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1 | INTRODUCTION

Lucia Nencioni? |

Maria Luisa Mangoni®! | Bruno Casciaro?

The recent pandemic caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has highlighted how urgent and necessary the discovery of new anti-
viral compounds is for novel therapeutic approaches. Among the various classes of
molecules with antiviral activity, antimicrobial peptides (AMPs) of innate immunity
are among the most promising ones, mainly due to their different mechanisms of
action against viruses and additional biological properties. In this review, the main
physicochemical characteristics of AMPs are described, with particular interest
toward peptides derived from amphibian skin. Living in aquatic and terrestrial envi-
ronments, amphibians are one of the richest sources of AMPs with different primary
and secondary structures. Besides describing the various antiviral activities of these
peptides and the underlying mechanism, this review aims at emphasizing the high
potential of these small molecules for the development of new antiviral agents that

likely reduce the selection of resistant strains.
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these, the most important were the 2002 severe acute respiratory
syndrome coronavirus (SARS-CoV) outbreak, the influenza A(H1IN1)

Over the course of human civilization, infectious diseases caused by
microbial pathogens (bacteria, viruses, fungi, and parasites) claimed
millions of deaths per year worldwide and nowadays have become a
serious challenge to global human health.! While there is a continuous
increase of bacterial strains resistant to all classes of antibiotics, the
eyes of the scientific community are always focused on the spread of
viruses between animals and humans. The 20" and 21° century have
been marked by pathogens emergence from wild or domestic animal
reservoirs to human populations, from the ‘Spanish flu’ (1918) caused
by influenza virus to the latest outbreaks of the last decades. Among

pdmO09 pandemic, the 2012 Middle East respiratory syndrome corona-
virus (MERS-CoV) outbreak, the 2013-2016 Ebola virus disease
epidemic, and the 2015 Zika virus (ZIKV) disease epidemic.? Lastly,
the ongoing severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic has provided a warning about the easy and rapid
spread of viral infections, which, despite all the advances in human
health care, are able to cause tremendous morbidity and mortality.>*
Efforts to control viral replication, infection, and spread among various
species have led to notable achievements such as the eradication of

smallpox or the reduction of polio transmission.>® Furthermore, the
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production of antiviral vaccines has totally changed the fate of viral
infections in the world.” However, the production of effective vac-
cines requires time and resources, often insufficient to curb the conta-
gion especially in the poorest or developing regions of the world.® The
causes of this phenomenon are (i) the different properties of individ-
ual viruses; (i) regulatory/economic restrictions; (iii) the absence of
relevant animal models; and (iv) ethical problems for the conduction
of clinical trials.?

Since the development of the first antiviral drug, named idoxuri-
dine (5-iodo-20-deoxyuridine) and approved in 1963, antiviral drugs
with different mechanisms of action have been approved for clinical
treatment of human infectious diseases caused by RNA or DNA
viruses, including COVID-19 caused by SARS-CoV-2.1° Most of the
approved antiviral drugs targets the viral structure, and they are
administrated as mono or in combined therapies. The majority are
small molecules with diverse roles in clinical use.

There are also antiviral therapies aimed at improving the host
immune response, like interferons and monoclonal antibodies, or
acting on specific steps of viral replication into host cell including
small molecules like oligonucleotides or peptides.t? In this review, we
summarize the main properties of a class of naturally occurring mole-
cules with antiviral activity: the antimicrobial peptides (AMPs). The
sources, features, and mechanisms of antiviral action of AMPs, with
particular interest to the most recent SARS-CoV-2, are highlighted. All
coronaviruses, including SARS-CoV-2, are spherical particles with a
diameter of about 200 nm; they are enveloped viruses and possess
club-shape spikes projecting from the surface, the Spike glycoprotein
(S). This latter, through the receptor-binding domain (RBD), mediates
the viral entry by the cell surface receptor of the angiotensin-2 con-
verting enzyme (ACE2).'?> The SARS-CoV-2 life cycle begins with
membrane fusion occurring at the plasma membrane or within acidi-
fied endosomes after endocytosis, which is mediated by conforma-
tional changes in the S glycoprotein triggered by ACE2 binding.*>*
During the viral entry, a cellular serine protease TMPRSS2, localized in
the human respiratory tract, induces proteolytic cleavage of protein S
at S1/52 and S2 sites (protein S priming), and after cleavage, both
heptapeptide repeat 1 (HR1) and 2 (HR2) regions of the S2 subunit
interact to form the six helix bundle fusion core (6HB). The assembling
of 6HB fusion core is essential to promote the viral membrane fusion
and its following entry into the host cell.'® Following viral entry,
SARS-CoV-2 releases its genomic RNA into the host cell cytoplasm.**

We have collected and discussed the results obtained with natu-
ral or synthetic peptides of different sources, with a special focus on
those derived from amphibian skin, which represents one of the rich-

est natural sources of AMPs.

2 | THE NEED FOR NEW ANTIVIRAL
COMPOUNDS AND THE POTENTIAL OF
AMPS

Due to the drug shortage for treatment of various viral infections and

the increasing viral resistance to the available drugs, there is a pressing

task to identify and develop novel compounds to counteract the ever-
changing viral diseases.?®1” To this purpose, the traditional approach
of random screening and subsequent optimization of lead compounds
by the systematic chemical synthesis are highly resource and time
consuming.*® Despite several new synthetic and natural molecules
with promising antiviral properties have been designed in the last
years, based on three-dimensional structures of pathogenic viral
proteins,? 2! the need for new molecules is still an emergency. In this
scenario, AMPs of innate immunity hold great promise. AMPs are
encoded by genes and produced by all living organisms as indispens-
able components of their innate immune system. In eukaryote, they
act as the first-line defense against microbial pathogens, while in
prokaryote, they are produced as a competition strategy to limit the
growth of other microorganisms. Most AMPs are cationic with an
overall net positive charge (+1 to + 7) at pH 7 and contain less than
60 amino acid residues. They commonly form an amphipathic a-helical
or disulfide-driven p-sheet conformations, which are essential for the
interaction of AMPs with target proteins or cell membranes.??-24
Given their high variability in terms of primary and secondary struc-
tures, biological activities, sources, and mechanisms of action, they
can be classified in different ways. Regarding the primary structure,
AMPs are subdivided based on amino acid-rich type: proline-rich
peptides,?® histidine-rich peptides,?® glycine-rich peptides,?” and
tryptophan- and arginine-rich peptides.?®?° Regarding the secondary
structures, AMPs are classified as linear a-helical peptides, p-sheet
peptides, peptides with extended structure, and peptides with both
a-helix and p-sheet conformation or with more complex topologies.°
Based on their biological activity, we can distinguish between AMPs

1,31 1,32 ,%% antiparasitic,®* and anti-

with antibacterial,”™ antifungal,” antivira
cancer properties.>> Based on their primary mechanism of action,
AMPs can be divided in two major groups: non-membrane targeting
and membrane targeting AMPs, even if recent evidence showed that
some AMPs not only act on the membrane but they can also activate
a cascade of reactions within bacterial cells.*>*” To the first group
belong the peptides that enter the cell and interact with specific
targets by inhibiting intracellular processes such as protein
biosynthesis,® nucleic acid biosynthesis,®® protease activity and cell
division.*®*! To the second group belong the peptides that disrupt
biological membranes through interaction between the positively
charged amino acids and the negatively charged phospholipids with
consequent membrane permeabilization, following one of the sug-
gested models, that is, toroidal-pore, barrel-stave, and carpet-like
models.*2~#° In the first model, peptide molecules are placed in parallel
direction with respect to the membrane, and they are always in con-
tact with phospholipid head groups even when they are perpendicu-
larly inserted into the lipid bilayer.*® In the barrel-stave model, peptide
molecules are inserted perpendicularly to the plane of the membrane
bilayer with the hydrophobic surfaces of the helices interacting with
the fatty acid chains of the membrane phospholipids, while the hydro-
philic surfaces pointing inward, with the consequent formation of a
transmembrane pore.*’ In the carpet-like model, peptide molecules
line parallel to the membrane surface via electrostatic interactions and

cover it as a ‘carpet’, with the consequent reorientation such that
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their hydrophobic face is toward the lipids and the hydrophilic face
toward the phospholipid headgroups. The membrane permeation
occurs after a threshold concentration has been reached.*® Finally,
AMPs can be grouped based on their natural source that covers six life
kingdoms: bacteria, archaea, protists, fungi, plants, and animals,
according to the Antimicrobial Peptide Database (APD3).*?

To date, in this database, there are more than 3,500 AMPs, with
more than 200 with antiviral activity (Table 1).

3 | MECHANISMS OF ACTION OF AMPS
WITH ANTIVIRAL ACTIVITY

According to their genetic material, viruses can be categorized into
DNA and RNA viruses. They can be naked viruses if the genome is
surrounded only by the capsid, or enveloped viruses, if they possess a
phospholipid bilayer (envelope) derived from the host cell during the
viral budding.50 The entry of both enveloped and naked viral particles
requires specific interactions between host cell molecules, or recep-
tors, and viral encoded envelope or capsid proteins.®® This lipidic
envelope is one of the major targets of AMPs endowed with virucidal
activity, but AMPs can also interfere with different steps of virus repli-
cation. Most antiviral peptides possess nanomolar inhibition levels
in vitro, thus making them highly selective for virions without easily
causing side effects to the host cells.>? Although the mechanism of
action of AMPs against viruses is not always elucidated, the three
main ways of exerting an antiviral action refer to (i) destabilization and

disruption of the viral envelope with virions damage and inhibition of

PeptideScicn—WI LEYy-—2

membrane fusion by binding to viral targets on the host cell surface or
target viral proteins®®>”; and (iii) suppression of viral gene expression
or inhibition of viral enzymes or host factors involved in the replica-
tion and transcription processes (Figure 1).°® One of the main
described steps of the antiviral action of AMPs is the interference
with the viral entry, which is the earliest phase of infection in the viral

life cycle. Different mechanisms are involved in this step:

i. Interaction with heparan sulfate proteoglycans (HSPGs): HSPGs
are cell surface receptors that are involved in the cellular uptake
of pathologic amyloid proteins and viruses. They are glycoproteins
composed of negatively charged heparan sulfate (HS); involved in
many biological activities, including angiogenesis, blood coagula-
tion, and cell homeostasis; and anchored to the plasma membrane
of eukaryotic cells. Their negative charge electrostatically inter-
acts with the basic residues of viral surface glycoproteins or viral
capsid proteins of non-enveloped viruses allowing the viral cell
attachment to the host cell surface.”**° Cationic AMPs, such as
LL-37 or lactoferrin, can bind to the negatively charged HS with
high affinity, resulting in an impairment of viral entry.61-¢3

ii. Interaction with specific cellular receptors: virus-receptor interac-
tions play a key regulatory role in viral host range, tissue tropism
and viral pathogenesis. Receptor-mediated signaling is an impor-
tant step of virus entry that can operate at multiple stages. An
example is the peptide T22, a polyphemusin Il derivative, that
was found to be active against human immunodeficiency virus
1 (HIV-1). Tanamura et al.®* demonstrated that this peptide
inhibited the HIV-1 entry into T line cells by binding chemokine

infectivity>>~>; (i) inhibition of virus attachment and virus-cell coreceptor CXCR4.
(//_,_,/ Antimicrobial
Destruction of the virion and ‘\‘@ peptide
reduction of infectivity N
Inhibition of
viral attachmen Inhibition of viral
and entry replication
. ’
py—

FIGURE 1 Schematic representation

of the three main antiviral mechanisms of
AMPs: (i) direct action against the virion
with destruction of the envelope and
reduction of infectivity; (i) the inhibition
of viral attachment and membrane fusion;
and (iii) inhibition of viral spreading by
interfering with viral gene expression and
enzymes involved in the production and
spread of new viral particles.
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iii. Interaction with viral glycoproteins: the viral entry process can
be influenced also by the interactions between AMPs and
glycoproteins in the viral envelope. As an example, Yasin et al.®®
reported that retrocyclin 2 was able to bind to immobilized
herpes simplex virus (HSV) 2 glycoprotein B (gB2) with high
affinity, inhibiting the virus attachment and entry processes.

Cellular internalization of AMPs can also influence gene/protein
expression resulting in a defective host cell viral replication mecha-
nism. This is the case of LL-37 and indolicidin, which can act as
nuclear localization signals to translocate antisense nucleic acids,®® or
lactoferrin that has multiple Arg residues in its primary structure, and
this probably contributes to the shuttling of the peptide into the
nucleus, where it can bind DNA.%7

4 | AMPHIBIAN AMPS

Amphibian skin is directly exposed to parasites, microorganisms,
predators, or physical factors present in their living environment and
represents an important innate immune organ for protection from
pathogen invasion. AMPs are stored in the granular glands of the
animal and released upon stress or physical injury.6® In the following
section, we describe the results obtained with the most representative
amphibian AMPs, and of different origins, against various types of
viruses, including SARS-CoV-2.

41 | Magainins

One of the best-known peptide families is that of the magainins,
derived from the frog Xenopus laevis. Magainins 1 and 2 are the most
characterized isoforms: They are cationic AMPs with 23 amino acid
residues. These AMPs and several synthetic derivatives have been
evaluated for antiviral activity against HSV, showing efficient inhibi-
tion. In the study conducted by Albiol Matanic et al., magainins 1 and
2 produced a dose dependent inhibition of HSV-1 and HSV-2 multipli-
cation with similar 50% effective concentration values (ECso, defined
as compound concentration that reduces virus yield by 50%) for both
viruses (~35 and ~20 uM, respectively), but they were inactive
against Junin virus (JV).%? Synthetic analogs of magainins were tested
by Egal et al.”® against HSV-1: Some of these peptides, especially
those rich in lysine, manifested significant reduction of HSV plaque-
forming units, and the antiviral effect was enhanced when HSV was
pretreated with the peptides prior to inoculation to Vero cells,

1.7 evaluated the

suggesting a direct effect on the virions. Dean et a
virucidal activity of an alanine-substituted magainin-2 amide against
vaccinia virus: The peptide was able to attack the viral envelope with
a mechanism that is consistent with the carpet model for peptide-
mediated membrane disruption. Magainins 1 and 2 were also tested
against a viral pathogen of ectothermic animals, channel catfish virus
(CCV, family Herpesviridae, genus unassigned), but they resulted to be

less active than other amphibian AMPs also used in this study and

discussed below.”? Very recently, Fakih et al. conducted in silico
studies, including protein-peptide docking and protein-protein dock-
ing, aimed to identify, evaluate, and explore the affinity and molecular
interactions of magainins 1 and 2 to the SARS-CoV-2 main protease
(Mpro), and their effect on the ACE2 receptor. Both peptides had a
good affinity for the active site area of Mpro with magainin 2 showing
the best bond free energy value of —3054.53 kJ/mol.”*

4.2 | Dermaseptins

Dermaseptins were first identified from the skin of the frog Phyllome-
dusa sauvagii and nowadays are considered one of the largest AMP
family of South American Phyllomedusinae, with high heterogeneity
in length, from 21 to 33 amino acid residues.”* Dermaseptins $1-S5
were tested against HSV, and they were effective inhibitors of

75=77 with dermaseptin S4 showing potent effects

virus infectivity,
against acyclovir-sensitive and acyclovir-resistant strains of HSV-2
(ECso < 6.0 uM) but also high cytotoxicity (LCso = 7.5 uM).”® Derma-
septin S1 was found to be active against dengue virus (DENV) in vitro
by interfering with the viral replication cycle.”® An analog of derma-
septin 4, named M4K, was less cytotoxic and capable to inhibit HIV-1
capture by dendritic cells and subsequent transmission to CD4" T
cells.”” Dermaseptins S3 and S4 and analogs of the latter were also
tested against rabies virus (RABV): The authors demonstrated that
(i) S4 is more active than S3 against RABV infection, 89% versus 38%
inhibition at 7.5 uM; (i) the first five N-terminal amino acids of derma-
septin S4 are essential for the anti-RABV activity; (iii) dermaseptins
can act at the time of infection but also post-infection; and (iv) S4mak
is the more efficient dermaseptin in vivo, leading to 50-60% of
survival of mice infected 1 h earlier with a lethal dose of RABV.&°

Finally, three structural dermaseptin-S4 analogs, named S4 (K4),
S4 (K20), and S4 (K4K20), were docked with the S1 subunit of the
SARS-CoV-2 type | transmembrane glycoprotein. S1-54 (K4) complex
exhibited a functionally significant dynamics compared to S1-ACE2
complex, making this peptide a plausible therapeutic scaffold to block
SARS-CoV-2 infection.®

4.3 | Esculentins

Esculentins are a family of peptides composed of 46 amino acids, with
a disulfide bridge at the C-terminus, and differ by only one or two
amino acids at the N-terminal portion. They were first isolated from
the skin secretion of the European frog Pelophylax lessonae/ridibundus
(previously classified as Rana esculenta), and subsequently from the
skin of 13 different ranids.®2%* Recently, a new AMP was obtained
from the skin-derived cDNA library of the frog Hylarana guentheri, by
PCR-based cDNA cloning method. This peptide, named esculentin-
1GN, can suppress influenza A virus (IAV) HsN4 fusion activity by
interacting with the subunit HA, presented on the viral hemagglutinin
(HA) surface glycoprotein, which plays an important role in virus entry

into host cells.®”
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44 | Brevinins

Brevinins are subdivided in two groups: brevinins-1, originally isolated
from Rana limnocharis skin, with 24 amino acid residues and
brevinins-2, isolated from the Japanese frog Rana brevipoda porsa skin,
with 33 amino acid residues.®® Brevinin-1 was found to be a potent
inhibitor of HSV-1 and HSV-2 infection of Vero cells. The study
showed that the reduction and carboxamidomethylation of Cys resi-
dues of the peptide, to abolish the peptide's hemolytic and cytotoxic
effects, did not affect its antiviral activity.®” A recent study by Xiong
et al.®8 reported that the peptide brevinin-2GHk has inhibitory activity
in the early and middle stages of ZIKV infection, with negligible cyto-
toxicity. The authors suggested that the peptide binds ZIKV E protein
and disrupts the integrity of the envelope, thus directly inactivating
ZIKV. The peptide can also penetrate the cell membrane, and this may
contribute to inhibition of the middle stage of ZIKV infection.®® Kim
et al.%” used brevinin-1Ema (FLGWLFKVASKVL) as a template to syn-
thesize three peptides with different stapling positions, which were
chosen to maintain the amphipathic structures of the stapled helices.
One of these peptides showed significant antiviral activities against
enveloped viruses such as retrovirus (lentivirus), human hepatitis C
virus (HCV), and HSV with ECsq values of 1-5 uM. This activity was
lost against murine norovirus, a naked virus, suggesting that viral
envelope disruption as the main antiviral mechanism of action.®’

4.5 | Temporins

Temporins are very short peptides, carrying 8-17 amino acids, charac-
terized by a low cationic charge (ranging from +2 to +3).”° These
peptides were first identified in the Asian frog Rana erythraea and the
Rana esculenta (now Pelophylax lessonae/ridibundus).”* Marcocci
et al.>> demonstrated that temporin B was active against HSV-1 in an
in vitro plaque assay, in a dose-dependent
(EC50 = 2.507 pg/ml). Indeed, when HSV-1 was preincubated with
20 pg/ml temporin B, a 5-log reduction of the virus titer was observed

manner

with a mechanism of action consisting in the destabilization of the
integrity of the lipid envelope, as proved by transmission electron
microscopy. Furthermore, temporin B partially affected different
stages of the HSV-1 life cycle, including the attachment and the entry
of the virus into the host cell, as well as the subsequent post-infection
phase.>®> The same author reported that the peptide temporin G
strongly affected HSV-1 replication by acting at the earliest stages,
being more effective during the virus entry. In fact, virus attachment
and entry assays showed that temporin G caused 1-log and 3-log viral
titer inhibition at different multiplicity of infection, respectively. Com-
putational studies indicated the ability of temporin G to interact with
HSV-1 glycoprotein B and suggested that this interaction might inter-
fere with HSV-1 fusion process. In particular, molecular docking simu-
lations predicted that the peptide can recognize a hydrophobic groove
formed by the fusion loops, where it can establish contacts with
Trp*”® and Tyr,'”® and the membrane proximal region of the gB tri-

mer. Furthermore, since temporin G showed a significant virucidal
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activity, the authors hypothesized that it might also affect the func-
tion of other viral glycoproteins including gH-gL or gD, thus further
inhibiting the cell penetration of the virus.”? Interestingly, temporin G
also reduced viral replication of the naked DNA John Cunningham
polyomavirus, probably interfering with both the earliest phases of its
life-cycle and viral particle release. The in vitro assays and docking
simulations led to the hypothesis that the peptide might interact with
the viral protein VP1, the major capsid component.®?

Finally, the antiviral activity of temporin G was also tested against
IAV and parainfluenza virus (PIV). The peptide significantly inhibited
the early life-cycle phases of 1AV, by interacting with the viral HA gly-
coprotein. In fact, the hemolysis inhibition assay and the molecular
docking studies confirmed a temporin G/HA complex formation at the
level of the conserved hydrophobic stem groove of HA, suggesting
the ability of the peptide to block the conformational rearrangements
of HA, subunit, which are associated with the viral envelope fusion
with intracellular endocytic vesicles, thereby impairing the virus entry
into the host cell.’>” Against PIV, which penetrates host cells upon a
direct fusion process between cell membrane and viral envelope, tem-
porin G provoked ~1.2 log reduction of viral titer released in the
supernatant. The peptide mechanism of inhibition is probably due to
the block of some late steps of viral replication and therefore to the
impairment of the extracellular release of viral particles.>”

Temporin-SHa (FLSGIVGMLGKLF), a 13-amino acid peptide pro-
duced by the cutaneous granular glands of the North African frog
Pelophylax saharicus with a net charge of +2, was also studied against
HSV-1, and it was found to inhibit virus replication during infections
of primary cultures of human keratinocytes. The antiviral activity was
carried out primarily and directly on the viral particle, with more than
two-log reduction of viral titer, rather than through an immunomodu-
latory mechanism.”® Recently, the hemolytic peptide temporin L and
its [Pro®,DLeu’]-analog were tested against a panel comprising envel-
oped, naked, DNA and RNA viruses, including SARS-CoV-2, showing
a discrete potency by antiviral assays. The fact that both peptides
showed no activity against non-enveloped viruses suggested that the
principal mechanism of action was directly exerted on the viral enve-
lope, involving a plausible interaction with the lipid bilayer, viral glyco-
proteins, and/or more generally with the attachment and fusion steps
of viral infections. Among all analogs of [Pro®,Dleu’]-temporin L, the
one with Gly*° replaced with Nle and carrying an aliphatic side chain
led to a significant improvement of activity against both HSV-1 and
SARS-CoV-2. This peptide was further modified by adding a choles-
terol tag at its N- or C-terminal side, obtaining peptides with good
efficiency in the cotreatment and virus pretreatment experiments.
Among all cholesterol-conjugated peptides, the most active was the

one with cholesterol tag attached to its N-terminal side.”*

4.6 | Other amphibian AMPs

1.7> showed that a series of

A study conducted by Rollins-Smith et a
analogs of caerin 1 was able to inhibit in vitro transmission of HIV at

relatively low concentrations and had low cytotoxicity toward T cells
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and an endocervical cell line. Among these peptides, caerin 1.9
showed the best profile of inhibition of HIV over the range of concen-
trations of 6.25-25 puM.

From the skin of the South Indian frog were isolated different
peptides, one of these named urumin, with virucidal activity against
human IAV, through the disruption of virus integrity, as confirmed by
electron microscopy analysis. This peptide was found to be specific
for HA4 subunit targeting the conserved stalk region of HA; and to be

also effective against drug-resistant influenza viruses.>®

5 | ANTIVIRAL AMPS FROM OTHER
NATURAL SOURCES
51 | Mammalian defensins
Defensins are a family of small cysteine-rich cationic and amphipathic
peptides belonging to alpha (alpha neutrophil peptide, HNP) or beta
(HBD) subfamily, mainly expressed in neutrophils and Paneth cells of
the small intestines, respectively. While the antimicrobial and antifun-
gal activities of defensins have been extensively investigated, their
antiviral properties need to be analyzed further.?4%” In 1986, it was
reported the first antiviral activity of defensins.”® Since then, defen-
sins have shown activity against HIV, 1AV, human adenovirus (HAdV),
SARS-CoV, human papillomavirus (HPV), respiratory syncytial virus
(RSV), and HSV.?7?? The antiviral activity of defensins occurs through
different mechanisms of action: They can both destroy and inactivate
the virus by direct interaction with the lipid bilayer of enveloped
viruses or block host cell receptors and bind to viral glycoproteins to
prevent viral adhesion and entry into the cell.®> Furthermore, defen-
sins can interact with viral DNA to ultimately block gene expression
or the post-transcriptional events with an unknown mechanism.'*°
Human defensins can also hamper HPV escape from endosomes but
not the viral binding or internalization processes.'®* Wu et al.2%?
reported the activity of alpha-defensin HNP4 against HIV by binding
the viral envelope glycoprotein gp120 and the cell surface receptor
CD4 expressed on the surface of lymphocytes T, macrophages, and
dendritic cells, where viral replication takes place. In another study,
Salvatore et al.'°® demonstrated that HNP1 inhibits IAV replication at
its earliest infection stages through the inhibition of the cellular pro-
tein kinase C signaling pathway involved in infected cells. It has also
been shown that HNP1 and HNP3 deactivate HSV-1 and HAdV type
5, by blocking early steps of viral replication, respectively.10+105

In addition, the antiviral effects of HNP5 against HSV and HPV
were described by Wang et al.*%® and Wiens and Smith,*%” respec-
tively. Regarding beta defensins, in 2003, Quinones-Mateu et al.'%®
investigated the antiviral effect of HBD2 and HBD3 against HIV,
while few vyears later, the HBD2 antiviral potential was analyzed
against RSV.1%? More recently, Scudiero et al.*® evaluated the anti-
viral activity of some chimeric beta defensin analogs against HSV-1.
The authors found the analog 3NI as the more effective with respect
to the wild-type HBD1 and HBDS3. Interestingly, none of the analogs
was cytotoxic on different cell lines (lung A549, intestinal CaCo-2, and

pancreatic Capan-1 cells). Furthermore, the analogs did not induce
genotoxicity or cause an increase in the number of apoptotic cells.
Confocal microscopy analysis showed that these peptides localized on
the cell surface and were internalized by the cells by an active
mechanism(s). The authors suggested that the toxicity-free internali-
zation of defensins may mediate their antiviral activity.

Based on these results, the same authors designed a cyclic
17-amino acid beta defensin analog featuring a single disulfide
bond.**! This antimicrobial cyclic peptide (AMC) carried the crucial
active regions of HBD1 and HBD3 (the internal hydrophobic domain
and the C-terminal charged region, respectively). The treatment with
AMC was effective in a dose-dependent manner against HSV-1, prob-
ably by interfering with viral attachment and entry. Interestingly, this
cyclic mini-beta-defensin was highly stable and showed low
cytotoxicity.

Defensins were also extensively characterized against CoV.
Human intestinal alpha-defensin-5 (HD5) inhibited the interaction
between the S1 of SARS-CoV-2 and ACE2, through the competitively
sequestration of the ligand-binding domain of ACE2, necessary for
host cell viral invasion.?'2 HBD2 binds the RBD of SARS-CoV-2 that
connects it to the ACE2 receptor.''® Rhesus-gamma-defensin-1
(RTD-1), a cyclic AMP, was able to exert an immunomodulatory mech-
anism of action through a proinflammatory cytokine response.'*
Mouse defensin-like peptide 4, P9, and its analog P9R have demon-
strated a virucidal effect against enveloped pandemic Avian IAV, and
CoVs (SARS-CoV-2, MERS-CoV, and SARS-CoV) by a direct binding
to the enveloped viruses and by interfering with virus-host endosomal

acidification.**®

5.2 | Mammalian cathelicidins

Cathelicidins are linear AMPs composed of amphipathic a-helix struc-
tures with antiviral activity against 1AV, HSV, HIV, RSV, varicella-
zoster virus, HCV, ZIKV, AdV, rhinovirus, and DENV.*¢ The principal
mechanism underlying such activity is the direct interaction with the
viral particle. In humans, the representative cathelicidin is LL37, which
is accumulated in neutrophil granules and can inhibit viral infection
(i) by the formation of pores in the viral envelope, (i) by causing extra-
cellular aggregation of viral particles that inhibit the virus' entry, and
(iii) by interfering with the attachment of the virus to the host-cell sur-
face. Other studies have also reported a possible interaction with
intracellular steps of viral replication.''” In vivo studies highlighted
that the production of cytokines from |IAV-infected mice after treat-
ment with LL37 had an important role in the virucidal effect of 1AV,
suggesting that peptide-mediated modulation of inflammation and
immunity has a primary role in the antiviral activity of the AMP.*8 |n
silico molecular docking studies by Lokhande et al.’?? revealed that
LL37 strongly interacts with the RBD of SARS-CoV-2. This indication
is based on the high structural similarity of LL-37 with the N-terminal
helix of the ACE2 receptor for SARS-CoV-2, with which the virus
interacts. At present, however, the levels of LL37 after SARS-CoV-2
infection and its role in COVID-19 thrombosis formation remain
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unclear. Recent studies indicated that LL-37 is upregulated by the S
protein with significant levels in the plasma of COVID-19 patients
(~140 ng/ml vs. ~93.62 ng/ml). Furthermore, LL-37 levels were nega-
tively correlated with thrombin time but positively correlated with
fibrinogen level, suggesting that elevated levels of the peptide during
SARS-CoV-2 infection may induce hypercoagulation in COVID-19

patients by activating coagulation factors.120:121

5.3 | Mammalian transferrins
Transferrins are iron-binding proteins with antiviral activity. The main
best-known transferrin is lactoferrin (LF), a peptide derived from the
milk of mammals. LF has also been described as antiviral peptide
against several DNA and RNA viruses.??? Indeed, in vitro studies have
proved that LF and its analogs are able to act early in the HPV uptake
process.*?3124 A potent activity of LF against HIV, HCV, and rotavirus
was also demonstrated by inhibiting viral replication in the host
cells 125126
Lactoferricin, an AMP derived from the N-terminal region of LF
by pepsin cleavage, has also antiviral activity against HSV-1, HSV-2,
and cytomegalovirus (CMV), by preventing viral entrance into the host
cells. Particularly, CMV treatment with LF inhibits the expression of
early and late antigens and the production of infectious viral
progeny.??”712% |n addition, several authors have shown how bovine
LF can interfere with SARS-CoV and SARS-CoV-2 infections in vitro
by enhancing natural killer cell and neutrophil activities. In silico stud-
ies have further suggested a possible mechanism of action based on a
direct binding of LF to SARS-CoV-2 S glycoprotein and inhibition of

the virus access into host cells by competing for ACE binding.13%131

54 | Melittins

Melittin is the principal constituent in the venom of the European
honeybee Apis mellifera.*3? It is an amphipathic hexacosapeptide with
an uneven distribution of polar and non-polar amino acid residues: In
fact, the N- and C-terminal regions are predominantly hydrophobic
and hydrophilic, respectively. This distribution gives melittin an amphi-
pathic character when it is folded into an a-helical structure with two
a-helices connected through a flexible segment.**® Melittin has been
shown to cripple JV multiplication at non-toxic concentration ranges
(0.5-3 uM) in vitro with a 99% reduction of JV infectivity at 3 uM and
with an ECso of 0.86 uM. Several studies demonstrated a marked
anti-herpetic activity of melittin, specifically against HSV-1 M,
HSV-2 G, and bovine herpesvirus type 1.87%3* In a study conducted
by Uddin et al.,**® the authors demonstrated that 1.15 ug/ml of melit-
tin was sufficient to induce 50% reduction in plaque-forming units of
Green Fluorescent Protein (GFP)-fused IAV. The same authors also
found that melittin suppresses infectivity of GFP-fused coxsackievirus
H3 (cardiopathogenic H3 strain of coxsackievirus B3) with ECsy of
0.99 ug/ml and extinguishes RSV infectivity at 2 upg/ml. Many
researchers tested the activity of melittin against HIV; the peptide

PeptideScicn—WI LEY-—2

was able to minimize production of HIV-1 in persistently HIV-
1-infected KE37/1 T lymphoma cells at the non-cytotoxic concentra-
tion of 2.5 pg/ml,*3® while Hodd et al.*®” reported the first proof-
of-concept investigation concerning inhibition of HIV-1 infectivity by
melittin-loaded nanocarriers. A recent study investigated all physico-
chemical properties, post-modification sites, and interactions between
melittin and HIV proteins: 10 different melittin sequences from differ-
ent honey bees were collected from NCBI GenBank, and their physi-
cochemical properties were evaluated as well as possible
phosphorylation sites, glycosylation positions, and disulfide bonds.
The results suggested that in addition to the envelope and long termi-
nal repeats, capsid and proteases of HIV could be a target of melit-
tin.2® The antiviral activity of melittin was also confirmed against
SARS-CoV-2; in a study conducted by Enayathullah et al., the peptide
showed an ECsq of 0.656 pg in in vitro antiviral assay, with significant
decrease in the viral load as compared to the untreated group, with
undetectable cytotoxicity. SARS-CoV-2 infected Vero cells treated
with the peptide were endowed with viral clearance from 12 h
onwards with a maximal viral clearance after 24 h from infection. In
addition, proteomics analysis of these cells indicated that more than
250 proteins were differentially regulated, at 24 and 48 h post infec-
tion. The identified proteins were found to be associated with the
metabolic and mRNA processing of the Vero cells, post-treatment and
infection, suggesting that melittin functions as viral inhibitor by sup-
pressing intercellular metabolic regulators.’®’ Melittin showed also
antiviral activity against SARS-CoV-2 when used in combination with
sitagliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor used to treat
type 2 diabetes; the combination showed anti-viral potential against
SARS-CoV-2 with ICsq values of 8.439 uM and in vitro 3CL-protease
inhibition with 1Cso 7.216 uM.**° Recently, Galdiero and his research
group demonstrated that a melittin-derived peptide, named AR-23,
exhibited an inhibitory effect in the early steps of the infectious cycle
of several enveloped viruses such as HSV1, MeV, Human Parain-
fluenza Virus type 2 (HPIV-2), Human coronavirus 229E
(HCoV-229E), and SARS-CoV-2, specifically interfering with the pro-
cess of attachment and entry in the host cell. These results were also
supported by TEM analysis showing that AR-23 was found to act on
the viral envelope (HSV-1 and SARS-CoV-2) by a detergent-like mech-
anism of action, resulting in the loss of the infectious potential of the

viruses and blocking its entire life cycle.!#*

6 | CONCLUSIONS

The recent pandemic caused by SARS-CoV-2 has prompted the world
population to quickly identifying new therapeutic strategies to combat
viral infections. Basic research has also given a boost to the accelera-
tor for the characterization of new compounds with antiviral action.
Among these, AMPs of innate immunity have demonstrated a high
potential to counteract both the infections that spread daily among
the population, and the current dreaded SARS-CoV-2. These peptides
in fact can act against viruses with different mechanism of action, and

this could be the ‘key word’ to counteract the alarming problem of
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drug-resistant strains. Despite this, the limits that these molecules can
have should not be forgotten. These include (i) a short half-life and
poor oral absorption, considering the high peptide susceptibility to
degradation by proteases and peptidases; (ii) the difficulty of reaching
the target site at optimal antiviral concentrations; (iii) and the produc-
tion cost that could be high, due to current synthesis techniques using
coupling reagents, resin, and protective amino acids.**? Importantly,
several biochemical or nanotechnological approaches can be
employed to overcome these limitations, such as strategic amino acid
substitutions or the conjugation/encapsulation in nanoparticles. All
cases reported in this review have contributed to strengthen the
numerous biological properties of these peptides for the development
of alternative antiviral drugs with the potential to reduce the selection
of resistant strains. This is also confirmed by the several AMPs, which
are currently undergoing late-stage clinical development in different
therapeutic areas.**® It should be considered that for many of the
existing viral infections, there is still no available treatment: Therefore,
research based on the identification and optimization of hit-
compounds must be an ever-growing field, for leading to market
authorization of new AMP-based antivirals.
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