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Abstract

In the design and development of therapeutic agents, macromolecules with restricted structures have stronger competitive
edges than linear biological entities since cyclization can overcome the limitations of linear structures. The common issues
of linear peptides include susceptibility to degradation of the peptidase enzyme, off-target effects, and necessity of routine
dosing, leading to instability and ineffectiveness. The unique conformational constraint of cyclic peptides provides a larger
surface area to interact with the target at the same time, improving the membrane permeability and in vivo stability compared
to their linear counterparts. Currently, cyclic peptides have been reported to possess various activities, such as antifungal,
antiviral and antimicrobial activities. To date, there is emerging interest in cyclic peptide therapeutics, and increasing
numbers of clinically approved cyclic peptide drugs are available on the market. In this review, the medical significance
of cyclic peptides in the defence against viral infections will be highlighted. Except for chikungunya virus, which lacks
specific antiviral treatment, all the viral diseases targeted in this review are those with effective treatments yet with certain
limitations to date. Thus, strategies and approaches to optimise the antiviral effect of cyclic peptides will be discussed along
with their respective outcomes. Apart from isolated naturally occurring cyclic peptides, chemically synthesized or modi-
fied cyclic peptides with antiviral activities targeting coronavirus, herpes simplex viruses, human immunodeficiency virus,
Ebola virus, influenza virus, dengue virus, five main hepatitis viruses, termed as type A, B, C, D and E and chikungunya
virus will be reviewed herein.
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Abbreviations

AGyinging Gibbs free binding energy

2D Two-dimensional

ACE2 Angiotensin converting enzyme 2

ADMET Absorption, distribution, metabolism,
excretion and toxicity

AIDS Acquired immunodeficiency syndrome

ARM Arginine rich motif

ATP Adenosine triphosphate

BCP Backbone cyclic peptide

bnAbs Broad neutralizing antibodies

BNP Brain natriuretic peptide

BSA Bovine serum albumin

CHIKV Chikungunya virus

CIC Chronic idiopathic constipation

cMD Classical molecular dynamics

CoV Coronavirus

CPE Cytopathic effect

CSSSIs Complicated skin and skin structure
infections

DENV Dengue virus

E. coli Escherichia coli

EBOV Ebolavirus

ECs, Median effective concentration

ED Envelope domain

ELISA Enzyme-linked immunosorbent assay

EVD Ebola virus disease
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pBzP P-benzoylphenylalanine

PET Positron emission tomography

PLpro Papain-like protease

PMF Potential of mean force

RBD Receptor binding domain

RC Retrocyclin

RdRp RNA-dependent RNA polymerase

RTD Rhesus Theta defensin

RTHS Reverse two-hybrid system

RT-PCR Reverse transcription—polymerase chain
reaction

SAM S-adenosyl-L-methionine

SARS-CoV-2 Severe acute respiratory syndrome corona-
virus 2

SICLOPPS Split intein-catalysed ligation of proteins
and peptides system

SIE Solvated interaction energy

SPPS Solid phase peptide synthesis

S-S Disulphide

Tat Transactivator of transcription

TBE Tick-borne encephalitis virus

TC, Noncytotoxic concentration

TNFSF10 TNF ligand superfamily member 10

tRNA Transfer ribonucleic acid

TSG Tumour susceptibility gene

UAA Unnatural amino acid

UEV Ubiquitin E2 variant

UTR Untranslated regions

VLP Virus-like particle

VOC Variant of concern

VOI Variant of interest

Vp Viral matrix protein

VRNP Viral ribonucleoprotein

WEEV Western equine encephalitis viruses

WHO World health organisation

WNV West Nile virus

WT Wild type

YFV Yellow fever virus

ZIKV Zika virus

Introduction

In drug discovery, macromolecules, such as antibiotics,
proteins, peptides and nucleic acids, are currently attract-
ing increasing interest as therapeutic candidates, although
small biological entities remain central to the market (Siang
Ong et al. 2017). Peptides have relatively straightforward
production, low toxicity, high structural diversity, good
selectivity and strong binding affinity towards the desired
biological targets (Ayoub and Scheidegger 2006; Passioura
et al. 2014; Siang Ong et al. 2017). However, the exist-
ing barriers of linear peptide stability in the human body,

including low oral bioavailability, high risk of proteolytic
degradation and high excretion rate, greatly influence their
development in therapeutic fields (Ayoub and Scheidegger
2006; Gongora-Benitez et al. 2014; Wang and Craik 2016;
Siang Ong et al. 2017). Although polypeptides are used to
treat various ailments and diseases, major drawbacks are
their in vitro and in vivo stability. Currently, researchers
overcome this problem by developing various novel drug
delivery systems (Kumar et al. 2018; Kumar et al. 2019;
Chellathurai et al. 2021; Tee et al. 2021). One of the smart-
est approaches that is predicted is converting these poly-
peptides into cyclic peptides, but their pharmacological
properties and stability need to be proven once again after
conversion. The findings from the researchers supported that
cyclic peptides, polypeptide chains with a closed structure
(Joo 2012), are the more favourable alternatives that are
free from the majority of these challenges. Cyclic peptides
demonstrate their resistance to exopeptidases and even endo-
peptidases, showing improved in vivo stability (Joo 2012;
Siang Ong et al. 2017). With a bioactive conformation and
decreased entropic penalty for binding, target selectivity
can be improved and ensures stronger binding interactions
(Siang Ong et al. 2017). In addition, cyclization of peptides
has the advantage of cell penetration under some conditions
(Siang Ong et al. 2017). Thus, drug discovery and develop-
ment with cyclic peptides has recently become a significant
direction of study based on their unique structural features.

Due to their wide spectrum of biological activities and the
formation of unique folded structures, cyclic peptides have
been employed in applications ranging from drug design
to nanotechnology (Tapeinou et al. 2015). Recently, the
generation of peptide nanostructures, such as nanospheres,
nanofibers and nanotubes, has been exploited for the purpose
of drug delivery, medical imaging tools, and tissue engi-
neering. Ghadiri et al. demonstrated a pioneering design of
a novel class of heterochiral cyclic peptides in nanotubular
structures, and this transmembrane channel structure was
proposed to be a potential delivery agent into living cells
in gene therapy (Mandal et al. 2014). In the pharmaceutical
industry, great success in the bioengineering of linear pep-
tide cyclization from the N- to C-terminus has specifically
contributed to peptide toxin progression (Thapa et al. 2014).

Current therapeutic cyclic peptides permitted by the Food
and Drug Administration (FDA) consist of natural deriva-
tives or artificial analogues resembling the natural substrate
(Table 1) (Zorzi et al. 2017; Al Shaer et al. 2020; Choi and
Joo 2020, Buckton et al. 2021, Zhang and Chen 2021). They
are able to exhibit various biological activities. Examples of
natural cyclic peptides are gramicidin S with antimicrobial
activity, vancomycin with antibacterial effect and cyclo-
sporine A with immunosuppressive activity (Ayoub and
Scheidegger 2006; Joo 2012; Jin 2020). In discovering and
designing cyclic peptide drugs, various sound approaches

@ Springer



7 Page4of27 International Journal of Peptide Research and Therapeutics (2023) 29:7

Table 1 Cyclopeptides approved in the last 10 years (2011-2021) approved by the EMA and/or FDA

Name Activity or indication Route of administration First clinical use
['7"Lu]-DOTATATE Al Shaer et al. (2020) Gastroenteropancreatic neuroendocrine tumors Intravenous 2018
[%*Cu]-DOTATATE Al Shaer et al. (2020)  Positron emission tomography (PET) imaging Intravenous 2020
[%® Ga]-DOTATATE Buckton et al. (2021) PET imaging Intravenous 2016
[%® Ga]-DOTATOC Al Shaer et al. (2020) PET imaging Intravenous 2019
[%® Ga]-PSMA-11 Al Shaer et al. (2020) Diagnosis of recurrent prostate carcinoma by PET  Intravenous 2020
Bremelanotide Al Shaer et al. (2020) Women hypoactive sexual desire disorder Subcutaneous 2019
Dalbavancin Zorzi et al. (2017) Complicated skin and skin structure infections Intravenous infusion 2014
(CSSSIs)
Linaclotide Choi and Joo (2020) Irritable bowel syndrome (IBS-C), chronic idi- Oral 2012
opathic constipation (CIC)
Oritavancin Zorzi et al. (2017) CSSSIs Intravenous infusion 2014
Pasireotide Zorzi et al. 2017) Cushing’s disease, acromegaly, neuroendocrine Subcutaneous, intramuscular 2012
tumors
Peginesatide Zorzi et al. (2017) Anemia associated with chronic kidney disease Intravenous, subcutaneous 2012
Plecanatide Choi and Joo (2020) CIC Oral 2017
Setmelanotide Al Shaer et al. (2020) Obesity Subcutaneous 2020
Voclosporin Zhang and Chen (2021) Lupus nephritis Oral 2021

have been practised to optimise the desired properties for  cyclization of peptides can be achieved chemically via tech-
drug delivery. In addition to the well-established biological ~ niques such as head-to-side chain, side chain-to-side chain,
methods, such as split intein circular ligation of peptides  head-to-tail and side chain-to-tail, which are determined by
and proteins system (SICLOPPS), phage display, and mRNA  the functional groups (Fig. 1) (White and Yudin 2011; Vitali
display (Siang Ong et al. 2017; Liras and Mcclure 2019),  and Fasan 2017; Hayes et al. 2021).
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Fig. 1 Schematic illustration of peptide cyclization modes. Created with BioRender.com
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Current and emerging viral diseases have evolved as pub-
lic health threats, causing morbidity and death worldwide
over the human development timeline (De Clercq and Li
2016; Hoffmann et al. 2020). However, there are still inad-
equate effective therapeutics for most viruses to date (Hoff-
mann et al. 2020). In fact, the current treatment of some viral
infections faces a dilemma, as the approved antiviral treat-
ments are less than satisfactory and presented with certain
limitations (Balasubramanian et al. 2019; Farooq and Ngaini
2021; O’Donnell and Marzi 2021). Hence, to minimize the
impact of virus outbreaks, novel antiviral drug discovery is
of utmost importance. In conjunction with the fast-evolving
biomedical and biotechnology developments, antiviral cyclic
peptides can be synthesized not only through the fermenta-
tion of natural sources but also via synthetic modifications
from linear peptides to achieve the anticipated biological
activities. With high feasibility and possibility, substantial
attention is given to cyclic peptides with antiviral activity to
occupy this void space to combat viral infections (Hoffmann
et al. 2020). In this review, antiviral cyclic peptides targeting
different viral strains of infectious diseases will be discussed.

Natural and Synthetic Cyclic Peptides

With the advancement in the biotechnology, the cyclic pep-
tides can be synthesised or modified accordingly in order
to obtain the desired biological activities based on rational
design despite the fact that the majority of the clinically
approved cyclic peptides in the market are the natural
product derivatives (Abdalla and McGaw 2018). Naturally
occurring cyclopeptides have been extracted from various
sources including algae, fungi, plants, mammals, and bac-
teria, be it on the land or in the ocean (Agarwal and Gabrani
2021). They have a wide range of size composing of the
20 proteinogenic amino acids with one or more disulphide
bonds. The naturally synthesized cyclic peptides share com-
mon characteristics of well-defined structures and excep-
tional stability even in unfavourable biological environment
(Bockus et al. 2013). In addition, they typically possess the
ability on host defence of their producing organisms (Thor-
stholm and Craik 2012).

On the other hands, the natural linear peptides with sig-
nificant drawback of instability towards proteolysis require
structural modifications to maintain their feasibility for the
pharmaceutical industry (Katsara et al. 2006; Tapeinou
et al. 2015). To date, diverse strategies have been intro-
duced and concentrated on the remodelling of the cyclic
peptidomimetics. There are three principal technologies
being introduced chronologically, which are direct isolation
from host organism, chemical synthesis via solid phase pep-
tide synthesis (SPPS) or chemo-enzymatic synthesis, and
biological synthesis employing recombinant expression in

plants or bacteria (Thorstholm and Craik 2012). For exam-
ple, cyclization to increase stability, incorporate unnatural
amino acids to improve specificity and introduce assorted
structural restrictions. The novel modality forces the ordered
secondary arrangement of a peptide, enhancing its meta-
bolic stability and oral bioavailability. The cyclic mimet-
ics are more preferred over the larger proteins in terms of
lower immunogenicity while preserving the selectivity and
potency (Tapeinou et al. 2015). However, it is difficult to
obtain the native fold when the original sequence of the pep-
tide is altered (Thorstholm and Craik 2012).

The Antiviral Activities of Synthetic Cyclic
Peptides

Cyclic Peptides in Coronavirus Therapy

Coronaviruses (CoVs) are grouped under the Coronaviridae
family (Ali and Alharbi 2020). The outbreak of CoV disease
in December 2019 (COVID-19) is a viral disease caused by
severe acute respiratory syndrome CoV 2 (SARS-CoV-2)
(Ali and Alharbi 2020; Brodin 2021). In December 2021,
the WHO reported that SARS-CoV-2 variants of concern
(VOCs) variants are Alpha, Beta, Gamma, Delta, and Sub-
micron, whereas the variants of interest (VOIs) includes
the Epsilon, Theta, Lambda and Mu (Konings et al. 2021,
Parums 2021, WHO 2021).

The mutation in SARS-CoV-2 variants mainly enhances
viral attachment to the host cell and therefore facilitates its
entry, thus having various degrees of spreadability (Davies
et al. 2021). Researchers revealed that in the Omicron vari-
ant, there are 15 RBD region mutations among the variations
concealed in its spike protein. Unlike Mu, Beta, and Gamma
variants having E484K substitutions, E484A and Y505H
substitutions are reported in the Omicron variant (Woo and
Shah 2021; Kannan et al. 2022). From the investigations
by Woo and his colleagues, the E484 A substitution in the
Omicron variant facilitates evasion of the immune response
by significantly reducing the binding energy between its
RBD and the approved therapeutic monoclonal antibodies,
together with other replacements of T478K, Q493K, and
Q498R, which strengthen ACE2 binding (Woo and Shah
2021). With greater binding affinity and antibody neutrali-
zation ability, the Omicron variant is estimated to have an
infectability that is three to 6 times greater than that of the
Delta variant, given the same period of time (Callaway and
Ledford 2021).

SARS-CoV-2 facilitates its entry into human cells
through the binding of the spike protein RBD to cell-sur-
face ACE2 receptors in the lung (Ali and Alharbi 2020;
Shang et al. 2020; Norman et al. 2021). Thus, to develop
new antiviral agents against SARS-CoV-2, targeting the
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RBD-ACE2 interaction is potentially an effective strategy
(Norman et al. 2021). Norman et al. have utilized mRNA
display to discover cyclic peptides with high glycoprotein
binding affinity ligands towards SARS-CoV-2 spike protein
(Norman et al. 2021). Among the nine target cyclic peptides
being evaluated, peptide 4 (Fig. 2a) has the highest affinity
to RBD with a detected nanomolar dissociation constant,
Ky with a value of 15 nM and a noticeably low dissocia-
tion rate of 1.4x 107> s~!. Peptide 5 (Fig. 2b) recorded a

Kp value of 76 nM (Norman et al. 2021). However, useful
detection of the spike protein was identified, although the
tested peptides did not counteract the cells infected with
SARS-CoV-2, which might be due to the distal ligand bind-
ing of RBD to the ACE2 binding site (Norman et al. 2021)
(Fig. 3). The complexation of peptide 4 with the SARS-
CoV-2 spike protein provided a unique binding mechanism
of cyclic peptides neighbouring the C- and N-end domains.
This result suggested that spike protein restructuring is vital
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Fig.3 Mechanism of SARS-CoV-2 binding to the human ACE2
receptor and entering the host cell. Cyclic peptide is able to restruc-
ture the spike protein, influencing the nature of the interaction
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for ligand accommodation. In addition, the possibility of
hybridization by designing lipid-linked variants of peptide
4 is another interesting direction of study to improve spike
RBD affinity and antiviral activity, as the binding site was
found to be located next to a newly revealed SARS-CoV-2
RBD fatty acid binding pocket (Toelzer et al. 2020; Norman
et al. 2021).

In addition, the main protease (MP™) of SARS-CoV-2 is
utilized as a specific intracellular target for the development
of new antiviral agents (Zhang et al. 2021). With the number
of cleavage sites of the two polyproteins ppla and pplab
not less than eleven sites, together with papain-like protease
(PLP™), MP™ has an important role in viral replication and
viability (V’kovski et al. 2021). Notably, the highly spe-
cific proteolytic activity of the Leu—GlIn|Xaa sequence (as
| indicates the cleavage site and Xaa could be Asn, Ala or
Ser) has not been reported for human proteases (Zhang et al.
2020, Johansen-Leete et al. 2022). Hence, this unique find-
ing leads to the potential search for peptidomimetic-based
or peptide inhibitors of MP™. Despite the currently avail-
able peptidomimetic MP™ inhibitors either in the market or
under clinical trials (Boras et al. 2021; Owen et al. 2021;
Yang et al. 2021), macrocyclic peptides are attractive can-
didates because of their high binding selectivity and greater

DENV Cyclic peptide may prevent the
attachment of viral proteins to
the host cell receptor, stopping

the entry of DENV.

/ Clathrin-mediated
endocytosis

Cyclic peptide may target the viral
structural proteins, inhibiting viral
fusion and virus disassembly.

Viral RNA release ™

activities of viral proteases.

Viral RNT?——» (‘: _JW °
L - P N

R]bosome.

Nucleus
[

Cyclic peptide may target the NS (cofactor)
proteins to block the viral replication and
translation by interfering with the enzymatic

proteolytic stability in comparison with their linear counter-
parts (Vinogradov et al. 2019). Johansen et al. utilized ran-
dom nonstandard peptide integrated discovery technology
coupling mRNA display with flexizyme-mediated genetic
code reprogramming and successfully identified cyclic pep-
tides with potential antiviral activity as inhibitors of SARS-
CoV-2 MP™ (Johansen-Leete et al. 2022). The importance of
peptide cyclization has been proven to impose strain on the
peptide, avoiding the adoption of a wholly relaxed configura-
tion (Johansen-Leete et al. 2022).

Cyclic Peptides in Dengue Therapy

Dengue virus (DENV) is an enveloped vector-borne Fla-
viviridae family virus with positive single-stranded RNA
(Muller et al. 2017). In the viral infection cycle, structural
proteins, especially the envelope (E) protein, facilitate viral
entry through interactions with host cell receptors (Fig. 4)
(Chew et al. 2017). The E protein can be divided into enve-
lope domains (ED) I, II and III (Rodenhuis-Zybert et al.
2010; Alhoot et al. 2013). The important contribution of
EDIII in receptor recognition for viral attachment has been
reported by several studies; therefore, targeting DENV E
structural protein could be considered an effective strategy

Mature virus release

Cyclic peptide may target prM protein,
distorting E protein conformation during

maturation pathway in the low pH trans-
golgi network to prevent virus maturation.

/G'oNgi

Virus
assembly

Endoplasmic
reticulum

Fig.4 DENYV infection cycle. Virus binding and membrane fusion are organized by the envelope protein in a pH-dependent environment. (Chew
et al. 2017) Adapted from “ZIKV Infection Cycle”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates
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to inhibit the entry of the virus into the host cell (Hung
et al. 2004; Swaminathan and Khanna 2009). Researchers
have gained valuable information and a better understand-
ing of the well-determined E structural protein by utiliz-
ing advanced techniques such as cryo-electron microscopy,
nuclear magnetic resonance spectroscopy and X-ray crystal-
lography (Modis et al. 2004; Volk et al. 2007; Fibriansah
et al. 2015). Thus, various strategies have been applied in
the development of antiviral drugs against the E protein.
Among them, a novel peptide DN59 at <25 pM with >99%
inhibition rate of DENV-2 was reported by Hrobowski et al.
in 2005 (Hrobowski et al. 2005). However, a sequence of
certain mechanisms is required for the peptide to otherwise
lose its function in inhibiting DENV infection due to pos-
sible unnecessary intramolecular interactions. A constrained
structure of the peptide can help overcome this issue. In
2013, a study was conducted to screen marketed cyclic
peptides through in silico studies (Parikesit and Tambunan
2013). Among all ligands, brain natriuretic peptide (BNP)
(7-32) porcine, amylin human and big endothelin (1-38)
human are the three ligands able to enter the envelope pro-
tein cavity as a whole. From the molecular dynamic simula-
tion, BNP (7-32) porcine is stable without conformational
changes at different temperatures. Despite the promising
results, further in vitro and in vivo studies are required to
evaluate the practicability of cyclic peptides as effective
ligands against DENV. In fact, with the property of a highly
conserved E stem region among flaviviruses, it is likely for
the antiviral cyclic peptide inhibiting one DENV serotype to
exhibit the same action on other serotypes and even closely
related flaviviruses, including Japanese encephalitis virus
(JEV), tick-borne encephalitis virus (TBE), West Nile virus
(WNYV) and yellow fever virus (YFV) (Hrobowski et al.
2005; Schmidt et al. 2010; Chew et al. 2017).

Among the nonstructural (NS) components, NS3 consists
of adenosine triphosphate (ATP)-dependent helicase and
serine protease at its C-terminus and N-terminal domain,
respectively (Moreland et al. 2010; Ross 2010). It is respon-
sible for viral processing. NS2B is an NS3 protease cofactor
(Ross 2010). NS2B-NS3 protease is a two-component pro-
tease with a serine protease catalytic triad in a combination
of Ser135, His51, and Asp75 that has a polybasic substrate
recognition profile (Noble et al. 2012; Takagi et al. 2017).
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NG yo
R47>/ NH
NH
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0)>\NH nTo
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Fig.5 Cyclic peptide modelled by Takagi et al. (Takagi et al. 2017)

This lipophobic catalytic site obstructs the design of potent
micromolecule inhibitors that mimic DENV NS2B-NS3 pro-
tease. With the incorporation of an electrophilic warhead
into substrate mimetic inhibitors, the inhibitory activities
can be improved but not much impact on the specificity to
DENYV protease and the cell penetrability to give an antiviral
effect (Takagi et al. 2017).

Cyclic peptides target the regulation of protein—protein
interfaces and other plane binding surfaces, which is difficult
for the characteristic “rule of 5” small entities to accom-
plish (Matsson et al. 2016). Takagi et al. adopted the cycli-
zation strategy by on-resin head-to-tail for high-throughput
cyclic peptide synthesis (Takagi et al. 2017). From their
findings, cyclic peptide 22 (Fig. 4, Table 2) was the strong-
est blocker (IC5,=0.95 uM, where 1Cs, is the 50% of the
maximal inhibitory concentration in the evaluation of the
in vitro enzymatic inhibition). Using molecular modelling,
the cyclic peptide consisting of a stable, active p-turn-like
conformation with py; ; (p-Phe-p-Pro-; -Lys-; -Arg) sequenc-
ing at the P4’—P4—P3—P?2 position was docked with the
protease. Cyclic peptides with appropriate placement of the
hydrophobic aromatic residue and an extra Arg revealed
anti-DENV efficacy. Peptide 32 (Fig. 5, Table 2) had a low
cytotoxic concentration with a remarkable antiviral effect

Table 2 The moieties at different positions of the cyclic peptides. The amino acids are stereoisomers designated based on the optical direction of
the plane-polarized light, with p-indicating dextro-rotatory (to the right) and | -indicating levo-rotatory (to the left). (Takagi et al. 2017)

Cyclic peptide Sequence

P4 P3 P2 P1 P1’ P2’ pP3’ P4’
22 p-Pro L-Lys L-Arg L-Lys L-Ser L-hPhe L-Ser p-Phe
32 p-Arg L-Arg L-Arg L-Lys p-2Nal L-hPhe L-hPhe p-2Nal
33 p-Arg L-Arg L-Arg 1-Lys-W[CH2NH]-; -Ala L-hPhe 1-1Nal p-Phe
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(EC5q=2 uM, where ECj, is the half maximal effective con-
centration to induce antiviral effect by 50% compared to an
infected control culture without treatment). It is believed
that peptide 32 (Fig. 5, Table 2) is the first cyclic peptide
showing a hindering effect against NS2B-NS3 protease and
possesses an antiviral effect towards DENV. Unlike peptide
22, peptide 33 (Fig. 5, Table 2), with the replacement of an
amino methylene group as a substitute of an amide bond at
site P1-P1°, was found to be stable against hydrolysis by the
protease enzyme while maintaining enzyme inhibition and
antiviral activity (IC5y=2.1 uM, EC5y=11.4 uM) (Takagi
et al. 2017).

Other than the extremely hydrophilic and general
nonprime side (P), the prime side (P’) of the active site of
DENYV protease (Saleem et al. 2019) was also reported to be
highly effective against DENV protease (K;=26 nM) (Lin
et al. 2017). Lin’s group studied the interaction between both
sides of the active site of DENV protease and cyclic pep-
tides as potential inhibitors. With an optimized amino acid
sequence and length in addition to an appropriate cyclization
linkage, the findings showed that the tightest cyclic peptide
targeting both sides had the potential to reach specificity and
lower hydrophilicity as an inhibitor (K;=2.9 uM) against
wild-type (WT) DENV3 protease (Lin et al. 2017). How-
ever, even with the inclusion of a second loop to support the
structure, its flexibility is greater than the equivalent loops in
aprotinin, potentially leading to the decreased binding affin-
ity and weaker interactions than those in aprotinin, as evi-
denced by the fact that aprotinin has a comparatively lower
K; value against DENV3 WT protease (Lin et al. 2017).

In addition, the enzymes NS3 and NS5 with known
activity in DENV duplication are the supreme targets in the
manufacturing of antiviral therapeutic agents (Noble et al.
2010; Lim et al. 2015). The Y-shaped slit of NS5 methyl-
transferase (NS5 Mtase) allows it to connect to two active
sites (the RNA-cap binding site and S-adenosyl-L-methio-
nine (SAM) binding site), where two-step methylation takes

Fig.6 Cyclic peptides a a
CTWYC and b CYEFC illus-

trated by Indrus et al. (Idrus

et al. 2012)

place from the binding site of SAM to the guanine base of
RNA (Lim et al. 2011; Lim et al. 2013; Brecher et al. 2015).
Idrus et al. reported the design of cyclic peptide inhibitors
targeting both NS5 methyltransferase binding pockets (Idrus
et al. 2012). The cyclic pentapeptide inhibitors consisted of
terminal cysteines at both ends with a combination of three
other amino acids in the middle, along with an S—S bridge
to increase the stability of the ligand. The findings reported
that the cyclic peptide CTWYC (Fig. 6a) has a more stable
structure to inhibit the SAM active site, whereas the CYEFC
structure (Fig. 6b) has better strength to bind with the RNA-
cap pocket, with binding free energies (AGy;yging) Of — 30.72
and — 22.89 kcal.mol ™!, respectively (Idrus et al. 2012). The
lower AGy;,gin, Indicated more stable binding of ligands to
the target protein compared to the standards (Tambunan
et al. 2017).

Cyclic Peptides in Human Immunodeficiency Virus
Therapy

Human immunodeficiency virus (HIV) is a lentivirus that
belongs to the Retroviridae family and causes acquired
immunodeficiency syndrome (AIDS) (Girard et al. 2011).
CD4" helper T-cells are the desired target where depletion
will cause immunocompromised, increasing the risk of
opportunistic infections (Fauci 2003; Girard et al. 2011).
The interaction of the HIV Gag p6 region (a domain
containing a P(T/S)AP tetrapeptide motif) with the domain
ubiquitin E2 variant (UEV) of host protein tumour suscep-
tibility gene 101 (TSG101) is vital to complete the vital life
cycle (Garrus et al. 2001, Liu et al. 2008; Tavassoli et al.
2008). Tavassoli et al. reported the practice of the reverse
two-hybrid system (RTHS) of bacteria to recognize the
cyclic peptides that restrict the interaction between Gag
and TSG101. It was observed that cyclic peptides with five
amino acids consisting of threonine at the first position and
tryptophan at the third position can interrupt and inhibit

OH
CH,
(e]
Nk / NH}
SN
H
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HIV egress (Tavassoli et al. 2008). Reducing virus-like par-
ticle (VLP) release has been suggested as a potential HIV
infection treatment in practical use. The selected inhibiting
molecule has a primary sequence different from the sites of
interaction of Gag and TSG101. The HIV Tat-tagged cyclic
peptide inhibited VLP production in addition to enhancing
protein translocation across mammalian cell membranes
(Tavassoli et al. 2008). The inhibitory effect on PTAP-
dependent Gag budding is dose-dependent (IC5,=7 uM)
without any cytotoxic effects (Tavassoli et al. 2008). There-
fore, cyclic peptides can interfere with TSG101-Gag protein
interactions with the addition of translocation-promoting
amino acid sequences, but this has no effect on the Gag pro-
tein mutation (Tavassoli et al. 2008). Therefore, conclusions
can be made on small biological therapeutics that inhibit
specific virus-host protein interactions and are believed to
have wide-ranging applicability in antiviral therapy, but
existing countermeasures may be readily circumvented by
viral mutations, resulting in ineffective targeting of the viral
budding process (Tavassoli et al. 2008).

In viral replication, Tat and Rev are both basic regula-
tory proteins of HIV-1 (Sherman and Greene 2002), hav-
ing a similar arginine rich motif (ARM) that plays a role
in the mediation of host-cell nuclear import, translocation
over biological membranes, and binding to targeted viral
RNA sequences (Futaki et al. 2001; Seelamgari et al. 2004;
Hariton-Gazal et al. 2005). Hariton-Gazal et al. used kary-
ophilic backbone cyclic (BC) ARM peptides to target the
ARM domain to develop a therapeutic agent against HIV-1
and as a delivery carrier to living cells (Hariton-Gazal et al.
2005). The findings revealed that the BC Rev-ARM analog
(Rev-13) (Fig. 7) effectively blocks Rev-GFP from binding
to the importin B receptor. Moreover, it influences the pen-
etration of bovine serum albumin (BSA). An ELISA-based
study revealed that the majority of backbone cyclic pep-
tides (BCPs) from the library possess both cell-penetrating
characteristics and binding ability by transporting BSA
into intact Colo-205 cells (Hariton-Gazal et al. 2005). In
addition, the BC Rev-13 (Fig. 7) analog showed the ability
to inhibit the expression of Rev-induced genes in the low
micromolar range (2-5 pM) without showing any cytotoxic
effect (Hariton-Gazal et al. 2005).

As mentioned previously, the life cycle of HIV-1 is
dependent on Rev protein for the regulation of viral mRNA
expression by enhancing the production of viral structural
protein precursors (Chaloin et al. 2007). Chaloin et al.

(o}

N (CH)s [ NH

(CH2),
GIn—Ala——Arg——Arg —N\)‘;Arg —Arg——Arg—Cys—NH,,

Fig. 7 Peptide Rev-13 (Hariton-Gazal et al. 2005)

Arg
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investigated in vitro the ability of a series of BCP analogues
having a conformational-controlled ARM of Rev for HIV-1
replication suppression. Rev-BCPs showed remarkable
inhibitory activity against HIV-1 in persistently infected T
lymphocytic cells. In addition, the nuclear import process
was affected by Rev-BCPs, and there was significant effi-
ciency in blocking the action controlling polyprotein pre-
cursor protein Pr5592¢ and envelope glycoprotein precursor
gp160°™ production (Chaloin et al. 2007). Remarkably, Rev
binding is necessary for the nuclear export of these mRNA-
encoded protein precursors (Smagulova et al. 2005). By
utilizing an HIV-1 Gag oligonucleotide probe conjugated
with Cy-3, in situ hybridization revealed that Rev-BCPs are
able to inhibit the intracellular accumulation of unspliced
viral RNA (Chaloin et al. 2007). In silico studies revealed
that recombinant simulation proposes that upon binding to
the Rev-response element, Rev-BCP 14 (Fig. 8) is the most
promising analogue with an observed IC5,=6.2 uM and
was able to broaden the distorted viral RNA major groove
(Chaloin et al. 2007). In addition to the strong electrostatic
interactions present between the positive charges of the pep-
tides and the phosphate backbone, various contacts between
RNA and peptide were discovered within the complex, and
some are important for the interactions, for example, the
hydrogen bonds and the hydrophobic contacts (van der
Waals) between the carboxy-amidated peptide end and
the RNA backbone phosphate (Chaloin et al. 2007; Young
et al. 2011). Altogether, the use of structurally restricted
Rev-BCPs is a promising tactic to develop novel cyclic pep-
tide-based therapeutics against HIV-1, with further improve-
ment on the reduction in the total inhibition concentration
(Chaloin et al. 2007).

To date, various affinity-based methods, such as encoded
synthetic peptide libraries, DNA directed synthesis, and
phage and ribosomal display, are commonly enriched for
the synthetic and in vitro generation of large libraries of pep-
tides from synthetic and natural amino acids (Sandman et al.
2000; Sattely et al. 2008; Young et al. 2011). Young et al.
reported a microbial system for cyclic peptide evolution that
utilizes a series of lengthened amino acid building blocks
(Young et al. 2011). The combination of SICLOPPS with
orthogonal aminoacyl-tRNA synthetase /tRNACUA pairs
was used to biosynthesize a library of ribosomal peptides
encompassing amino acids with exclusive reactivity and
structure (Young et al. 2011). According to cellular viabil-
ity, the selection was performed in the peptide library, and

(CHp)3 “ NH
’ o
GIn—AIa—Arg—Arg—Nvu—Arg—Arg ——Arg—Cys—NH,

Fig.8 Peptide REV-14 (Hariton-Gazal et al. 2005)

(CHy)e
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the HIV protease inhibitor in Escherichia coli (E. coli) was
evolved. After selection and isolation, two cyclic peptides
containing p-benzoylphenylalanine (pBzF) amino acids were
reported to have a moiety of electrophilic aryl ketone and
a fairly large hydrophobic surface area (Young et al. 2011).
With observed cyclic IC5,=0.96 uM and linear 1Cs,, of
6.67 uM, the encoded GIXVSL clone, in which X is pBzF,
was the most potent HIV protease blocker (Fig. 9). There-
fore, the pBzF amino acid residue is believed to covalently
form a Schiff base adduct with the protease by binding to
the e-amino group of Lys-14, suggesting that in response to
selective pressure, the expansion of the genetic code could
have evolutionary benefits. Therefore, further studies could
combine chemical building blocks with natural evolution-
ary processes to develop novel biologically active peptides
(Young et al. 2011).

Cyclic Peptides in Ebola Virus Disease Treatment

In 1976, Ebola virus (EBOV) was first identified in the
Democratic Republic of the Congo (Jacob et al. 2020). It
is an enveloped virus with negative-stranded RNA belong-
ing to the family Filoviridae (Geisbert et al. 2003) and has
been discovered to be the causative agent of Ebola virus
disease (EVD) (Baize et al. 2014). Studies have been con-
ducted and they found out that by blocking the construction
of the six-helix bundle structure of the glycoprotein 2 (GP,)
ectodomain can restrict the entry of the genetic material of

o7 “NH
HC,, NH 5
H
SN
HsC © o OH
NH NH

Fig.9 Cyclic peptide HIV protease inhibitor G12 (Young et al. 2011)

EBOV into the cytoplasm (Miller et al. 2011; Tambunan
et al. 2017).

In silico modelling was utilized to investigate the interac-
tion between the modified commercial cyclopeptide ligands
and the EBOV N-terminal heptad repeat (NHR) GP, ectodo-
main. The ligand that interacts with the amino acid residues
Arg B580, Glu C578, Phe C572, and Thr B576 was placed in
the active site of the target protein and was found to form a
stable protein—ligand complex with the best molecular inter-
action under both 310 and 312 K (Tambunan et al. 2017).
The temperatures mentioned above indicate the normal body
condition and the infected human body with theEBOV. As
evidenced, its root mean square deviation is 3.0-3.5 A at
310 and 312 K, whereas AGy;gi, 18 — 53.6622 kcal/mol.
Moreover, the pharmacokinetics evaluation revealed that this
particular ligand has good pharmacological characteristics,
and no toxic effect was detected. (Garabedian et al. 2018).
The conjugation of HIV-1 Tat ligand with commercial cyclic
peptides has been proven to be effective in exhibiting inhibi-
tory effects against EBOV (Tambunan et al. 2017). There-
fore, further in vitro and in vivo investigations of its activity
against EBOV could be conducted for its future therapeutic
value.

As previously mentioned, Tsg1l01 UEV domains are
potential targets for HIV infection treatment. Studies have
shown that the same strategy could also be utilized against
EBOV. The goal is to protect the emerging virions from
infected cells as immature particles. The resultant virus bud-
ding process failure can be achieved by interruption of the
binding interaction between the PT/SAP motifs and UEV
domain of Tsg101 proteins on EBOV Vp40 proteins (Pornil-
los et al. 2002; Lin et al. 2020). Due to the limited experi-
mental 3D structure information available, a study conducted
by Lin et al. utilized a beneficial methodology that involves
various techniques, including Gaussian accelerated molecu-
lar dynamics (GaMD), normal molecular dynamics (cMD),
solvated interaction energy (SIE), two-dimensional (2D),
and potential of mean force (PMF) techniques, with the
purpose of examining the binding conformations of cyclic
peptides with UEV domain proteins (Lin et al. 2020). Their
findings described Trp145, Tyr147, and Trp148 as the hot-
spot residues of the cyclo-(Ser-Gly-Trp-Ile-Tyr-Trp-Asn-Val)
inhibitor, which play a crucial role in the interaction with the
UEV domain proteins via hydrogen bond formation and non-
bonding interactions (Lin et al. 2020). Since the single point
substitution might influence the 3D structures of the pep-
tide and the protein receptor binding affinity (Iwazaki et al.
2005; Garabedian et al. 2018), Lin et al. revealed that the
mutation of Tyr 147 reduces UEV domain protein binding
abilities. From this study, the developments in computational
approaches and calculating power (Wang and Cheng 2021)
might escalate the prediction precision of cyclic peptide-
protein conformation, which is able to expedite in tackling
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the blocking blocks towards cyclic peptide inhibitor design
(Lin et al. 2020).

Promising Progress of Cyclic Peptides
in Chikungunya Therapy

Chikungunya, an arthropod-borne virus (CHIKV), causes
deleterious health effects globally for more than a half-
century. This is distinguished as an alphavirus of the Toga-
viridae family, mainly spreading by mosquito-borne vec-
tors Aedes albopictus and Aedes aegypti (Sourisseau et al.
2007, for Chikungunya 2021, Jagadesh et al. 2021).

To date, there is no approved therapeutic medicine or
vaccine available for CHIKV (August et al. 2021). Multi-
approach research exploring potential anti-CHIKYV drugs is
in progress (Kumar et al. 2020; Bappy et al. 2021). Peptides
are now receiving attention as potential alternatives to many
conventional antiviral drugs available on the market. Since
several of these peptides have anionic characteristics, they
are easily transported into tumor cells and execute antipro-
liferative functions (Hoskin and Ramamoorthy 2008). Previ-
ously, antibacterial peptides have been widely documented
for countering antibiotic resistance (Parachin and Franco
2014). In this milieu, researchers have started experiment-
ing with cyclic peptides to combat multidrug resistive pan-
demic viruses, as they will have a huge impact on clinical
research and medical practice. It is natural and synthetic
cyclic peptide products (as pure and formulated) that have
been designed to treat CHIKV (Boas et al. 2019). Similarly,
attempts to discover cyclic peptide vaccines have also been
recently initiated because vaccines can prevent and provide
permanent protection against CHIKV infection. In addition
to exploring active peptides, subsequently, it is also impera-
tive to develop strategies to construct an appropriate design
and predict an appropriate target to have a potential outcome.

CHIKYV uniquely contains approximately 240 copies of
immunogenic E2 protein on its surface, which renders an
attractive structure for finding suitable targets for detection
as well as designing drugs or vaccines (Voss et al. 2010;
Weger-Lucarelli et al. 2015). With the help of a library of
one-bead-one-compound cyclic peptides, researchers have
developed a multivalent maturation strategy to construct
peptide-based capture receptors (peptide format: H2N-
Pra-Cy(XXXXX)-TG) with satisfactory thermal stabil-
ity to target unglycosylated E2 proteins of CHIKV. They
synthesized macrocyclic peptides such as Pra-Cy(WIYYI),
Pra-Cy(FWQIL), Pra-Cy(IYLRY), and Pra-Cy(YWHWS)
(Fig. 10). Using high-performance computing algorithms,
Pra-Cy(WIYYI) was found to be the best interacting mac-
rocyclic peptide whose appropriate conformation for the
effective E2 protein-peptide receptor affinity was identified
(Coppock et al. 2019).

@ Springer

The analysis displayed the binding of macrocyclic pep-
tides with lysine residues in the hydrophobic surface of
domain B of the E2 protein, K107, K200, and K280. Each
of the peptides found interacted with more than one resi-
due. WIYYI, YWHWS, and FWQIL peptides established
affinity at all three residues, while YWHWS and IYLRY
preferred targeted K200 locations with high enthalpy (Cop-
pock et al. 2019). These predictions are in agreement with
previous studies that targeted domain B of the E2 protein
(Asnet Mary et al. 2013, Lam et al. 2015, Deeba et al. 2017).
After multivalent enhancement, WIY YI macrocyclic peptide
top performed with up to ninefold better selectivity and dis-
played affinity in 50% human serum, which was compara-
tively better than the commercial anti-E2 antibody.

The multivalent enhancement of macrocyclic peptides
was primarily attributed to their efficient binding with
CHIKYV E2. These peptides bind at multiple sites to viral
surfaces and exert structural analogues and compatible
physical features, such as hydrophobicity. This could limit
their specificity to target a potential domain, as multivalency
improves macrocyclic peptides to interact with several cop-
ies of the same target (Coppock et al. 2019). In terms of
thermal stability, macrocyclic peptides are efficient over lin-
ear peptides since they have characteristic structural rigid-
ity with stringent intramolecular arrangements, unlike their
linear counterparts. Indeed, from the study, the best protein-
peptide complex, (Pra-Cy(WIYYI)-CHIKV-E2), has also
been successfully demonstrated with commercially avail-
able polyclonal antibodies, suggesting that cyclic peptides
through this strategy can also be employed for detecting
viruses other than CHIKYV in sensor-based devices used in
clinical diagnosis and environmental monitoring (Coppock
et al. 2019).

On the other hand, researchers have tried and success-
fully designed antiviral drugs to mitigate multiplication
in the host by blocking the NS proteins that interact with
enzymes involved in the replication process. However,
unlike other viruses, it is challenging to target CHIKYV, as it
possesses a complex or intricate NS protein design (Wang
et al. 2011; Brandler et al. 2013). Although recombinant
CHIKYV vaccines have been used to invoke an immune
response in the host, they still have not been subjected to
clinical trials despite protecting against arthritis in experi-
mental animals. In search for alternatives, researchers are
attempting antigenic peptide candidates to explore con-
served B cell and T cell epitopes of CHIKV structural
polyprotein to discover vaccines that would hopefully
evoke a defensive immunogenic response (Tahir ul Qamar
et al. 2018). Using respective computational tools, B cell
epitopes (PPFGAGRPGQFGDI, IPTGAGKPGDSGRP,
NYPASHTTLGVQDI, PFHHDPPVIGREKF, TSAPCTIT-
GTMGHF, TPYELTPGATVPFL, PEGY YNWHHGAVQY
and WLKERGASLQHTAP) and T cell epitopes (MHC-I
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Fig. 10 Structure of macrocyclic peptides synthesized by Coppock et al. (2019)

alleles: IFDNKGRVVAIVL, PLVPRNAEL, VMHKK-
EVVL, LSVTLEPTL, TAECKDKNL, GTLKIQVSL &
LQISFSTAL and MHC-II alleles: FKRSSKYDL, LLA-
NTTFPC, LKIQVSLQI, FVRTSAPCTI, VGFTDSRKI,
VRYKCNCGG, WYMHKKEVYV & LVVAVAALILIVVL-
CVSFSR) with higher antigenicity, flexibility, accessibil-
ity of surface, linearity, and hydrophilicity were predicted
and docked with the solved 3D structure of the human
HLA-B7 allele. The analysis showed VMHKKEVVL,
LSVTLEPTL, GTLKIQVSL, and LQISFSTAL as poten-
tially interacting peptides with minimized binding energy

(— 20.2086, — 19.6688, — 17.3569, & — 14.5594) (Tahir
ul Qamar et al. 2018).

The analysis showed that the best-interacted peptide,
VMHKKEVVL, formed stable hydrogen bonds with Lys-
243 and Glu-232 of chain A and Tyr-26 and Tyr63 of chain
B of HLA-B7. In addition, the peptide also extended a water-
mediated interaction with Thr-233 of the A-chain and Thr-10
of the B-chain (Tahir ul Qamar et al. 2018).

The above peptides showed no toxicity compliance to
the FAO/WHO standards for nonallergenicity. Since these
peptides were characterized only through in silico models,
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they may show unstable physiochemical characteristics if
tested in vitro or in vivo. There are some physiochemical
modification strategies (multi-valent enhancement, analogue
formations, hydrophobic ion pairing, macromolecular conju-
gation, substitution-based delivery) through which peptides
can be improvised as potential targets to construct vaccines
(Mahajan et al. 2014).

Taking into account all these factors, it seems that cyclic
peptides can provide a clear hope to successfully develop
novel antiviral agents. In the near future, they may possibly
emerge as suitable candidates for designing effective vac-
cines or medicines to combat the deadliest pandemic viruses.

Cyclic Peptides in Influenza Virus Therapy

The Orthomyxoviridae is a family of segmented RNA
viruses, including influenza viruses (IVs), which are envel-
oped RNA viruses. Generally, the IVs that affect humans
are three types: A, B and C. Type B and C viruses have no
known subtypes, while Type A has many subtypes based
on antigens (Kumar 2017, Suchitra Rao 2019). Polymerase
(PB1, PB2, and PA), hemagglutinin (HA)and neuraminidase
(NA)-glycoproteins, nucleoprotein (NP) and member protein
(-M1 and -M2) are RNA-coded proteins (7 or 8 segments)
of the influenza virus genome (Machata and Brydak 2006).
These segments consist of one or more open-reading frames,
segment-specific untranslated regions (UTRs) and partially
complementary 5’ and 3’ termini. The double-helical rod-
like structure is formed by the assembly of viral ribonucleo-
protein complexes, as the viral RNA-dependent RNA poly-
merase bound the 5’ and 3’ termini and the oligomeric viral
NP bound the rest of the RNA (Fodor and Te Velthuis 2020).
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Saito et al. developed a class of macrocyclic peptides
(iHAs) targeting the viral envelope HA protein of IV. The
in vitro examination of the developed iHAs revealed that
iHA-24 and iHA-100 (Fig. 11) are capable of inhibiting
the replication of IVs. iHA-100 inhibits HA-mediated
adsorption and membrane fusion through binding to the
stalk domain of HA. This demonstrates the potential devel-
opment of mid-sized multifunctional cyclic peptides as
next-generation molecules against [Vs (Saito et al. 2021).

Horne et al. reported the selection of eight-residue
cyclic b, L-peptide from a directed combinatorial library
as a potential molecule to develop a low pH environment
at endocytic vesicles, which could stop the emergence of
virions from the endosome to prevent adenovirus infec-
tions without affecting cell viability. The inhibition of the
emergence of IV type A from endosomes by the action
of these peptides supports the potential utilization of this
approach against other pH-dependent viral infections.
Therefore, the discovery/design of broad-spectrum antivi-
ral agents could be achieved by the self-assembling cyclic
D, L-peptides as a new rational supramolecular approach.
From the 20 hits found, peptide 1 (Fig. 12) was synthe-
sized and used in the study because it significantly inhib-
ited Ad5-mediated gene delivery. a-sarcin uptake has pre-
viously been found to correlate with enveloped viral entry.
Interestingly, peptide 1 significantly reduced the delivery
of influenza virus-mediated a-sarcin (Horne et al. 2005).

Kadam et al. introduced a strategy to design macrocy-
clic peptides with the ability to inhibit the fusion of group
1 influenza A viruses (Fig. 13). These peptides are capa-
ble of binding to the conserved HA stem with a similar
approach of broad neutralizing antibodies, which might

iHA-100

Fig. 11 The chemical structures of iHA-24 and iHA-100 synthesized by Saito et al. 2021 (Saito et al. 2021)
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Fig. 12 Schematic illustration of the antiviral action of membranes
associating cyclic b, L-a-peptides to the endosomal membranes dur-
ing virus internalization by offsetting the formation of a low pH envi-
ronment inside endosomes via the membrane permeating supramo-
lecular assemblies and the primary stages of the adenovirus infection
cycle. a Schematic illustration of the primary stages of the adeno-
virus infection cycle. b The antiviral action of membranes associat-

ing cyclic D, L-a-peptides to the endosomal membranes during virus
internalization by offsetting the formation of a low pH environment
inside endosomes via the membrane permeating supramolecular
assemblies. ¢ The structure and sequence of the peptide identified by
Horne et al. (Horne et al. 2005). (a and b are created with BioRender.
com)
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Fig. 13 Amino acid sequences of cyclic peptides designed by Kadam
et al. (Kadam et al. 2017)

inhibit the process of generating escape mutants (Kadam
et al. 2017).

Cyclic Peptides in Hepatitis Virus Therapy

The majority of the global burden of hepatitis is caused by
hepatitis A virus (HAV), HBV, HCV, HDV, and HEV. HBV
and HCV are responsible for the majority of chronic hepati-
tis morbidity cases and death (Lanini et al. 2019; Wang and
Tsai 2021). Human HBYV is characterized by an asymmetric
replication mechanism and an unusual organization of its
genome. It is circular in shape, with 3200 base pairs and four
overlapping ORF regions: PreC/C, X, P, and Pré-S1/Pré-
S2/S. The three envelope proteins of HBV, nuclear protein,
core protein, surface antigen (HBeAg, HBcAg and HBsAg),
viral polymerase (P), and X protein (affect viral proliferation
and replication), are all encoded by these genes (Wen et al.
2008; Zhu et al. 2008, Souza et al. 2014). In a preferred
but not obligated order, this polyprotein is processed into
ten mature proteins; p7 separates the structural proteins (the
envelope glycoproteins E1 and E2 and the core) from the
NS3, NS4A, NS4B, NS5A and NS5B, which are essential
for viral RNA replication (Lohmann 2013; Moradpour and
Penin 2013; Niepmann 2013; Simmonds 2013; Madan and
Bartenschlager 2015).

A study utilizing a binding assay in solution revealed that
peptides bearing the amino acid sequences C-WPFWGPW-
C and C-WSFFSNI-C tightly bind to HBcAg and inhibit
L-HBsAg-HBcAg association with Ky, rel <25 nM, which
is at least 10 orders of magnitude higher than the peptide
(LLGRMK) identified from a linear peptide library (Ho et al.
2003). The cyclic peptide CP11 (CGWIYWNYV) inhibits
HEV viral protein interaction with the host cell, preventing
the release of the virus (Anang et al. 2018). In addition,
HCV15R (CR-Nal-RV-(D)-P-Cha-HRYRC-CONH2) cyclic
peptide inhibits the entry of HCV by targeting cell receptors
(Khachatoorian et al. 2015). Through interactions with HCV
RNA, human La protein stimulates the translation of HCV.
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Fig. 14 Chemical structure of LaR2C-N7-cy synthesized by Manna
et al. (Manna et al. 2013)

A cyclopeptide (LaR2C-N7-cy) synthesized by Manna et al.
mimics the p-turn of the human La-protein and can inter-
act with HCV-RNA. It significantly inhibits the translation
of HCV-RNA better than the corresponding linear peptide
(Fig. 14). This cyclic peptide was also found to inhibit the
replication of HCV by measuring replicon RNA levels using
RT-PCR (Manna et al. 2013).

The Antiviral Activities of Natural Isolated
Cyclic Peptides

Naturally isolated cyclic peptides possess medical signifi-
cance as therapeutic agents with a wide range of biological
activities comprising antiviral, anticancer, antibacterial, anti-
fungal effects and so on (Abdalla and McGaw 2018). The
cyclic peptides from various natural sources are documented
(Table 3) with their respective antiviral activities studied in
the previous literature.

Aspergillipeptide D

Aspergillipeptide D (Fig. 15) is a cyclic pentapeptide col-
lected from the broth culture of the sea gorgonian-derived
fungal strain Aspergillus sp. SCSIO 41, 501 (Ma et al. 2017;
Abdalla and McGaw 2018; Jing and Jin 2020). It appears
as a white crystal with the known molecular formula of
C4oH4oNsOg (Wang et al. 2020) From Ma et al. aspergil-
lipeptide D (Fig. 15) showed a potent antiviral effect on
HSV-1 (Ma et al. 2017). With their noncytotoxic concentra-
tions (TC,) against the Vero cell line, aspergillipeptide D
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Table 3 Cyclic peptides from various natural sources with respective enzyme inhibition (ICs,) and antiviral activities (ECs)

Compound name Class Source IC4/EC5, References
Animal (leukocytes)
Retrocyclin-2 (RC-2, Cyclic octadecapeptides Non-human ‘Old World’ HIV-1 Wang et al. (2004)
0-defensin) primates -ICsy: 2.33 ug/mL
Cyclosporine Cyclic oligopeptide Tolypocladium inflatum v Hamamoto et al. (2013);
fungi -ICsy: 1.45 uM Abdalla and McGaw
(2018)
Fungi

Marine natural product

Aspergillipeptide D

Asperterrestide A

Celebeside A
Celebeside C

Didemnin A

Homophymine A-E
Homophymine Al-El

Koshikmaide B
Koshikmaide F-H

Mirabamide A
Mirabamide C
Mirabamide D

Mirabamide E
Mirabamide F
Mirabamide G
Mirabamide H

Mollamides B

Papuamide A
Papuamide B

Sansalvamide A

Simplicilliumtide J

Theopapuamide A
Theopapuamide B

Verlamelin A
Verlamelin B

Cyclic pentapeptides

Cyclic tetrapeptide

Cyclic depsipeptide

Cyclic depsipeptides

Cyclodepsipeptides
Cyclic peptide lactone

Cyclic depsipeptides

Cyclic depsipeptides

Cyclic hexapeptide

Cyclic depsipeptide

Cyclodepsipeptide

Cyclolipodepsipeptide

Cyclic undecapeptide

Marine gorgonian-derived
fungal strain Aspergillus
sp. SCSIO 41, 501

Marine-derived fungus
Aspergillus terreus SCSG
AF0162

Indonesian marine sponge
Siliquariaspongia mirabilis

Marine tunicate Trididem-
num solidum

Sponge Homophymia sp.
Theonella sp.

Sponge Siliquariaspongia
mirabilis

Sponge Stelletta clavosa

Indonesian tunicate Didem-
num molle

Sponge Theonella sp.

Marine fungus Fusarium
sp.

Deep see-derived fungal
strain Simplicillium
obclavatum EIODSF 020

Sponge Theonella swinhoei

Siliquariaspongia mirabilis

Cyclic hexadepsipeptide Deep see-derived fungal

strain Simplicillium
obclavatum EIODSF 020

Herpes simplex virus type
1 (HSV-1)

-1Cs: 9.5 UM

TAV/WSN/33 (HIN1)

-ICsy: 15.0 uM IAV/Hong
Kong/8/68 (H3N2)

-1Cs,: 8.1 uM

HIV-1

-1Cs: 2.1 pM

-IG5> 62 pM

Coxsackie virus, equine
rhinovirus (both RNA),
HSV-2 (DNA)

-ICsy: 1.5 ug/mL HSV-22

-1Csy: 3 pg/mL

III B strain of HIV-1

-IC5y: 75 nM

HIV-1

-IC5y: 2.3 & 5.5 uM

HIV

-1Csy: 40-140 nM

-ICsy: 140 nM-1.3 uM

-ICsy: 190 nM-3.9 uM

HIV-1 viral strain YU2-V3

-IC4y: 121 nM

-1C5): 62 nM

-ICsy: 68 nM

-IC5y: 41 nM

HIV-1

-ECs: 48.7 M

HIV

-ECs: 3.6 ng/mL

-ICsy: 710 nM

Topoisomerase of Mollus-
cum Contagiosum Virus
MCV)

-ICs: 124 M

HSV-1

-ECs: 14.0 WM

CEM-TART (T-cells that
express both HIV-1 tat
and rev)

-IC5y: 0.5 uM

-1Cs,: 0.8 ug/mL

HSV-1

-ECs: 16.7 uM

-ECyy: 15.6 uM

Ma et al. (2017)

He et al. (2013)

Kang et al. (2015)

Mata et al. (2017)

Kang et al. (2015)
Kang et al. (2015)

Plaza et al. (2007)

Luetal. (2011)

Donia et al. (2008)

Ford et al. (1999); Sagar
et al. (2010)

Moghadamtousi et al. (2015)

Liang et al. (2017)

Ngo et al. (2012)

Liang et al. (2017)

@ Springer
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Table 3 (continued)

Compound name Class Source IC5y/ECs, References

Plant

Circulin A Cyclotide Chassalia parvifolia HIV Wani et al. (2020)
Circulin B -ECs: 70 nM

Cycloviolacin VY1 Cyclotide Viola yedoensis TIAV (HIN1) Wang et al. (2008, Liu et al.
Cycloviolacin Y5 -1Cs: 2.27 pg/mL (2014)

HIV-ECs,: 40 nM

Kalata B1 Cyclotide Oldenlandia affinis HIV-1-ECs;: 140 Nm Gerlach and Mondal (2012)
Kalata B8 -ECs: 2.5 uM

MCoT-1 Cyclotide (Palicourein)  Momordica cochinchinensis HIV Gerlach and Mondal (2012)
MCoT-II -ECs: 100 nM

Secondary metabolites

Antimycin A Cyclic lactone Streptomyces kaviengensis ~ Western equine encephali-  Yi et al. (2020), Lin et al.
tis viruses (WEEV) (2020)
-ICs: 3 nM
Daptomycin Cyclic lipopeptide Streptomyces spp. ZIKV Jakubiec-Krzesniak et al.
-ICs,: 1 yM (2018)
o HO
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NH CH, o NH ] j\
N~ 0 Y
H CT © o~ A
HLC NH cat 3
>0 " A o CH;
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CHs OH
o)
H.C
3
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Fig. 15 Aspergillipeptide D (Ma et al. 2017)

showed an IC, of 9.5 uM. It also exhibited good antiviral
effects towards two isolates, HSV-1-106 and HSV-V-153,
which were clinically resistant to acyclovir at a concentra-
tion of 12.5 uM with approximately 50% inhibition rates
(Ma et al. 2017).

Simplicilliumtide

Among the cyclic peptides discovered from the marine-
derived fungal strain Simplicillium obclavatum EIODSF
020, Liang et al. showed that the novel cyclolipodepsi-
peptide simplicilliumtide J (Fig. 16a) has the molecular
formula of C,H;;N;O,,; with the presence of a fatty acid
chain moiety and lactone linkage, exhibiting an anti-
HSV-1 effect with an ECs value of 14.0 uM (Liang et al.
2017; Jing and Jin 2020). In addition, its noncytotoxic

@ Springer

a) Simplicilliumtide J: R,= CH3, R,= CH3, Rs3= CH2CH2CH3
b) Simplicilliumtide K: R;= CH3, R,= H, R3= CH,COCH3
¢) Simplicilliumtide L: R,= CH3, R,= H, R;= COCH,CHj3

Fig. 16 Structure of Simplicilliumtides (Liang et al. 2017; El Maddah
et al. 2020)

concentrations TC, and TC,, values against Vero cells
were observed to be 25.1 and 204 pM, respectively (Liang
et al. 2017, Yi et al. 2020, Lin et al. 2020). The other sim-
plicilliumtide cyclopeptides, for example simplicilliumtide
K (Fig. 16b) and L (Fig. 16c¢), have less remarkable anti-
viral activity towards HSV-1 (El Maddah et al. 2020). It is
believed that the activity reduction is due to the carbonyl
substituent at C-13 or C-14 of (S)-5-hydroxy-13-ketotet-
radecanoic acid (HKTA) or (S)-5-hydroxy-12-ketotetra-
decanoic acid (HKTA), respectively (Liang et al. 2017; El
Maddabh et al. 2020).
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a) Verlamelin A: R;= CHs, R,= H, R3= CH,CH,CHj;
b) Verlamelin B: R,= H, R,= H, R;= CH,CH,CH3

Fig. 17 Structure of Verlamelins (Liang et al. 2017)

Verlamelins

Verlamelins A (Fig. 17a) and B (Fig. 17b) are known ana-
logs of the cyclic peptide simplicilliumtide J-M. Recently,
they were discovered to be isolated from the same crude
fungal strain as simplicilliumtide J-M (Liang et al. 2017).
Formerly, verlamelin A (Fig. 17a) was isolated from Ver-
ticillium lamellicola because of its antifungal activity (El
Maddah et al. 2020). Later, together with verlamelin B
(Fig. 17b), both were reported from Lecanicillium sp. HF627
in 2014 for the absolute configuration determination (Liang
et al. 2017). Liang et al. determined their anti-HSV-1 activ-
ity through plaque reduction assays. Their corresponding
ECs, values were 16.7 and 15.6 uM under TC,, against the
Vero cell line. Verlamelin A (Fig. 17a) displayed TC,, and
TCs, values of 57.2 and 137.0 pM, respectively, whereas
verlamelin B (Fig. 17b) reported TC, and TCs, values of
49.4 and 101.1 pM, respectively (Liang et al. 2017).

Asperterrestide A

With the investigation of the chemical constituents in the
fermentation broth of Aspergillus terreus SCSGAF0162
isolated from gorgonian Echinogorgia aurantiaca tissue
from Sanya, Hainan Province, China (Moghadamtousi et al.
2015), a new cyclic tetrapeptide asperterrestide A (Fig. 18)
was isolated along with other compounds (He et al. 2013).
From He et al. asperterrestide A (Fig. 18) was allocated
with a molecular formula of C,cH;,N,Os5. Asperterrestide
A (Fig. 18) consists of a structure with an intermittent

CHy
CH,
& NH o
H.C
3 y—CHa
OH
HN
_
O NH N0

Fig. 18 Asperterrestide A (He et al. 2013)

3-OH-N-CHj;-Phe moiety (He et al. 2013). From their
research, the antiviral activity of asperterrestide A (Fig. 18)
was tested on two strains of IV, A/WSN/33 (HIN1) and
A/Hong Kong/8/68 (H3N2), by cytopathic effect (CPE)
assay. These virus strains are the M2-resistant strain and
the M2-sensitive strain, respectively. The results showed its
inhibitory ability with corresponding ICs, values of 15 and
8.1 uM (He et al. 2013; Moghadamtousi et al. 2015).

0-Defensins and Retrocyclins

0-Defensins are the sole family of mammalian cyclic pep-
tides found by scientists, in which they are isolated from
baboons and rhesus macaque leukocytes (Lehrer et al. 2012).
With a premature stop codon, the translation apparatus in
human 6-defensin genes is unable to form peptides in human
leucocytes, although the precursors are needed (Venkatara-
man et al. 2009). Thus, retrocyclin (RC) was synthesized
with the corresponding sequences with those expressed in
the human pseudogenes (Lehrer et al. 2012).

Activity Against Human Immunodeficiency Virus

Gp120 is a viral surface glycoprotein that engages two target
receptors, CD4 and CXCR4 or CCRS5. Following this initial
binding of HIV, viral entry is mediated by six-helix bundle
structure formation due to conformational changes in gp41
(Noah et al. 2008; Regula et al. 2013). Neither cytotoxic nor
virotoxic effects of RC-1 inhibit the formation of proviral
DNA, preventing viral entry (Lehrer et al. 2012). Several
studies revealed that RC-1 can defend human target cells
against HIV-1 infection and that HIV-1 strains employ either
CXCR4 or CCRS coreceptors; however, there is not much
effect against HIV-2 viral strains and related retroviruses
infecting blood cells that do not rely on the co-receptors
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CXCR4 or CCRS, such as simian immunodeficiency virus
type 1 (Simmons et al. 2000; Lehrer et al. 2012). With the
cyclic backbone and intact disulphide bonds, RC-1 was
found to have high binding affinity to CD4, gp120, and a
surface glycolipid that is galactosylceramide with K, values
of 31 nM, 35.4 nM, and 24.1 nM, respectively (Lehrer et al.
2012; Xiong et al. 2021). From the fusion assays target-
ing the envelope glycoproteins of HIV-1, RC-1 showed its
ability to prevent the viral entry of HIV-1 with neither the
involvement of cross-linking membrane proteins nor imped-
ing the interactions of gp120-CD4 (Cole et al. 2006; Lehrer
et al. 2012).

RC, which is only 18 residues in length, is of interest for
its lack of complexity in designing congeners with greater
anti-HIV-1 activity (Penberthy et al. 2011). A congener,
RC-101, formed from a charge-conservative substitution
with lysine on one of the arginines (Owen et al. 2004), was
found to have increased anti-HIV-1 potency (low micromo-
lar ECs activity of 1-5 ug/mL) compared with the parent
molecule (Owen et al. 2004; Wang et al. 2004; Penberthy
et al. 2011). Compared to RC1, the RC-101 congener has a
much greater binding affinity to gp120 that is approximately
25-fold, while it has no significant superiority in binding to
galactosylceramide with identical binding, as proven by the
observed values of 20-30 nM (Wang et al. 2004).

To date, new HIV-1 viral strains have been found to
commonly develop resistance to drugs targeting corecep-
tors gp41, CXCRS, or CCR4 within weeks after exposure.
Therefore, the ability to obstinately block HIV-1 by affect-
ing the key amino acid residues for infection is one of the
criteria of anti-HIV-1 therapeutic interventions (Pang et al.
2009; Penberthy et al. 2011) To better understand the latent
resistance of HIV-1 to RCs, a study revealed that most
HIV-1 strains were expected to be vulnerable to inhibition
by RC-101 treatment (Fuhrman et al. 2007). Further support
by data reporting RC-101 induced minimal HIV-1 resistance
of only 5-10-fold. It is significantly different from other HIV
entry inhibitors showing 10,000-20,000-fold HIV resistance
in similar passaging tests (Trkola et al. 2002; Nameki et al.
2005). Unpredictably, even with HIV-1 mutations, RC-101 is
still able to reduce HIV-1 infectivity, although HIV-1 protein
binding is prohibited (Cole et al. 2006; Fuhrman et al. 2007),
therefore conveying viral fitness significance to undermining
RC action.

Activity Against IAV

Aside from HIV-1, RC has potent antiviral activity on sev-
eral viruses as well. For example, RC-1 showedan antiviral
effect on IAV. In addition to the impairment of HA-mediated
viral entry (Leikina et al. 2005), RC-1 causes the induction
of viral aggregation, enhancing IAV ingestion by neutro-
phils (Doss et al. 2009). RC-2, with an additional arginine
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in structure, acts against [AV by preventing the membrane
fusion mediated byHA (Doss et al. 2009; Lehrer et al. 2012).
Similar to RC-1, RC-2, as a multivalent lectin, can form an
immobilized surface glycoprotein cross-linkage network to
block IAV entry (Leikina et al. 2005; Lehrer et al. 2012).

Activity Against HSV

From the in vitro testing on the effectiveness of antiviral
activity against HSV-1- and HSV-2-mediated cervix epi-
thelial cells infection (Yasin et al. 2004), RC-1, RC-2, and
rhesus 0-defensin-3 (RTD-3) showed protective ability, but
RC-2 stood out without viral preincubation. With a K value
of 13.3 nM, RC-2 attached to HSV-2 glycoprotein B, but no
binding was observed after deglycosylating glycoprotein B
(Lehrer et al. 2012).

Diverse Peptides that Resemble RCs

Tachyplesin/polyphemusins were isolated from horseshoe
crab haemocytes. They are peptides comprising 17, 18
amino acids with an alpha-amide group at the C-terminus
that build a rigid double-stranded anti-parallel beta-pleated
sheet structure in the connection by a beta-turn (Bulet et al.
2004). Although these natural host-defense peptides (HDPs)
exhibit modest antiviral activity against HIV-1 X4 tropic
viruses, in which viral entry exploits the CXCR4 corecep-
tor, they show undesirable haemolytic action against human
erythrocytes, and more prominent activity is being observed
in high salt environments mimicking the typical marine liv-
ing settings of horseshoe crabs (Bulet et al. 2004; Penberthy
et al. 2011). To reduce haemolytic effects, the backbone of
synthetic tachyplesins is manipulated via peptide cycliza-
tion. By imitating the HIV-1 protein gp41 portions, synthetic
tachyplesins (e.g., T22) bind gp120 and effectively minimize
X4-tropic HIV-1 infection of T lymphocytes (Penberthy
etal. 2011).

Cyclotides, a subset of HDPs that are cyclic in nature,
were first identified and isolated from plant sources such as
Rubiaceae (coffee), Violaceae (violet), and Cucurbitaceae
(cucurbit) families (Gruber et al. 2008; de Veer et al. 2019).
Structurally, they are small (approximately 30 amino acids)
proteins having a cysteine knot motif from three interlocking
disulphide bonds, which is significant for protein stability. In
addition to being thermally stable and resistant to proteases,
cyclotides are capable of being modified with amino acid
sequence replacement to optimize their inherent antiviral
activity (Penberthy et al. 2011).

Cycloviolins

In a study by Hallock and colleagues, an emerging class
of cyclic peptides consisting of four new anti-HIV
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macromolecules with 28-31 amino acid residues, known
as cycloviolins A-D, were quarantined from the genuine
tropical plant Leonia cymosa from South American collec-
tions (Hallock et al. 2000). A combination of methods was
employed to determine and analyse the amino acid con-
figuration and sequence in the cyclic primary structure of
the discovered entities (Hallock et al. 2000). Six cysteines,
presented as three internal disulphide bonds, are commonly
found in all cycloviolin structures, contributing to chemical
stability and possibly reducing proteolysis resistance (Hal-
lock et al. 2000; Northfield et al. 2014). Cycloviolin B is
the smallest member among this peptide class, and a pro-
line residue is absent in its structure, but it has a distinctive
TSSQ sequence from residues 17-20 (Hallock et al. 2000).
Captivatingly, cycloviolins A-D performed a high level of
homology in sequence to the identified circulins A and B
as well as cyclopsychotride A from the Rubiaceae family
but much less matching with the Viola varv peptides iso-
lated from a member of the Violaceae family (Hallock et al.
2000).

Apart from their potential chemotaxonomic interest, an
anti-HIV-1 study on cycloviolins A-D reported that these
peptides possessed similar antiviral activities with observed
ECs, values at approximately 130 nM (Hallock et al. 2000).
Compared to circulins A and B, no significant deviations of
their direct cytotoxicity to the host cells with the reported
ECs, values of approximately 560 nM, concluding that the
variations in the amino acid sequence variations have no
assessable influence on the general activity profile (Hallock
et al. 2000).

Prospective

Most of the viral infections discovered currently still face the
challenges of a lack of proper treatment with desired thera-
peutic outcomes. Worldwide, populations are being exposed
to the public health threats of viral pandemics due to the
emergence or mutation of some viral strains, or even worse,
the development of viral resistance from the available anti-
viral therapies. Such alarming conditions should be avoided,
as viral diseases can spread uncontrollably all over the world
in a highly globalised world. For example, the COVID-19
pandemic has already reported 620,301,709 infected peo-
ple, including 6,540,487 deaths globally by WHO as of 13
October 2022 since the outbreak was discovered in January
2020 (Ciotti et al. 2020; WHO 2020).

Although there are antiviral molecules undergoing
clinical trials, the development of novel antiviral cyclic
peptides with satisfactory clinical outcomes has been the
unique direction of effort by research scientists because of
their significant advantageous properties when compared
to linear peptides and other biological entities. With the

current available naturally isolated cyclopeptides, opti-
mization of cyclic peptide analogues has been the drug
discovery trend to achieve better potency and pharma-
cokinetic properties. Modern genetic recombinant tech-
nologies are combined with peptide chemistry to develop
more diverse cyclic peptide libraries. Rapid screening
with display systems and the introduction of cyclization
approaches further promotes its evolution in cyclic peptide
discovery.

The conjugation of cyclic peptides with nanocarriers
plays an important role in improving tissue targetability.
Cyclic peptide nanoparticles have excellent capability for a
broad array of biomedical applications, especially in drug
delivery, due to their great tissue permeation and selectivity
to the target site with specific receptor interactions (Abdalla
and McGaw 2018, Zhang and Chen 2021).

In the future, cyclic peptides will be one of the most
important highlights in the advancement of therapeutic
agents due to their outstanding characteristics. Significantly,
the reduction in production cost will encourage growth and
fasten the pave of cyclic peptide drug discovery as well as
commercialization.

Conclusion

In conclusion, polypeptides with restricted structures are
potential candidates for antiviral drug development to pro-
duce favourable therapeutic outcomes with outstanding
properties compared to their linear counterparts. The pro-
gress of novel drug discovery towards antiviral therapy is
receiving increasing attention and is being supported with
sophisticated biotechnologies and useful approaches, from
the fermentation of natural products to biological methods
and then chemically structural modification techniques,
to overcome the limitations and to optimise the antiviral
activities of cyclic peptides. In designing cyclic peptides as
effective treatment agents for viral infections such as CoVs,
DENYV, and HIV, a well-established understanding of the
virus structures, their mechanism of action, and their inter-
actions with the target site of host cells are vital to ensure
the effectiveness and targetability of therapeutic drugs. In
fact, the increasing mutation on the viral strains has placed
obstacles in the path of the drug investigation in addition to
the challenges of the existing antiviral cyclic peptides yet to
handle. Nonetheless, because of the desired characteristics
of cyclic peptides in medical and pharmaceutical areas, such
blocking stones never demotivate researchers to investigate
the possibilities of cyclic peptides for antiviral treatment.
With continuous effort in optimising and utilising the dis-
tinctive properties of cyclic peptides, it will be the cross-
century advancement of therapeutic agents.
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