different efflux pumps [57]. The pattern of COL-R mutation timing between
bacteria lifestyles appears to be both similar and specialized due to growing metabolic
demands and likely differences in bacteria susceptibility to colistin treatment.

Through our long-term 36 day experimental evolution, we were able to monitor
changes in mutation position and frequency and addition of newly acquired mutations,
with the intent to better understand how KP continues to adapt to increasing colistin
pressure. These methods allowed us to assess the temporal regulation and interactions of
COL-R mutations for over 374 generations (36 days x ~10.2 generations per day). Addition-
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ally, we were able to study the timing of various impacted COL-R genes and their functions
by bacterial lifestyle. By performing the experimental evolutions using both planktonic and
biofilm growth, we were able to account for the effects and demands of bacteria lifestyle as
a part of the COL-R mechanism and compare/contrast the most beneficial mutations that
led to substantial colistin MIC increase with enhanced selection pressure.

A limitation of in vitro experimental evolution studies is the inability to capture the
resistance mechanisms associated with plasmid-mediated transfer in addition to somatic
gene mutations. As expected, we did not observe any horizontal transfer of plasmid-borne
COL-R genes such as the mcr variants, which have been rising in prevalence in nature
and human patients [15]. Nonetheless, the system of in vitro experimental evolutions
under a controlled environment allows us to unmistakably identify the most beneficial
chromosomal alterations leading to progressively enhanced colistin resistance.

Considering the rapid resistance to colistin detected for KP in both lifestyles, it is
crucial to determine if the COL-R isolates that could exist in clinical settings will remain sus-
ceptible to the newly approved [3-lactam/(3-lactamase dual-inhibitor antibiotics. CAZ/AVI
has been approved for administration in the United States since 2015 to combat ESBL
and carbapenemase-producing infections. Avibactam prevents ceftazidime hydrolysis by
carbapenemases (KPCs) and ESBLs, while the third-generation cephalosporin ceftazidime
exhibits bactericidal activity by inhibiting cell-wall synthesis [58]. Our results demonstrate
the diversity in bacterial resistance mechanisms to various antimicrobials, including AMPs
and conventional dual-inhibitor antibiotic treatments designed to prevent resistance de-
velopment. These results support that CAZ/AVI remains a critical treatment option for
colistin-resistant infections, which is increasingly vital with the rise in high mortality and
hypervirulent MDR bacterial infections in the clinical setting.

In summary, this study presents a clearer understanding of the timing and significance
of COL-R mutations in KP to ultimately aid in the development of new clinical treatments
that successfully eradicate and/or prevent CR-KP infections in patients. Experimental
approaches using in vitro and in vivo models of antibiotic selection similar to laboratory
systems described here and isolates sampled from patients before and after treatment [59,60]
would facilitate the identification of potentially critical resistance mutations. In addition,
we can study the influence of epigenetic factors such as DNA methylation of bacteria,
which regulate the expression of genes [61]. With further gain- or loss-of-function studies
to investigate the impact of individual and combinations of mutations on antimicrobial
resistance [62-64], these data are useful for the clinical situation by elucidating the critical
targets that are utilized by bacteria for adaptive resistance to antimicrobials. Along with
understanding the influence of timing of critical mutations and timing of affected genes
by their functional roles for cell survival through adaptive evolution to resistance, studies
like this will be important in enhancing drug development to prevent or lessen the rapid
resistance to antimicrobials.
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