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Viruses remain one of the leading causes of animal and human disease. Some animal viral infections spread
sporadically to human populations, posing a serious health risk. Particularly the emerging viral zoonotic diseases
such as the novel, zoonotic coronavirus represent an actual challenge for the scientific and medical community.
Besides human health risks, some animal viral infections, although still not zoonotic, represent important eco-
nomic loses to the livestock industry. Viral infections pose a genuine concern for which there has been an
increasing interest for new antiviral molecules. Among these novel compounds, antiviral peptides have been
proposed as promising therapeutic options, not only for the growing body of evidence showing hopeful results
but also due to the many adverse effects of chemical-based drugs. Here we review the current progress, key
targets and considerations for the development of antiviral peptides (AVPs). The review summarizes the state of
the art of the AVPs tested in zoonotic (coronaviruses, Rift Valley fever viruses, Eastern Equine Encephalitis Virus,
Dengue and Junin virus) and also non-zoonotic farm animal viruses (avian and cattle viruses). Their molecular
target, amino acid sequence and mechanism of action are summarized and reviewed.

Antiviral peptides are currently on the cutting edge since they have been reported to display anti-coronavirus
activity. Particularly, the review will discuss the specific mode of action of AVPs that specifically inhibit the
fusion of viral and host-cell membranes for SARS-CoV-2, showing in detail some important features of the fusion
inhibiting peptides that target the spike protein of these risky viruses.

1. Introduction epidemics, affecting livestock production.

In December 2019 the first reports of a new zoonotic viral outbreak

Emerging and re-emerging viral pathogens that originate in wild or
farm animals have become increasingly important throughout the world
in recent decades, as they have substantial impacts on human health and
agricultural production [1,2]. Infectious diseases that can jump from a
non-human animal to humans are called zoonotic diseases. The trans-
mission can be either directly through contact or indirectly through
contaminated inanimate objects, intermediate hosts and bites of insect
vectors, etc. [3].

In recent years, zoonotic viruses have been responsible for several
outbreaks with high mortality rates. Besides human health, there are
also serious concerns about viruses that infect animals and cause

arrived from Wuhan, central China. Since then, the world was hit with a
devastating pandemic outbreak: the novel coronavirus SARS-CoV-2, in
the form of an acute respiratory illness [4]. Different antiviral agents
have been tested or repurposed [5], unfortunately, unlike bacterial in-
fections, there are no "broad-spectrum" antiviral agents, so current
therapeutic options are more limited in the case of viruses, some of
which represent epidemic risks [6]. Viruses use host cell machinery for
replication, so any antiviral compound should specifically avoid inter-
fering with host cell functions. Additionally, differences between RNA
and DNA viruses represent another obstacle for broad-spectrum antivi-
rals, actually only a few antivirals have comparable spectrums of
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activity to penicillin [6].

Generally, we could divide the life cycle of a virus into six steps: 1.
Attachment (receptor or co-receptor binding); 2. Fusion and penetra-
tion; 3. Uncoating and release of the viral genome; 4. Gene expression
and multiplication; 5. Assembly and packaging; 6. Release of viral par-
ticle [7,8]

Some of these steps have been specially evaluated as suitable targets
for antiviral therapies.

Interaction with functional receptor(s) and subsequent attachment to
host cells is the first step in viral infection. Most viral pathogens are
membrane-enveloped viruses. For these viruses the fusion of viral and
cellular membranes is a key requirement to deliver its genetic material
into the target cell. In this type of viruses, the viral proteins located on
the outer envelope of the virion are responsible for the recognition of
receptors and the attachment to host cells. This very particular process
represents a suitable target for the development of broad-spectrum
antiviral drugs [9]. The inhibition of this process would block all of
the subsequent intracellular steps [10].

1.1. Antiviral peptides (AVPs)

Among the defense arsenal that organisms have developed against
bacterial or viral infections are antimicrobial peptides (AMPs) also
called host defense peptides (HDPs). AMPs play a vital role in the initial
immediate non-specific immune response generated to begin to control
infection [11-13]. These small and usually cationic peptides are pro-
duced by almost every organism. Also, organisms without an immune
system may display an AMP defense against bacteria, viruses or fungi. In
general, natural AMPs are non-specific, targeting components of a
microbe that are integral or not exclusive, and as members of the innate
immune system, they also help to facilitate a larger immune response
[14]. Natural and sometimes designed AMPs can have other functions

Table 1
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and activities besides antimicrobial, such as apoptosis, wound healing
and immune modulation [15,16]

AMPs have been classified according to their structure and function
[17,18]. In order to organize our knowledge on AMPs some complete
and useful databases have been created [19,20]

While all of the AMPs classes have been shown to possess antimi-
crobial activity, only a few classes have demonstrated antiviral prop-
erties, which are called antiviral peptides (AVPs). In recent years these
molecules gained attention as antiviral or virucidal agents [14,21-23].

Some AVPs are capable of inhibiting the fusion of viruses to the cell
(interacting with membrane envelope and glycoproteins of the virus), by
inhibiting viral entry (e.g. heparan sulphate interaction or by fusing
with specific cellular receptors) and others can interfere with proteins or
enzymes needed for viral replication [11], in the same way that for
bacterial inhibition, these peptides are usually non-specific (Table 1).

Viral life cycles or host response factors have been the target of the
novel antiviral peptides’ strategies, (Table 2). As previously mentioned,
these antiviral peptides can inhibit or interfere with different mecha-
nisms of the viral infection or replication; particularly some AVPs were
specifically designed to inhibit or block the fusion of the viral and
cellular membranes in enveloped virus, interacting with the pre-fusion
conformations of proteins needed for membrane fusion. The interac-
tion of these peptides can destabilize the fusion proteins, preventing the
formation of fusion intermediate structures [9] (Fig. 1). Bioinformatics
and molecular modeling are a very useful tools to design new antiviral
drugs, in fact many AVPs have been obtained with specific bioinfor-
matics tools; these novel sequences are usually called designed AVPs
[24-27].

Using these tools or the traditional trial-and-error approach, some
AVPs have been evaluated in human or animal viruses, some of them
important zoonotic agents. The pursuit of antiviral or virucidal agents
has positioned AVPs, natural or designed as possible candidates for

Some examples of non-specific designed peptides that act as antivirals against enveloped viruses.

Peptide Sequence

Target Virus Mechanism proposed Reference

LL-37
Melitin
Cecropin A
Indolicidin
AMLs

LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES
GIGAVLKVLTTGLPALISWIKRKRQQ
KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK
ILPWKWPWWPWRR

Lipopeptides produces from B. subtilis fmbj that included
surfactin, fengycin and their isoforms

SIAMP Multi peptide preparation from swine small intestines
Bursin LHG

Bovine lactoferrin CTISQPEWFKCRRWQWRMKKLGAPSITCVRRAFAL
ECIRAIAEKKADAVTLDGGMVFEACRDPYKLRPVAA
EIYGTKESPQTHYYAVAVVKKGSNFQLDQLQGRKSC
HTGLGRSAGWIIPMGILRPYLSWTESLEPLQGAVAKF
FSASCVPCIDRQAYPNLCQLCKGEGENQCACSSRE
PYFGYSGAFKCLQDGAGDVAFVKETTVFENLPEKA
DRDQYELLCLNNSRAPVDAFKECHLAQVPSHAVVA
RSVDGKEDLIWKLLSKAQEKFGKNKSRSFQLFGSPP
GQRDLLFKDSALGFLRIPSKVDSALYLGSRYLTTLKNL
RETAEEVKARYTRVVWCAVGPEEQKKCQQWSQQ
SGQNVTCATASTTDDCIVLVLKGEADALNLDGGYIYT
AGKCGLVPVLAENRKSSKHSSLDCVLRPTEGYLAVA
VVKKANEGLTWNSLKDKKSCHTAVDRTAGWNIPMG
LIVNQTGSCAFDEFFSQSCAPGADPKSRLCALCAGD
DQGLDKCVPNSKEKYYGYTGAFRCLAEDVGDVAFV
KNDTVWENTNGESTADWAKNLNREDFRLLCLDGTR
KPVTEAQSCHLAVAPNHAVVSRSDRAAHVKQVLLH
QQALFGKNGKNCPDKFCLFKSETKNLLFNDNTECLA
KLGGRPTYEEYLGTEYVTAIANLKKCSTSPLLEACAFLTR
MRSLLILVLCFLPLAALGKVFGRCELAAAMKRHGLDN
YRGYSLGNWVCAAKFESNFNTQATNRNTDGSTDY
GILQINSRWWCNDGRTPGSRNLCNIPCSALLSSDITA
SVNCAKKIVSDGNGMNAWVAWRNRCKGTDVQAWI
RGCRL

Nisin ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK

Chicken egg lysozyme

VEEV Entry inhibition, Inmunomodulator [54]
vJ ND [58]
vJ Inhibition at late stages of virus multiplication cycle [58]
vJ ND [58]
NDV Interaction with the viral membrane [75]

1BV block attachment and replication of the virus [771
ALV block attachment to the host cells [81]
BVDV Prevents viral infection at its early stage [96]

BVDV ND [96]

BVDV ND [96]

ND: not determined.
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Table 2
Specifically designed antiviral peptides against enveloped viruses.
Peptide Sequence Target Virus Mechanism proposed Reference
P9 NGAICWGPCPTAFRQIGNCGHFKVRCCKIR MERS-CoV, SARS-CoV, AIV prevents endosomal acidification, which blocks [371
membrane fusion
SARSww.1 MWKTPTLKYFGGFNFSQIL SARS-CoV Entry inhibition [29]
SARSww-i1 ATAGWTFGAGAALQIPFAMQMAY SARS-CoV Entry inhibition [29]
EK1 SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL SARS-CoV, MARS-CoV Fusion inhibitor [34]
YKYRYL YKYRL SARS-CoV Block attachment to the host cells [43]
RVFV-6 WNFFDWFSGLMSWFGGPLK RVFV, Ebola virus, Andes virus and Fusion inhibitor [471
vesicular stomatitis virus
DN59 MAILGDTAWDFGSLGGVFTSIGKALHQVFGAIY DENV Viral membrane disruption [64]
AVP-p LNLFKKTINGLISDSLVIR JUNV Fusion inhibitor [60]
NOVEL-1 NASDMEIKKVNKKIEEYIKKIEEVEKKLEEVNKK NDV and IBV Entry inhibition [69]
NOVEL-2 VNKKIEEIDKKIEELNKKLEELEKKLEEVNKK NDV and IBV Entry inhibition [69]
TLTTKLY TLTTKLY NDV Entry inhibition [67,72]
CTLTTKLYC CTLTTKLYC NDV Entry inhibition [67,72]
TP1 SWLVNRDWFHDLNLPWTGSSAGTWQ TMUV Block attachment to the host cells [84,85]
TP2 MVALGDTAWDFGSVGGVLTSIGKGIHQVFGSAFKSL ~ TMUV Block attachment to the host cells and viral [84,85]
membrane disruption
NDFRSKT NDFRSKT ALV Block attachment to the host cells [86,871
CNDFRSKTC CNDFRSKTC AIV Block attachment to the host cells [85,86]
Pre-hairpin Fig. 1. Coronavirus viral fusion pathway based
a) intermediate b) Bundle on class I fusion protein model. For simplicity,
Viral only two stages are depicted. After the S protein
membrane achieves a pre-fusion metastable state, relevant
2299 2299 9 D 239929323259d proteases enable the fusion peptide to insert in
the host membrane and allow the S protein to
C€CCC CCCe P form the pre-hairpin intermediate (a). The pre-
hairpin begins to fold back on itself due to HR1
S protein :> and HR2 interactions forming the bundle (b).
During the S protein foldback, the two mem-
branes will approach each other until the outer
2 2 2 leaflets merge and eventually the inner leaflets
PPPPPPIPPPPPPry: rlnerge (pore formation). Ada;?ted from [99,
00]. (c) Cartoon representation and closer
€eceeccccccceccc look of the HR1-HR2 fusion core region of
Host cell SARS-CoV-2. The HR motifs consist of a group
membrane i
of tandemly arranged seven-residue repeats.
This sequence feature has the capacity to
generate a hydrophobic interface along an
C) R2 a-helix, enabling the formation of a coiled-coil

E1182

$929 Kg'ig D936 $943""-K947

HR1

DTransmembrane domain @ Fusion peptide QCytoplasmic tail 'HRl .HRZ

future effective drugs for veterinary or human health. Animal viral in-
fections represent not only a risk for human health, considering that
some of them may become important zoonotic epidemics, but also for
the economic loses that infected farm animals represent.

2. AVPs against zoonotic viruses
2.1. Coronaviruses

Coronaviruses enter target cells by fusing the membranes of the virus
and the host cell, which is mediated by the viral spike glycoprotein (S

protein) [28], in the case of SARS-CoV and SARS-CoV-2, this type I viral
fusion protein consists of two subunits (S1 and S2) on the viral

HR1-HR2 fusion

structural module when several HR-containing
core region

polypeptide chains are arranged together in
parallel [101]. This fusion core is a particularly
well studied target for antiviral peptides, as
they can be designed in order to competitively
inhibit this interaction. Relevant binding resi-
dues are labeled. Among the important amino
acids responsible for the HR1-HR2 interaction,
the residues colored in green may contribute to
the enhanced interactions between HR1 and
HR2 and stabilize 6-HB conformation of
SARS-CoV- 2 compared with those of SARS-CoV
(adapted from [34]).

membrane. The S2 subunit characteristically contains two heptad repeat
regions (HR1 and HR2), that mediates the viral and host cell fusion.

The receptor binding is mediated by the S1 subunit, while the viral
and cell membrane fusion is driven by the S2 subunit [29,30]. Within the
S1 subunit, we can find the receptor-binding domain (RBD), which binds
to the human angiotensin-converting enzyme 2 (ACE2), the cellular
receptor on the cell surface, [31].

In the case of SARS-CoV-2, unlike other coronavirus of the same
clade, the S protein contains a furin-like cleavage site [32]. The S2
subunit is composed of fusion peptide (FP), heptad repeat 1 (HR1),
heptad repeat 2 (HR2), transmembrane domain (TM), and cytoplasmic
domain fusion (CP) [33]

After the RBD-ACE2 binding, HR1 and HR2 domains in the S2
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A)

HR2 derived AVP

No HR1-HR2 fusion core
No membrane fusion
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Fig. 2. Antiviral peptides mechanisms of action
against coronaviruses. A) Antiviral peptides
blocking the HR1 and HR2 from forming a
fusion-active core, thus preventing the viral and
cellular membrane fusion. For simplicity, only
one monomer is represented. B) Interaction of
cationic amphipatic peptide can produce viral
membrane disturbance and pore formation. C)
Inhibition of viral entry with peptides that
interrupt the recpetor binding, like the RBD
—ACE2 interaction in coronavirus infection.

o HR1-HR2 interaction
HR1 Membrane fusion

B == =

Ll |}
b\ - N

.

.

‘4

'am=?®

|

X7

Cellular receptor ‘“__—-

299999399999, \ 22999999999

€eeeeeeccccc

subunit interact with each other to form a six-helix bundle (6-HB) fusion
core, this interaction brings the viral and cellular membranes into close
to each other for fusion and subsequent infection [34]. The coronavirus
fusion pathway is depicted in Fig. 1, showing some details of the
HR1-HR2 fusion core region of SARS-CoV-2. Some relevant binding
residues are labeled on the alpha-helix conformation. A group of these
residues are believed to be responsible for the enhanced interactions and
subsequent 6-helix bundle improved stabilization, contributing to the
enhanced viral transmissibility or infectivity of SARS-CoV- 2 compared
with SARS-CoV [34]

One of the main anti-viral peptide-based strategies employed against
this virus has been the inhibition of the S protein-mediated membranes
fusion. This mechanism that type I fusion protein viruses use to enter
target cells has been well determined, and particularly the HR1-HR2
fusion core emerged as an interesting target for AVP therapies.

It has been demonstrated that the formation of the 6-HB could be

Cellular
membrane

ceceeeccecccce

competitively inhibited with peptides derived from the HR2 regions of
SARS-CoV and MERS-CoV S protein, thereby preventing viral fusion and
entry into host cells [35]

Another strategy has been to develop AVPs that target the RBD and
inhibit its binding with ACE2, or the use of antimicrobial peptides that
target the lipid membrane of this enveloped viruses (Fig. 2), as it will be
discussed below.

2.1.1. MERS-CoV

Middle East Respiratory Syndrome (MERS) is a viral respiratory
illness caused by the zoonotic MERS coronavirus (MERS-CoV). MERS-
CoV was first reported in 2012 in dromedaries in the Middle East and
has since spread to other several countries in Africa and South Asia.

A series of peptides have been designed and tested with variable
results against MERS-CoV since its discovery. A complete and compre-
hensive review together with a detailed list of these sequences and their
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a)

841 LGDIAARDLI CAQKFNGLTV LPPLLTDEMI AQYTSALLAG TITSGWTFGA GAALQIPFAM

901 QMAYRFNGIG VTQNVLYENQ KLIANQFNSA IGKIQDSLSS TASALGKLQD VVNQNAQALN

HR1 fusion core

961 TLVKQLSSNF GAISSVLNDI LSRLDKVEAE VQIDRLITGR LQSLQTYVTQ QLIRAAEIRA
1021 SANLAATKMS ECVLGQSKRV DFCGKGYHLM SFPQSAPHGV VFLHVTYVPA QEKNFTTAPA
1081 ICHDGKAHFP REGVFVSNGT HWFVTQRNFY EPQIITTDNT FVSGNCDVVI GIVNNTVYDP

1141 LQPELDSFKE ELDKYFKNHT SPDVDLGDIS GINASVVNIQ KEIDRLNEVA KNLNESLIDL
HR2 fusion core

Peptides 142 (2021) 170570

Fig. 3. a) Partial amino acid sequence of the surface glyco-
protein of SARS-CoV-2 [ID: YP_009724390.1], where the
fusion core regions of HR1 and HR2 are underlined and the
candidate sequences for antiviral peptides HR1-P, HR2-P and
HR2-antiP are colored. It is believed that, as it occurred in
SARS-CoV, HR2-like peptide would competitively inhibits the
binding of the HR2 domain to the HR1 domain, thus blocking
the formation of viral fusion core, while HR1-like peptide
would probably be less efficient in preventing HR1 and HR2
binding. Adapted from [33]. b) The SARS-CoV-2 S protein
structure simulated by SWISS-MODEL.

1201 QELGKYEQY! KWPWYIWLGF IAGLIAIVMYV TIMLCCMTSC CSCLKGCCSC GSCCKFDEDD

1261 SEPVLKGVKL HYT

HR1-P 919-NQKLIANQFNSAIGKIQDSLSSTASALGKLQDVVNQNAQALNTLVKQ-965.

HR2-P 1171-GINASVVNIQKEIDRLNEVAKNLNESLIDL- 1200.

HR2-anti-P: 1168-DISGINASVVNIQKEIDRLNEVAKNLNESLIDLQEL-1203

b) o4

characteristics have been described by Mustafa et al. [36].

Antimicrobial peptides targeting the lipid membrane of this virus
were also evaluated. Mouse p-defensin-4 derived peptides, were
designed and evaluated in a group of enveloped viruses. Hanjun Zhao
and co-workers tested the antiviral activity of 11 peptides derived from
this defensin and found that a short peptide, P9, exhibited potent and
broad-spectrum antiviral effects against multiple respiratory viruses in
vitro and in vivo, including influenza A virus, HIN1, H3N2, H5N1, H7N7,
H7NO9, but also in MERS-CoV and SARS-CoV [37]

It is worth to notice that peptides derived from either the virus spike
protein or a mouse defensin, both displayed antiviral activity, but the
defensin-derived peptide P9, like most AMPs against bacteria, displayed
broad-spectrum activity, showing antiviral activity against multiple
respiratory viruses. It is interesting that P9 did not prevent the entry of
the virus to the cells, but impaired viral uncoating and viral RNA release
from late endosomes for subsequent replication.

2.1.2. SARS-CoV

Severe acute respiratory syndrome (SARS) is a viral respiratory dis-
ease caused by a SARS-associated coronavirus (SARS-CoV). This virus is
the cause of an atypical pneumonia that affected Asia, North America
and Europe in 2002-2003 and then hit the whole world in a terrible
pandemic in 2019-to date (SARS-CoV-2). Both viruses are genetically
closely related. SARS-CoV was more lethal but it disappeared after
intense sanitary measures to mitigate the spread of the virus. By
contrast, SARS-CoV-2, which came on the scene in December 2019 in
Wuhan, China, it spread all around the globe in the lapse time of a few
months [38].

Using a computational approach Bruno Sainz Jr. and co-workers
identified regions of the SARS-CoV fusion protein that potentially
interact with bilayer membranes [29]. The authors identified five re-
gions of high interfacial hydrophobicity within the S2 subunit of
SARS-CoV and murine hepatitis virus (MHV). They found that peptides

analogous to regions of the N-terminus or the pre-transmembrane
domain of the S2 subunit inhibited infection of SARS-CoV by 40-70 %
(evaluated as plaque formation counts) at concentrations ranging from
15 to 30 pM.

Shuai Xia and co-workers found that the HR1 binding peptide (HR2-
derived peptide) EK1, showed interesting activity inhibiting multiple
human coronaviruses. EK1 displayed inhibitory activity against all
coronaviruses tested, including MERS-CoV and SARS-CoV, as well as bat
SARS-CoVs. In In vivo experiments the authors demonstrated that EK1
administered via the nasal route exhibited protective effects and safety
profiles [39,40]. It was also found that EK1C4, one of the modified EK1
peptides, was much more potent inhibiting the membrane fusion
mediated by the S protein of SARS-CoV-2. These results lead the authors
to suggest that EK1C4 could be a feasible therapeutic candidate against
the currently circulating SARS-CoV-2 and other emerging SARS-CoVs
[34]

Using molecular dynamics simulation of the fusion core, Ling and co-
workers designed and computational-optimized antivirus peptides
based on the HR2 region of SARS-CoV-2 S protein [33]. The authors
designed a peptide that specifically inhibits the pre-hairpin conforma-
tion of SARS-CoV-2 as it binds to the HR1 domain, thus potentially
blocking SARS-CoV-2 infection. Although they did not evaluate them in
vitro or in vivo, they predicted that the antiviral peptides could prevent
SARS-CoV-2 membrane fusion by competitively binding with HR1 to
prevent forming of the fusion core. Fig. 3 shows the S protein sequence
with its HR regions highlighted and the sequences of the designed
candidate peptides.

Another important target for AVPs, is the receptor binding domain
(RBD) on the S protein, which have epitopes that may serve as leads for
the design of effective entry inhibitors [41]. Blocking the attachment of
the virus to the human cell by specific peptides also demonstrated to be a
suitable approach (Fig. 2 A). The binding affinity between ACE2 re-
ceptor on the host cell and RBD in S protein it was found to be higher in
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SARS-CoV-2 compared to SARS-CoV, which may explain the increased
infectivity and transmissibility of SARS-CoV-2 [42]

Struck and co-workers identified the key binding motif of SARS-CoV
viral protein that is used for its attachment to the human cell [43]. A
group of sixteen linear 12mer peptides (RBD-1 to RBD-16) were syn-
thesized which together they comprised residues N318-T509 of the viral
RBD. Using surface plasmon resonance (SPR) binding studies with these
peptides, the binding motifs in interaction with the human receptor
ACE2 could be identified. With this data a hexapeptide was selected that
carries a significant portion of the binding affinity of the virus to the
human cell. The group demonstrated that the peptide
(Tyr-Lys-Tyr-Arg-Tyr-Leu) was capable to reduce viral infection of
epithelial cells by a factor of 600. This peptide displayed specificity
against coronaviruses that binds to the ACE2 receptor, showing no
interference with other viruses that utilize different receptors.

2.2. Rift Valley fever virus

Rift Valley fever (RVF) is a viral infection with significant impor-
tance for human health and economy, affecting people and livestock
throughout the Arabian Peninsula and Africa [44,45]. The etiological
agent is the Rift Valley fever virus (RVFV, family Bunyaviridae). The
disease is most commonly seen in domesticated animals such as camels,
buffalo, goats, sheep and cattle. People can get RVF through bites from
infected mosquitoes but also from contact with body fluids or tissues of
infected animals. RVFV infection is severe in animals, resulting in high
mortality rates in newborns and near 100 % abortion rates in pregnant
animals. According to the WHO, in humans the disease can be lethal, but
it ranges from a mild flu-like illness to severe hemorrhagic fever. Be-
sides, in about 1-10 % of infected patients the retinal inflammation can
lead to permanent vision loss [44].

RVFV is an enveloped virus that requires the fusion of viral and
cellular membranes for the viral genome to enter the cell. This entry into
the cells is mediated by two glycoproteins, Gn and Gc, and the process is
a pH-dependent activation mechanism following endocytosis [46].

Koehler and co-workers showed that peptides analogous to the RVFV
Gc stem region inhibited RVFV infectivity in cell culture by inhibiting
the fusion process [47]. Interestingly, one of the peptides (RVFV-6) was
capable of inhibiting multiple, diverse viruses in addition to RVFV:
Ebola virus, Andes virus or vesicular stomatitis virus, which encode class
I, class II and class III fusion proteins, respectively. They could demon-
strate that the peptide, although it did not prevent binding to host cells,
it interacts with the glycoprotein Gc after acidification, preventing the
viral fusion.

The authors propose that RVFV-6 prevents infection by first attach-
ing to the viral and cellular membranes and subsequent internalization
together with the virion. After internalization, the low pH environment
of the endosome triggers a conformational rearrangement of Gc that
exposes a previously hidden stem domain and RVFV-6, analogous to the
RVFV stem, may interact with this domain, blocking interactions be-
tween the virion and cell membranes [47].

2.3. Eastern equine encephalitis virus

Alphaviruses - including Venezuelan Equine Encephalitis Virus
(VEEV), Eastern Equine Encephalitis Virus (EEEV), and Western Equine
Encephalitis Virus (WEEV) - are single-stranded positive sense RNA
viruses that belong to the Togaviridae family [48,49]. The transmission
between species and between humans occurs via mosquitos. Therefore,
these viruses are also classified as arboviruses, as the virus replicates in
arthropod vectors before being transferred to vertebrates. The virus af-
fects equines and is also important human pathogens. Horses are
dead-end hosts for EEE and WEE virus but not for some VEE strains. In
this case, horses are the reservoir species and cause clinical disease in
both horses and humans [50,51]

Infections with VEEV, after a very acute course, can be lethal in
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horses, even without any neurologic signs. In spite of that high mortality
rate in animals, in humans the disease has low morbidity and mortality
[52].

Western equine encephalitis (WEE) is an uncommon viral illness of
horses and human, these species are often “dead-end” hosts [53]. Most
people infected with WEE virus will have either no symptoms or a very
mild illness. The WEEV mortality rate in horses is higher than in
humans, ranging between 20%-50% in horses showing clinical signs.

Treatment of these viral infections is supportive, as there are no
specific antiviral therapies. In search for new approaches to this viral
illness, Ahmed and co-workers [54] have evaluated the antiviral activity
of the well-known human cathelicidin LL-37 against different strains of
VEEV. The assays were carried out in multiple neuronal cell lines. The
authors observed a significant decrease in viral replication after treat-
ment with this peptide, evaluated at early time points (3 h
post-infection, hpi) and at 16 hpi (confirmed by genomic quantification
of viral particles and by viral titer), demonstrating that the peptide could
exert its antiviral activity interacting with the virion as an entry inhib-
itor, affecting early stages of the infectious process. Authors suggest that
LL-37 would probably penetrates the viral membrane or otherwise de-
stroys its integrity, in agreement with a previously published work [55]
that demonstrated the LL-37 inhibition of Kaposi sarcoma-associated
herpesvirus by viral membrane disruption. Moreover, the authors also
determined that LL-37 could induce the expression of immunomodula-
tory cytokines (modulating interferon expression).

As a result they concluded that this peptide inhibits, in a direct and
indirect mode, VEEV replication, establishing an antiviral state in the
host cells.

2.4. Junin virus

Junin virus (JUNV, family Arenaviridae) is the etiological agent of
Argentine hemorrhagic fever (AHF), an endemo-epidemic disease
restricted geographically to the Argentinean most fertile areas. JUNV is
a enveloped virus with two ambisense single-stranded RNA molecules. It
is generally associated with rodent-transmitted infections in human
beings [56,57]. In the USA ribavirin is the only approved antiviral drug
for treating arenaviruses; although it has reported undesirable second-
ary reactions [58,59]. Therefore, there is an urgent demand to develop
novel therapeutics against arenaviruses. For this purpose, many anti-
microbial peptides have been assayed against JUNV.

As was pointed above, some AMPs can also exhibit antiviral activity,
in this sense, Malatani and co-workers tested different cationic AMPs
against JUNV. Melittin, the principal constituent in the venom of the
European honeybee Apis mellifera, has shown in vitro inhibition of JUNV
replication at non-toxic concentration ranges (0.5-3 pM). It was found
that 3 pM of this peptide was able to reduce a 99 % of JUNV infectivity,
suggesting that this peptide could be a serious candidate for the devel-
opment of an anti-viral therapy against this virus [58]. Results with
cercopin A showed that this peptide effectively inhibited JUNV multi-
plication with a much higher selectivity index than melittin. Cecropin A
treatment reduced viral protein synthesis, but it did not affect host cell
protein synthesis. The analysis of the effects of cecropin A as a function
of time indicated that the inhibitory action of the compound takes place
mainly at the late stages of the viral multiplication cycle. This inhibition
is achieved through the prevention of viral morphogenesis and release
from infected cells [58]. Finally, indolicidin, another well-known AMP,
also showed virucidal activity against JUNV but much less potent than
cecropin A. Unlike cecropin A, indolicidin seems to be capable to
directly inactivate the virus particles when exerting its antiviral activity
[58].

Spence and co-workers have identified AVP-p, a peptide derived
from a membrane-anchored fusion protein GP2 from arenaviruses [60].
The arenavirus GP2 is considered a class I viral fusion protein, thus
virus-host cell fusion is mediated by the rearrangement of GP2 trimers.
The results obtained showed antiviral activity with a 50 % inhibitory
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dose (IC50) at 7 pM of AVP-p, showing complete inhibition of viral
plaque formation at approximately 20 pM, without acute cytotoxicity.
AVP-p demonstrated activity against viruses possessing the arenavirus
viral glycoprotein complex of Old and New World but not against other
enveloped virus families. Regarding its mechanism of action, it was
shown by fusion assays with liposomes, that the peptide impairs the
fusion machinery of the virions with the host cells by preventing binding
to the cell receptor or the subsequent endosomal fusion.

2.5. Dengue virus

Dengue virus (DENV, family Flaviviridae) is a positive-sense RNA
virus, encapsulated by a lipid membrane. The four dengue virus sero-
types are major mosquito-transmitted human pathogens that infect
approximately 100 million people annually with no available thera-
peutic treatment yet. The viral genome has three structural proteins:
capsid, precursor membrane and envelope (E), and seven non-structural
proteins also implicated in viral replication [61]. Several peptide-based
approaches have been evaluated in order to inhibit DENV infection.
These approaches have been directed both at the host cell receptors and
at structural and non-structural proteins of the virus; most of these
strategies are summarized in the review of Chew and co-workers [62].
Among these different approaches, it is particularly interesting the
peptide DN59, a 33 amino acid peptide that mimics a highly conserved
region of the stem region of the E protein, and inhibits the infectivity of
the Dengue 2 virus and West Nile virus, another flavivirus [63]. Inter-
estingly, in a later study, it was found that DN59 after binding the
protein E can reach the viral lipid membrane inducing the formation of
holes (Fig. 2B) causing the release of the viral genome, resulting in an
irreversibly destroy of the virus infectivity capacity [64].

3. AVPs against non-zoonotic farm animal viruses
3.1. Poultry viruses

Poultry represents the largest domestic animal stock in the world,
representing more than 40 % of all animal production (Meat market
review: Emerging trends and outlook, FAO December 2020). In this
sense, poultry diseases have a great impact on human well-being,
especially in rural areas where chickens are a crucial source of income
and food. In particular, viral infections represent a great concern espe-
cially in countries with industrialized poultry production, which have
been spending large budgets to prevent this type of infection or at least
reduce economic losses [65]. As an attempt to find an effective treat-
ment for this kind of diseases, some peptide-based approaches were
successfully applied.

3.1.1. Newcastle disease (ND) and avian infectious bronchitis (IB)

Among viral infections, Newcastle disease (ND) can have dramatic
effects on the global economy of domestic poultry production [66].
However, despite extensive research, there is no effective therapy avail-
able against this viral infection. Newcastle disease virus (NDV, family
Paramyxoviridae) is an enveloped virus with a genome of negative-sense
single-stranded RNA. Two different glycoproteins protrude outside from
the lipid membrane, the haemagglutinin-neuraminidase (HN) and the
fusion protein (F). The first one is a multifunctional protein that is also a
major antigenic determinant of paramyxoviruses [66,67].

Avian infectious bronchitis (IB) is an acute, highly contagious disease
caused by infectious bronchitis virus (IBV, family Coronaviridae) an
avian Coronavirus of the domestic chicken (Gallus gallus). As for ND, the
economic consequences are severe in the poultry industry worldwide
[68].

In order to inhibit the fusion of the viral and cell membranes, re-
combinant peptides based on the heptad repeat regions of NDV fusion
glycoproteins were designed, obtaining a new series of peptides called
NOVEL [69]. It is worth noticing that both viruses (NDV and IBV) adopt
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a similar fusion mechanism, which has been described above (type I
fusion proteins), in which a key step is the formation of a coiled coil
between the trimer HR1 and HR2 of viral fusion proteins. These peptides
were tested by plaque formation and chicken embryo infectivity assays
and it was found that peptides NOVEL-1 and NOVEL-2 were the most
active molecules. Interestingly these peptides completely inhibited both
single virus infections as well as mixed infections caused by NDV and
IBV. These results point out the feasibility of designing relatively
broad-spectrum antiviral peptides capable to reduce the effects of
mixed-infections [69]. Later, as a strategy for improving the activity of
the NOVEL-2 peptide described above, a Cholesterol Tag or PEG moi-
eties in the N-terminus of the peptide were added [10]. It has been
previously reported for other antiviral peptides that the antiviral po-
tency can improve by directing the peptide to the cell compartment
where fusion occurs, with the addition of cholesterol as membrane an-
chor [70,71]. The results obtained for the NOVEL-2 conjugated with
cholesterol or polyethylene glycol exhibited even more promising anti-
viral activity in experiments with animal models. Both peptides
(cholesterol- and cholesterol-PEG3-tagged) were protective for chicken
embryos against several serotypes of NDV and IBV, when administered
12 h before virus inoculation. On the other hand, for untagged peptides,
an intervention near the time of viral inoculation was required to ach-
ieve similar protection levels [10].

In another work carried out by Ramanujam and co-workers, the
phage display technique was used to select specific ligands that interact
with NDV. Using this technique the amino acid sequence Thr-Leu-Thr-
Thr-Lys-Leu-Tyr was selected. Afterward, synthetic peptides with the
sequence Cys-Thr-Leu-Thr-Thr-Lys-Leu-Tyr-Cys, either in linear or cyclic
conformations were obtained and evaluated against NDV. The two
flanking cysteine residues added to the sequence increased the inhibi-
tion activity of the synthetic peptide. Both peptides showed inhibition of
the hemolytic activity of the virus as well as its propagation in embry-
onated chicken eggs [67]. Afterwards, structure studies on the peptides
showed that the peptide displayed better activity as a cyclic arrange-
ment than a linear one, suggesting that cyclization may allow a more
stable conformation compared to the linear peptide [72].

Considering that many AMPs have been characterized with dual
activity against bacteria and viruses, either directly or by the recruit-
ment of immune cells [73,74], a more general strategy was designed.
The antiviral effect of antimicrobial lipopeptides (AMLs) isolated from
Bacillus subtilis fmbj that contain the lipopeptides surfactin, fengycin and
their isoforms were evaluated against NDV [75]. The results obtained in
that work demonstrated that AMLs had a direct inactivation, and suc-
cessfully inhibited infection and replication of NDV with EC50 values of
7.31 pM. Although the actual antiviral mechanism was not described by
the authors, they could demonstrate that surfactin is active against
several viruses. The fact that this lipopeptide showed higher activity
against enveloped viruses could suggest that the antiviral action of
surfactin is primarily by surfactant action of this molecule on the lipids of
the virus membrane [76].

In a similar strategy but now against IBV, swine intestine antimi-
crobial peptides (SIAMP) were evaluated against IBV in chick embryos
[771. SIAMP were obtained from an acetic acid extraction from pig small
intestines and contains among others cecropin P1, a well-known anti-
microbial peptide [78]. Embryos treated with SIAMP after being inoc-
ulated with a lethal dose of IBV showed no evident differences compared
with the control; in contrast to non-treated inoculated embryos. How-
ever, when embryos were pretreated with SIAMP the mortality induced
by IBV dropped dramatically. Although the antiviral mechanism was not
characterized, the findings of the study suggested that preincubation
with SIAMP may prevent viral fusion to host cells and therefore decrease
the IBV infection [77]. Further studies of cecropin P1 against other vi-
ruses as Porcine reproductive and respiratory syndrome virus, showed that
this peptide blocks the attachment and replication of the virus [79].
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3.1.2. Avian leukosis

Avian leukosis (AL) is a tumorigenic disease produced by avian
leukosis virus (ALV, family Retroviridade). This virus is also a naturally
occurring avian virus that affects poultry worldwide causing enormous
economic issues in the poultry industry since its emergence [80]. In this
sense, programs for virus eradication should be applied to reduce eco-
nomic damage caused by ALVs [81]. In chickens, based on their viral
envelope glycoproteins, the ALVs are divided into six subgroups: A, B, C,
D, E, and J [80]. Zeng et al. (2019) evaluated a novel recombinant
hybrid polypeptide based on bursin peptide. It was previously demon-
strated that bursin, a tripeptide (Lys-His-Gly-NH2) hormone selectively
stimulates avian B cell differentiation [81] and promotes
immune-globulin (Ig) switching from IgM to IgG [9]. Furthermore, a
novel stabilized bursin mimetics, Gagnon’s tetrapeptide (Lys-Asn-Pro--
Tyr), induces the selective expansion of B cells as well as the stimulation
of cytotoxic T lymphocytes [10]. In this way, the authors evaluated a
hybrid polypeptide (BLP) containing a tandem array of Gagnon’s pep-
tide and albumin-binding peptide, in in vivo studies they found that BLP
injection-induced body weight recovery in chickens infected with ALV.
To dissect the antiviral action of this synthetic peptide, in vitro studies
were carried out showing that the peptide might inhibit virus adsorption
onto DF-1 cells. On the other hand, BLP treatment subsequently applied
to virus inoculation did not significantly reduce virus infection. Overall
the authors stated that peptide BLP showed potential as an antiretroviral
drug in chickens diminishing the effects of ALV infection [81].

3.1.3. Tembusu virus

Tembusu virus (TMUV, family Flaviviridae) poses a positive-sense
single-stranded RNA genome. TMUV exhibits a wide range of natural
host species, including mosquitos, chickens, ducks, geese, pigeons, and
sparrows [82]. Particularly, when TMUYV infects ducks and geese these
animals exhibit a rapid decrease in daily food intake and egg production.
In the last outbreak in China, the rapid spread of TMUV resulted in
important economic losses in the major waterfowl-breeding.

As was shown above for other viruses, blocking the first step of the
viral interaction with the host cell prevents the infection itself. In this
sense in the case of TMUV, the envelope (E) protein at the surface of
mature virions drives the attaching of the virion to the cell surface re-
ceptors. After the virus is internalized by endocytosis, under the low-pH
conditions of the endosome, as for other class II type fusion proteins, the
dissociation of E homodimer exposed the fusion loop in domain II of the
protein (DII) that inserts into the target membrane, then the E protein
interacts to form a protein trimer that folds back directing the E stem
anchor domain towards the fusion loop [83]. In a recent study, the
peptide TP1 derived from domain DII and peptide TP2 derived from the
stem region of E protein were synthesized and evaluated against TMUV
infection. Both peptides showed antiviral activity by preventing the
binding of TMUV to the target cells. This inhibition was achieved by
direct binding of TP1 or TP2 to TMUV, but not to target cells. Further-
more, RNase digestion assay showed that virions treated with TP1 are
sensitivities, suggesting that the peptide was able to disrupt the viral
membrane allowing the escape of genomic viral particles. As it was
previously reported for other peptides, after the peptide binds to the
target protein it likely inserts itself between the E protein and the lipid
membrane, resulting in a disruption of the virion membrane bilayer
structure [84]. In the case of TP2, this peptide showed antiviral activity
against TMUV as well as Japanese encephalitis virus (another Flaviviridae
virus), and due to the highly conserved stem regions of TMUV and other
flaviviruses, TP2 may probably inhibit other flaviviruses. Therefore, TP2
and TP2 derivatives or analogous peptides might probably work as
broad-spectrum flavivirus inhibitors [85].

3.1.4. Avian influenza

Avian influenza Type A viruses (AIV, family Orthomyxoviridae) is a
group of enveloped viruses with a segmented and negative-stranded
RNA genome. This pathogen is distributed throughout the world and
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is responsible for avian flu, one of the most serious avian diseases that
cause serious economic losses to the poultry industry [86]. Although ATV
is also an important pathogen of humans, responsible of severe and some
times deadly respiratory diseases, in this section, we will only discuss
antiviral peptides strategies against livestock infections.

By using a phage display library against AIV subtype HIN2 the
peptide sequence Asn-Asp-Phe-Arg-Ser-Lys-Thr among other major se-
quences has emerged. Subsequently, this peptide in its linear and cir-
cular form (with the sequence Cys-Asn-Asp-Phe-Arg-Ser-Lys-Thr-Cys)
was tested in vitro and in ovo. The antiviral activity was evaluated in
embryonated chicken eggs for both synthetic peptides and the fusion
phages. All the peptides displayed high levels of anti-viral activity
against AIV, demonstrating their value as antiviral molecules at various
potential levels, being the cyclic peptide the most active molecule. Due
to the peptides showed a strong anti-viral activity inhibiting the hem-
agglutination when were applied at a pre-infection time but not at post-
infection stages, the authors claimed that both peptides prevent the viral
replication at the initial step of the life cycle of the virus, either inhib-
iting the attachment or the entry of the virus into the target cells [86]. In
a later study conducted by the same group, they confirmed that the
linear version of peptide Cys-Asn-Asp-Phe-Arg-Ser-Lys-Thr-Cys inhibits
the replication of ALV, by specifically blocking its attachment to the host
cell thus preventing the expression of early viral genes [87]. Interest-
ingly, the short sequence of the peptides implies an advantage for its
further commercialization as it can greatly reduce the production costs.

3.2. AVPs against cattle viruses

3.2.1. Bovine viral diarrhea virus

Bovine viral diarrhea virus (BVDV, family Flaviviridae) is an envel-
oped single-stranded, positive-sense RNA virus of approximately 12.3
Kb. The genome presents an open reading frame (ORF) flanked by un-
translated regions (UTRs) [88,89], which encodes a poly-protein of
almost 4000 amino acids [90]. BVDV is a pathogen that causes economic
losses for the national [91] and the global livestock industry, mainly due
to reproductive complications [92,93]. BVDV infection can be acute,
fatal (syndrome called "Mucosal Disease") or can cause infertility,
abortions and congenital anomalies [94,95]. The infection of pregnant
females between 40 and 120 days of gestation is epidemiologically
relevant since it leads to the birth of persistently infected (PI) calves. PI
animals are immunotolerant to the infecting BVDV strain and they
continuously disperse the virus into the herd [91].

Some countries have eradication and control programs for the dis-
ease. Immunity induced by commercial vaccines, even attenuated ones,
requires more than 2 weeks to develop and more than one dose, leaving
a window of vulnerability. The use of antiviral treatments could prevent
the spread of BVDV in herds in cases of an outbreak and even protect
pregnant females from aborting or producing PI individuals. This pro-
cedure could be used in combination with vaccination and would avoid
the period of vulnerability to which animals are exposed to until adap-
tive immunity develops.

For this purpose, natural and synthetic peptides have been tested as
potential agents that can inhibit or diminish BVDV infection. It is
important to note that naturally occurring substances are characterized
generally by greater biocompatibility and safety. Although many com-
pounds have demonstrated potent anti-BVDV activity, the involved
mechanisms of action for all of them is still to be elucidated.

Mataczewska and co-workers [96] characterized the antiviral effects
of different positively charged natural compounds: two animal proteins,
bovine lactoferrin and chicken egg lysozyme, and nisin a bacteriocin
from Lactococcus lactis. These substances were in vitro tested, both
individually and in combination on BVDV infection. The bacteriocin
nisin demonstrated efficacy in reducing the extracellular virus titer and
the intracellular BVDV RNA. Bovine lactoferrin showed the strongest
anti-BVDV effect and lysozyme the weakest among all the tested com-
pounds. Although none of the natural compounds had virucidal activity,
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all showed better effects while they were present throughout the course
of the infection. Interestingly, the only compound that displayed a
protective effect on the cell and was able to inhibit viral attachment was
lactoferrin.

When the authors tested combination of peptides they observed that
nisin plus lactoferrin and lysozyme plus lactoferrin mixtures were more
effective in inhibiting virus replication, compared to the single treat-
ments. These results, obtained after the combined administration of
peptides with different modes of action, would make it possible to
decrease the therapeutic dose and to reduce possible side effects [97,
98].

4. Conclusions

Antiviral peptides are being considered a promising and novel
strategy against viruses, principally for enveloped RNA viruses, which
represent a plausible pandemic threat. The different strategies that
peptides can display range from inhibiting viral entry into the host cell
to inactivating the viral particle through peptide-membrane in-
teractions. These characteristics highlight the versatile capabilities that
peptides possess as antiviral drugs, probably driving the future research
and development in the post—COVID-19 era.
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