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Abstract—Peptides are widely used for the diagnostics, prevention, and therapy of certain human diseases. How useful can
they be for the disease caused by the SARS-CoV-2 coronavirus? In this review, we discuss the possibility of using synthetic
and recombinant peptides and polypeptides for prevention of COVID-19 via blocking the interaction between the virus and

its main receptor ACE?2, as well as components of antiviral vaccines, in particular, against new emerging virus variants.
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INTRODUCTION

During the recent twenty years, [3 coronavirus-
es — SARS-CoV, MERS-CoV, and SARS-CoV-2 — have
acquired the ability to infect human population,
i.e., ceased to be exclusively animal pathogens. All these
viruses cause respiratory diseases associated with acute
respiratory distress syndrome and significant lung dam-
age followed in some cases by the respiratory failure and
death [1]. In December 2019, the first cases of pneumo-
nia with an unknown etiology were detected in the city of
Wuhan, Hubei province of China, which have attracted a
worldwide attention. Metagenomic sequencing of RNA
samples from the patients revealed a new variant of a vi-
rus from the Coronaviridae family, that was termed Wu-
han-Hu-1 or WH-Human 1, also known as 2019-nCoV.
The genome sequence of this virus was submitted to the
GenBank under accession number MN908947. Coro-

* To whom correspondence should be addressed.

naviruses are enveloped viruses with the genome rep-
resented by a ~27-32-kb single-stranded positive RNA
(SARS-CoV-2 genome size is 29.9 kb), that encodes both
structural and non-structural proteins. The genes in the
SARS-CoV-2 genome are positioned in the following
order: sixteen non-structural proteins (nspl-16) are en-
coded by the 5'-end ORF1a/1b. The functions of some of
these proteins are poorly understood, but it is known that
most of them participate in the genome replication and in
early transcription regulation. Structural proteins includ-
ing outer membrane glycoprotein S, membrane glyco-
protein E, matrix protein M, and nucleocapsid structural
protein N, as well as several small non-structural auxil-
iary proteins (figure, a and b) are encoded at the 3'-end:
the spike protein (S protein) is imbedded into the virion
membrane and forms the “corona” on the surface of the
viral particle [2]. This protein mediates virus attachment,
fusion, and penetration into the cell, and comprises one
of the main targets for the neutralizing antibodies pro-
duced in response to the infection, as a result inhibitors
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are being for suppression of the virus penetration into the
cell, bioengineered antibodies, and potential therapeutic
vaccines [3]. The homology between the SARS-CoV-2
genome and genome of the virus associated with the first
outbreak of atypical pneumonia twenty years ago (SARS-
CoV) is 80%, while the identity with the genome of bat
coronavirus (CoV RaTG13) is 96.2% [4]. Although the
S proteins of both viruses have very similar amino acid
sequences, the SARS-CoV-2 S protein displays a higher
affinity to the human angiotensin-converting enzyme 2
(ACE2) in comparison with the protein of the bat virus
[5, 6]. The rate of genomic mutations for the SARS-
CoV-2 virus was estimated as 1.25-10~° nucleotides per
replication cycle [7], which leads to a regular emergence
of SARS-CoV-2 variants with a higher infectivity and
ability to evade the immune defense of the host [8-10].
Some mutations that have emerged in the S protein se-
quence resulted in the increased affinity of SARS-CoV-2
to ACE2, which, likely, has enabled a very high rate of vi-
rus transmission [11-19] (figure, b). In order to determine
the priorities in the monitoring and the analysis of these
variants, the World Health Organization classified them
into three categories, the highest attention given to the
SARS-CoV-2 variants of concern (Table 1).

Until recently the success in stopping the spread to
SARS-CoV-2 virus has been very limited, and the dam-
age caused by COVID-19 worldwide both in the health-
care sector and economics of developed countries has
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been significant [20]. Due to the lack of effective drugs
against this particular virus, the main strategy in fighting
the pandemics includes prophylactic measures, such as
massive vaccination, distancing, and implementation of
mask mandates. Vaccination is required for the produc-
tion of neutralizing antibodies protecting an organism
from the SARS-CoV-2 infection, as well as for the acti-
vation of cellular immune response, in which T lympho-
cytes play a central role.

At present, there are five types of vaccines against
SARS-CoV-2:

1. Whole-virion vaccines that use chemically in-
activated SARS-CoV-2 incapable of replication [21].
Although attenuation of live virus is a classic approach
for the development of effective vaccines, no attenuated
live vaccines have been reported for SARS-CoV-2. Live
attenuated vaccines, as a rule, are associated with a risk
of reversion, which makes this approach inapplicable for
fighting highly pathogenic viruses. On the other hand,
chemical inactivation could result in insufficient pro-
tective response, as in the case of Ebola virus, or cause
harmful side effects, as was observed for the formalde-
hyde-inactivated respiratory syncytial virus in 1960s [22];

2. Vaccines based on the modified mRNA packed
into lipid particles have been developed for the efficient
delivery of mRNA template for the S protein synthesis
in cells, and they induce a strong immune response [23].
This type of vaccines was under evaluation for decades,

a b Nonstructural proteins Structural and accessory proteins
r Y il oy VP 9‘:6’ N\
50— ORFla L 2 3b FRZoEEn 3
’ ORF1b — ey
\"' U(A B » [T Breh Brnsh prnsh purnsp (TS
Y \1 s1/s2 s2'
r
=% Wuhan-Hu-1 RBD PP | m m r
2 U 1 13 305 319 541 788 806 912 984 1163 1213 1237 1273
~ =
peled1® o T I e
rotein T © 5 R
P Envelope £v g 2 F
o
N resy LH [ | [T HTHEH
protein (B.1.351)

Nucleocapsid

D2156
241243

Viral genome Delta

RNA

T19A
R158G

A67G
T95I
Y145D

Omicron
(B.1.1 .529)

*69-70
*142-144
*211
L2121

ereval I [ [ R [HTHEEE

L452R
T478K
D614G

N440K
G466S
H655Y
N679K  P681R
Q954H D950N
L981F

2o
o R
a5
88

]
—

URITAN B O

K417N
S477N
T478K
E484K
Q498R
N501Y
D614G b
P681H
N969K

Schematic representation of SARS-CoV-2. a) Virion structure, b) S protein structure and mutations in virus variants. Black, red, and blue arrows
indicate positions of peptide sequences selected for the development of vaccines inducing predominantly T cell-mediated immunity [30], CoVac-1

vaccine [31], and EpiVacCorona vaccine [32, 33], respectively

BIOCHEMISTRY (Moscow) Vol. 87 No. 7 2022



592

Table 1. Characteristics of SARS-CoV-2 variants of concern

KRUT”’ et al.

Variant Number Origin Amino acid substitutions in S protein I‘Ammo ac‘ld deletions
in S protein
Alpha B.1.1.7 United Kingdom | N501Y, A570D, D614G, P681H, T7161, S982A, D1118H | H69/V70, Y144
. LI8F, D80A, D215G, R2461, K417N, E484K, N501Y,
Beta B.1.351 South Africa D164G, A701V L241, L.242, A243
Delta B.L617.2 India TI9R, G142D, R158G, L452R, T478K, D614G, P68IR, E156, F157
D950N
A67V, T951, Y145D, L2121, G339D, S371L, S373P,
. . S375F, K417N, N440K, G446S, S477N, T478K, E484A, H69/V70, G142/
Omicron B.1.1.529 South Africa Q493R, G4968S, Q498R, N501Y, Y505H, T547K, V143/Y144, N211
D614G, H655Y, N679K, P681H, N764K, D796Y, ’
N856K, Q954H, N969K, L981F

mostly for tumor immunotherapy. Such vaccines could
be adapted for a particular infectious agent and produced
in large amounts much faster than in the case of other
technologies;

3. Vector vaccines based on recombinant viruses for
the delivery of S protein into the cell [24, 25]. Adenoviral
vectors are the most studied ones; hence, they are most
often used for the development of vaccines against vari-
ous infectious diseases;

4. Protein vaccines against SARS-CoV-2 that use
recombinant S protein produced in different expression
systems [26, 27]. Expressed full-size S protein can con-
tain substitutions in the furin cleavage site [28];

5. Peptide vaccines, which are to the topic of this
review, are various synthetic peptides corresponding to
the selected regions of viral proteins capable of inducing
protective immune response [29]. They include vaccines
inducing production of protective antibodies and those
causing activation of T cell response [30-33].

Various platforms used for vaccine production could
achieve different types of humoral and cell-mediated im-
mune defense. It has become clear during the pandemics
that the most valuable vaccine technologies should be
easily adaptable for a particular virus and allow fast scal-
ing up vaccine production.

MECHANISM OF SARS-CoV-2
INTERACTION WITH CELLS

The S proteins of SARS-CoV and SARS-CoV-2
are heavily glycosylated [34] 180 to 200-kDa transmem-
brane type 1 fusion proteins with the N-terminus locat-
ed at the outer surface of the virus and short C-terminus
buried in the inner membrane space [35]. The S protein
uses ACE2 for the virus entry into the cell [36-38], while
the transmembrane serine proteases (TMPRSS2) and
cathepsin L initiate the rearrangements of the S protein
structure [39, 40]. ACE2 is a type | transmembrane gly-
coprotein with the enzymatic (mono-carboxypeptidase)

activity. Its main physiological function is conversion of
biologically active vasoconstrictive and inflammatory
peptide angiotensin-2 (8 amino acid residues) into angio-
tensin via cleavage of the C-terminal amino acid residues
[41]. ACE2 is expressed in many organs and cells, but its
highest expression was detected in the pulmonary alve-
olar epithelium and small intestine enterocytes [42], two
major sites affected by the SARS-CoV-2. Moreover, the
majority of pulmonary cells expressing ACE2 are type II
cells of alveolar epithelium, which are more susceptible
to the viral infection due to the high expression of genes
associated with the virus replication [43]. The S protein
is composed of two subunits, S1 and S2, that have two
proteolytic sites: the polybasic furin cleavage site (S1/S2)
and the site in the S2 subunit (S2) [44, 45]. The cleavage
at the S1/S2 site is required for the S protein activation
and for the following hydrolysis of the S2” site. Both these
events are essential for the initiation of membrane fusion
and virus entry into the cell.

The entry of SARS-CoV-2 into the target cells oc-
curs in several steps. The initial cleavage of the viral S
protein at the polybasic S1/S2 site (RRAR) is catalyzed
by furin. This process could be considered as an “ini-
tiation” resulting in the formation of non-covalently
bound subunits S1 and S2 [46]. After the cleavage, the
S1/S2 protomers form the mushroom-shaped trimers
on the viral membrane. Each of the protomers (recep-
tors-binding domains or RBDs) can assume two confor-
mations — open/up or closed/down — to bind to the re-
ceptor [47]. The S1 subunit provides direct binding with
ACE2, while the S2 subunit contains sequences required
for the membrane fusion, which include the fusion do-
main (FD) and the a-helical hydrophobic heptad repeat
1 and 2 (HRI and HR2) domains that combine in the
process of receptor binding and form a coiled coil [48].
After binding of the SI subunit RBD to ACE2 in the
presence of TMPRSS?2, the S2’ site is cleaved on the cell
surface. The cleavage of the S2’ site exposes the fusion
peptide (FP) [49], while dissociation of S1 from S2 caus-
es significant conformational changes in the S2 subunit,
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especially in HR1, resulting in the translocation of FP
closer to the membrane. The pair of heptad repeat do-
mains creates an a-helical antiparallel complex between
the HR1 and HR2, which brings closer the viral and cel-
lular membranes [50, 51]. This conformation is very sta-
ble; it is believed that it helps to overcome the high energy
barrier associated with the fusion of the membranes [52].
The fusion is initiated when the hydrophobic residues
of the FP are incorporated into the host cell membrane
[53]. Next, the HR1 and HR2 regions of the trimeric viral
transmembrane protein interact with the formation of a
bundle consisting of six helices, which brings closer the
viral and cellular membranes resulting in the formation
of fusion pore through which viral RNA is released into
the target cell cytoplasm followed by the nucleocapsid
removal and initiation of the replication cycle. If the tar-
get cell expresses insufficient amounts of TMPRSS?2 or if
the virus/ACE2 complex does not encounter TMPRSS2,
then this complex is internalized into the cell via clath-
rin-mediated endocytosis and delivered to the lysosomes,
where the S2' site is cleaved by cathepsins that require
acidic environment for their functioning. Next, the pore
is formed via the abovementioned mechanism with the
help of FP followed by the delivery of viral RNA into the
cytoplasm and initiation of the virus replication cycle.

All these steps — cleavage of S1/S2 and S2' sites,
attachment to the cellular receptors, conformational
changes in S1 and S2, exposure of FP — play a vital role
in the process of SARS-CoV-2 infection and could be po-
tential targets for inhibitors.

SARS-CoV and SARS-CoV-2 have almost iden-
tical structures, hence, it was assumed that they have a
similar mechanism of penetration. However, molecular
modeling revealed a stronger interaction of the SARS-
CoV-2 RBD with the ACE2 receptor. In particular, the
characteristic loop in the SARS-CoV-2 S protein con-
tains flexible glycine residues, while the same region in
the SARS-CoV protein has rigid proline residues, which
makes the structures of the corresponding domains dif-
ferent. The major role in the interaction with the recep-
tor likely belongs to phenylalanine residue F486 located
in the flexible loop [54]. It is worth mentioning that the
HR?2 domains in SARS-CoV-2 and SARS-CoV are iden-
tical, while the HR1 domains display a certain variability
[55]. This could probably affect the interaction between
HR1 and HR2 and, hence, could explain the fact that
SARS-CoV-2 exhibits higher capacity of fusion with the
plasma membrane [56].

THE USE OF PEPTIDES FOR THE PROPHYLAXIS
AND THERAPY OF VIRAL INFECTIONS

Identification of functional domains in the protein

components of infectious agents provides an opportunity
of using peptides as therapeutics, because these domains

BIOCHEMISTRY (Moscow) Vol. 87 No. 7 2022

593

can be mimicked with short amino acid sequences. The
choice of sequences for the synthesis is a complicated
process that requires different types of analysis of exper-
imental data. Traditionally, computational techniques
and bioinformatics resources are used, based on numer-
ous existing platforms. For example, the NHLBI-Ab
Designer platform provides information required for the
selection of optimal sequences for the production of pep-
tide-targeted antibodies. The UniprotKB/Swiss-Prot,
PAComplex, ORION, SPARKS-X, and PEPstrMOD
databases containing information on the structure, func-
tions, and properties of proteins help with selection of
amino acid sequences for the synthesis. X-ray diffraction
data are used for the identification of sites involved in
the protein binding with the receptor, which together
with the structural data could facilitate optimization of
binding with the protein target (ex. see [57]). Another
strategy for selecting the peptides with a high affinity to
the target is phage display that uses combinatorial librar-
ies of peptides displayed on the surface of filamentous
phages [58, 59].

The technology of chemical synthesis and purifica-
tion of peptides is well developed, but the cost of pep-
tide production is much higher than in the case of using
recombinant DNA. However, production of target poly-
peptides in bacterial or eukaryotic cell cultures presents
certain risk of product contamination with cell metabo-
lites. Peptide properties, such as high specificity, low tox-
icity, low immunogenicity, and long-term storage stabili-
ty, make them valuable therapeutic agents [60].

One of the important factors affecting peptide func-
tionality is their three-dimensional structure. The syn-
thesis of short peptide sequences increases the risk of
losing or distorting the 3D structure of the correspond-
ing domain in the target protein, which could result in
the loss of activity. Moreover, linear unmodified pep-
tides exhibit low stability in the circulation, as they are
cleaved fast by blood plasma proteases. To avoid pro-
teolytic degradation, non-natural D-amino acids can
be included in the peptide sequence, which are more
resistant to the action of proteases. The development
of therapeutic peptides with D-amino acids is a com-
plicated task that could be solved using the mirror-im-
age phage display technology employing the screening
of D-amino acid versions of target proteins against the
library of phage-displayed version of the L-amino acid
protein. Despite the challenges of protein synthesis from
D-amino acids, the platform for the screening of proteol-
ysis-resistant peptides against large protein targets, such
as viral glycoproteins, has been developed [61]. For this
purpose, a viral particle decorated with the glycoprotein
from Zaire strain of Ebola virus (rVSV—ZEBOV) was
produced based on the vesicular stomatitis virus. The
preservation of the glycoprotein 3D structure in this sys-
tem significantly simplified the subsequent analysis. It
was found that human cathelicidin antimicrobial peptide
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LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFL-
RNLVPRTES) suppressed infection with the recom-
binant virus by preventing its penetration into the cells.
Another approach for increasing the activity of peptides
is their conjugation with cholesterol, which enhances the
antiviral properties of such peptides by targeting them to
the lipid sites of interaction between the virus and the
cells, where their fusion occurs [62]. Three peptides con-
jugated with cholesterol that prevented Ebola virus infec-
tion have been described:

EBOV-5 [DWTKNIKDKIDKITHDFVDKTLPDQS-C
(PEG4-Chol)],

EBOV-6 [ DWTKNIKDKIDKIITHDFVDKTLPDQS-C
(PEG12-Chol)], and

EBOV-7 [I[EPHDWTKNIKDKIDKITHDFVDKTLPDQS-C
(PEG12-Chol)].

Their efficiency was confirmed in the in vitro experiments
and by testing with lethal doses of viral load in a mouse
model. This type of peptides is considered as very prom-
ising for the development of specific therapy [63].

Peptides that inhibit fusion and penetration of hu-
man immunodeficiency virus (HIV) have been developed
as well. The entry of HIV-1 and SARS-CoV-2 into host
cells has some common features. The HIV-1 infection also
occurs through the fusion of cell and viral membranes me-
diated by the virus envelope glycoproteins gp120 and gp41.
First, the surface subunit of gp120 binds to the cellular
receptor CD4 and co-receptors CCRS5 or CXCR4, which
initiates a cascade of conformational changes activating
gp4l involvement in membrane fusion. The fusion pep-
tide at the N-terminus of gp4l is incorporated into the cell
membrane. Next, the membranes of the virus and the cell
fuse with the pore formation [64]. The 36-amino acid syn-
thetic peptide T20 (also known as Enfuvirtide or Fuzeon;
YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF)
corresponding to the amino acid residues 638-673 of gp41
was approved for the HIV treatment [65] and is the first in
class of antiretroviral agents used in the combined ther-
apy. Clinical use of T20 for the treatment of HIV infec-
tion demonstrated that the antiviral peptide-based drugs
could be a safe and effective alternative for the therapy of
infectious diseases.

Currently existing methods of influenza prophylac-
tics are based on impacting viral proteins M2 and neur-
aminidase N. Both these proteins are essential for the
maintenance of normal life cycle of the virus. However,
mutations of influenza virus and the properties of its
multicomponent genome allow an emergence of vari-
ants resistant to the existing antiviral preparations. This
implies the need for the development of new strategies
to fight this viral infection. New and presumably more
efficient strategies have been suggested based on the use
of compounds targeting hemagglutinin glycoproteins
(HAs). Infection with the influenza virus starts with
the interaction of viral HA with sialic acids in the re-
ceptor complex on the surface of host cells. HA chang-
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es its spatial structure following the contact with the
cell, that, in turn, facilitates virus penetration into the
cell, where the virus replication cycle is initiated. Using
phage display technology Matsubara et al. identified the
HA-binding peptide (ARLPA) that interacted with the
receptor-binding site of the viral HA and inhibited in-
fection in the cell culture [66]. In order to make the syn-
thesized peptides resistant to proteolytic enzymes, they
can be modified with non-natural amino acids, such as
B-alanines and diaminovaleric acid (ornithine). The cy-
clic structure of synthesized peptides, i.e., the absence
of C- and N-ends common for the linear and branched
polypeptides, also enhances peptide resistance to hy-
drolysis [67]. It should be noted that the majority of dis-
cussed peptides are considered as prophylactic agents,
because they often disrupt the early stages of infection
process [68].

PROPHYLACTICS AND THERAPY
OF SARS-CoV-2 INFECTION.
MOLECULAR TARGETS

The development of specific inhibitors of enzymes
vital for the virus functions (e.g., RNA-dependent RNA
polymerase) continues. The drugs developed for the
treatment of infections caused by other RNA-contain-
ing viruses (influenza viruses, Ebola virus) have so far
demonstrated only minor effects against SARS-CoV-2
infection. That is why the main attention in the context
of the new coronavirus infection is being paid to such
molecular targets as the RBD of the viral S protein, as
well as ACE2 and TMPRSS?2 protease, as main players
during virus entry into the cell. There is a hope that the
combination of inhibitors of two or more targets will be
effective, as it has been shown for HIV-1.

S protein. The antiviral effect of monoclonal antibod-
ies (both prophylactic and therapeutic) is based on block-
ing the interaction between the virus and ACE2 and pre-
vention of virus fusion with the cell membrane. Antibodies
targeting several epitopes of the S protein, especially its
RBD, could block the virus interaction with ACE2 or pre-
vent membrane fusion; hence, this mechanism underlies
the action of neutralizing antibodies and monoclonal an-
tibody therapy [69, 70]. There are several variants of hu-
man monoclonal antibodies that inhibit virus penetration
via blocking its interaction with the receptor (e.g., an-
ti-SARS-CoVAb — antibodies 80R and S230B) [71, 72].
It should be emphasized that the antibodies introduced
artificially to an organism have a limited circulation time
in the recipient, and such therapy/prophylactics does not
lead to the formation of immunological memory.

ACE2. Blocking ACE2 can be another strategy for
the inhibition of SARS-CoV-2 interaction with the cell.
Indeed, high mutation rate and the emergence of new vi-
rus variants are the factors that complicate drug develop-
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ment, while the structure of ACE2 remains unchanged.
On the other hand, ACE2 has multiple physiological
functions in an organism and its binding to SARS-CoV-2
could reduce its activity by shifting the ACE/ACE?2 bal-
ance towards the ACE activity. The genes encoding ACE
and ACE2 have a similar structure, but the functions of
these proteins are different. Both ACE and ACE2 are
components of the renin-angiotensin system (RAS).
Angiotensin synthesized in the liver is cleaved by renin
into angiotensin-1 (Angl), which is then converted into
angiotensin-2 (Ang2) by ACE. Ang?2 is a key participant
of RAS; it binds to type I angiotensin receptor (AT1R).
ACE?2 acts as a negative regulator of the ACE—Ang2—
AT1R complex activity. It hydrolyzes Ang2 into Ang(1-
7), which causes Mas receptor-mediated vasodilation,
decrease of blood pressure, and initiation of apoptosis.
Moreover, ACE2 could interact with Angl and convert it
into Ang(1-9), which then can be converted into Ang(1-
7) by ACE. ACE1 and angiotensin receptor inhibitors can
restore the balance in the ACE/ACE?2 system, but this,
in turn, can promote the binding of SARS-CoV-2 with
ACE?2 and stimulate disease progression. An increase in
the ACE activity results in pulmonary vasoconstriction,
as well as inflammatory and oxidative organ damage,
which increase the risk of acute organ damage and sys-
temic inflammation [73].

If the immune system is incapable of blocking
SARS-CoV-2, the virus actively penetrates into the host
cell, replicates there, and destroys it when exiting to the
extracellular space. As a result, this may abolish inhibition
of the angiotensin metabolic pathway, which promotes
infection and inflammation. It was found that transgen-
ic mice infected with SARS-CoV display the deficit of
ACE; they have an increased level of Ang2 and develop
severe respiratory disorders [74]. The absence of ACE2
with its protective activity results in the RAS dysfunction
and development of acute pathological respiratory states.
Interestingly, the protective function of ACE2 in acute
lung damage has been observed not only in the course of
coronavirus infection. Restoration of lung tissues upon
administration of recombinant ACE2 was observed in
laboratory mice with massive pulmonary edema, under
severe hypoxia, and with inflammatory cellular infiltra-
tion [74].

The canonical concept of ligand—receptor inter-
action suggests specific ligand binding, usually with a
high affinity, followed by transduction of the intracellu-
lar signal through the cytoplasmic part of the receptor.
Many receptor classes include decoy receptors that serve
as molecular traps for ligands and as inhibitors of recep-
tor signaling components. The decoy receptor of type I1
interleukin-1 (IL-1RII) was the first example of such
inhibition in the immune system [75, 76]. Later, decoy
receptors for the members of the tumor necrosis factor
family have been identified [77]. Obviously, soluble de-
coy receptors cannot activate signaling on their own, but
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they can limit the availability of ligands (in particular,
proinflammatory cytokines) and the level of transmitted
molecular signals.

Similar strategy could be used for the development
of ACE2-based antiviral drugs. In particular, recom-
binant soluble ACE2 (sACE2) was used as a decoy that
competed for the binding with the viral S protein but did
not disturb the physiological functions of ACE2 [78].
Even considering mutations, the virus has only a limit-
ed repertoire for avoiding the SACE2-mediated neutral-
ization without simultaneous decrease in its affinity for
the membrane ACE2, which makes the virus less viru-
lent. The drug based on SACE2 is currently undergoing
phase II clinical trial [79]. In parallel, several research
groups have designed their own variants of SACE?2 to use
for the development of high-affinity decoy receptors for
SARS-CoV-2 [80-82]. Thus, a soluble form of ACE2
capable of efficient binding to the S protein was selected
using saturating mutagenesis. The resulting soluble de-
coy receptor, ACE2,.v2.4 (19-805 aa), contained 3 amino
acid substitutions (T27Y, L79T, N330Y) and represent-
ed a highly soluble and stable monodisperse dimer. This
protein was comparable in activity with the neutralizing
antibodies and interacted with S proteins of both SARS-
CoV-2 and SARS-CoV. Due to its high activity and ease
of production, sACE2,.v2.4 is considered as a good can-
didate for the pre-clinical and clinical trials. Despite the
similarity to the natural ACE2, recombinant high-affin-
ity decoy receptors could have additional variations at
the interaction surface or in its vicinity, so that the virus
spikes might be able to distinguish between the artificial
and wild-type receptors [83].

What is the minimal length of the ACE2 fragment
that can efficiently compete for the binding with the S
protein? This important issue was addressed in a series
of recent studies, that provided rather controversial re-
sults. One of the first peptides developed based on the
structural analysis of ACE2 binding with the RBDs of
SARS-CoV-2 and SARS-CoV, the 23-mer peptide SBP1
(IEEQAKTFLDKFNHEAEDLFYQS), was used in the
study by Zhangetal. [84]. The peptide was designed
based on the al-helix in ACE2. Although the peptide
was able to bind to the SARS-CoV-2 RBD, no data were
presented on the inhibition of infection either in vitro
or in vivo. The peptides based on the al-helix of ACE2
were also used by the Kapoyan et al. for the development
of non-modified peptide mimics with a high propensity
for helix formation. However, an increase in the helical
structure content resulted in the increase in hydropho-
bicity, which affected the solubility of the peptide, and,
hence, lack of the neutralizing effect against the virus.
The replacement of leucine by tyrosine caused a slight
decrease in the helical content and significantly increased
the neutralizing activity against SARS-CoV-2 (100% ef-
ficiency at a concentration of 1 uM in the infection of
Calu-3 cells) [85].
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Table 2. Peptides that block SARS-CoV-2 S protein interaction with cellular ACE2

Assessment of neutralization

Peptide Amino acid sequence Origin Possible use activity against SARS-CoV-2 References
in vitro neutralizing activity
N-terminal frag- | blocker of S protein | was not tested, interaction
SBP1 LEY%%AKTFLDKFNHEAEDL_ ment of al-helix | (RBD) interaction | with SARS-CoV-2 RBD in an [84]
of ACE2 with ACE2 artificial system was observed
at a concentration of 45 nM
SALEEQLKTFLDKFM N-terminal frag— blocker .of S proltem }.ugh neutralizing af:thlty
P8 HELEDLLYQLAL-NH ment of al-helix | (RBD) interaction | in vitro (100% efficiency at a [85]
2 of ACE2 with ACE2 concentration of 1 uM)
SALEEQYKTFLDKFM N-terminal frag— blocker .Of S prqtem I}lgh neutralizing a.ct1v1ty
P9 HELEDLLYQLSL-NH ment of al-helix | (RBD) interaction | in vitro (100% efficiency at a [85]
2 of ACE2 with ACE2 concentration of 1 uM)
SALEEQYKTFLDKFM N-terminal frag— blocker .Of S prqtem h¥gh neutrahzmg activity in
P10 HELEDLLYQLAL-NH ment of al-helix | (RBD) interaction | vitro (100% efficiency at a [85]
2 of ACE2 with ACE2 concentration of 1 uM)
IEEQAKTFLDKFN- N-terminal frag— blocker 9f N prqtem ?bemea of neutralizing act.w—
8 HER EDLFYQS ment of al-helix | (RBD) interaction | ity in vitro (at a concentration [88]
R, 3 of ACE2 with ACE2 of 0.1-1 mM)
. IEEQAKTFLDKFNHEAEDL - N-terminal frag— blocker .of S proltem ?bs.enc.e of neutralizing act.lv—
G-link FYQSS-G-LGKGDFR ment of al-helix | (RBD) interaction | ity in vitro (at a concentration [88]
of ACE2 with ACE2 of 0.1-1 mM)
stapled | AEDLFYQSS-G-LGKGDER | o\ ¢y with ACE2 0f 0.1-1 mM)
NYB- TIEEQAKT-X-LDK-X-NHE- N-terminal frag— blocker .Of S prqteln high neutr.ahzmg activity in
SP-1 AEDLFYQ-X-SLA-X-WN ment of al-helix | (RBD) interaction | a pseudovirus system; [C50, [89]
of ACE2 with ACE2 4.1+0.26 uM
NYB- TIEEQ-Z-KTFLDK-X-NHE- N-terminal frag— blocker .of S proltem high neutr'ahzmg activity in
Sp-4 AEDLFYQ-X-SLA-X-WN ment of al-helix | (RBD) interaction | a pseudovirus system; IC50, [89]
of ACE2 with ACE2 1.97 £ 0.14 uM
cEEQAKTFLDKFNHEAEDL- . .| interaction with SARS-CoV-2
FYKS-------- o - two N-terminal | blocker of S protein ) .
. . . RBD in an artificial system
D B B S a-helices of (RBD) interaction (1-10 mM), absence of neu [90]
DKWSAFLKEQSTIAQNIeY- ACE2 with ACE2 tralizin ‘Eivit o Vit
PLQECI alizing activity in vitro
IEEQAKTFLDKFNHQAEDL- . .| interaction with SARS-CoV-2
two N-terminal | blocker of S protein . e
FYKCO(CH2)2S----S . . . RBD in an artificial system
X2 a-helices of (RBD) interaction [90]
DKWSAFLKECSTIAQIY- . (1-10 mM), absence of neu-
ACE2 with ACE2 .. S
PLQEI tralizing activity in vitro
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Table 2. (Cont.)

. . . .. . Assessment of neutralization
Peptide Amino acid sequence Origin Possible use activity against SARS-CoV-2 References
p | STIEONCTELDKENE. | Nmimiar- | PSSO e AR |
AEDLFYQSSLASWNY helix of ACE2 with ACE2 concentration: 0.46 uM)
MSTIEEQAKTFLDKFNHE- . . .
AEDLFYQSSLASWNYNTNI- | two N-terminal | blocker of S protein i;l]t: ]r)a (;ITZE :lv;ttil;i‘:si/;lzss—t(;;V—Z
P2 TEENVQNMNNAGDKWSA- | a-helices of (RBD) interaction (minimal concentratizn' [91]
FLKEQSTLAQMYPLQEIQN- | ACE2 with ACE2 0.064 M) ’
LTVKLQLQALQHHHHHH ’ "
N-terminal frag- | blocker of S protein | high neutralizing activity in
SAP1 TFLDKFNHEAEDLFYQ ment of al-helix | (RBD) interaction | a pseudovirus system; IC50, [92]
of ACE2 with ACE2 2.39 £0.20 mM
N-terminal frag- | blocker of S protein | high neutralizing activity in
SAP6 EDLFYQ ment of al-helix | (RBD) interaction | a pseudovirus system; IC50, [92]
of ACE2 with ACE2 1.90 £ 0.14 mM
CPS4 blockade of SARS-CoV-2/
. NNYLWWMTEYHD ACE?2 receptor anti-ACE2 RBD-ACE2 interaction; [93]
dimer 1C50, 31 nM

Helical regions are among the main secondary
structure elements in the protein—protein interactions.
Very often, such elements are structurally unstable and
sensitive to the proteolysis with peptidases. These lim-
itations can be resolved by peptide optimization, such
as incorporation of non-natural amino acid side chains
or other chemical modifications. In order to stabilize the
a-helical conformation in a peptide, non-natural ami-
no acids should be located on the same side of the helix.
These non-natural amino acids are then linked covalent-
ly with carbohydrate chains or disulfide bridges. These
so-called “stapled” peptides demonstrate a significantly
better pharmacological efficiency, increased affinity to
the targets, and higher resistance to proteolytic cleavage.
In comparison with low-molecular-weight drugs, which
also often produce toxic metabolites, peptides show bet-
ter binding due to their ability to interact with a large sur-
face area of the protein molecule with a high selectivity
and lesser toxicity [86, 87]. In particular, Morgan et al.
used chemical methods to stabilize the peptides in order
to maintain their helical structure [88]. The carbohydrate
staples were introduced in the region of the kink in the
al helix in ACE2, relative to the position of the histi-
dine — H34. The staples were positioned at both sides of
this histidine residue, as well as across the kink. Several
stapled peptides have been produced, one of which (pep-
tide 8: IEEQAKTFLDKFNHER_EDLFYQS,) demon-
strated the highest helical content (72%). However,
even this peptide did not block SARS-CoV-2 entry into

BIOCHEMISTRY (Moscow) Vol. 87 No. 7 2022

the cells in in vitro experiments. The authors also used
the cross-linked peptides, including the G-link peptide
(IEEQAKTFLDKFNHEAEDLFYQSS-G-LGKGDFR)
that had been previously found to neutralize SARS-CoV
by another research group (see [88]), but observed no
protective effect. Independently, Curreli et al. [89] de-
veloped a panel of longer 26-mer cross-linked peptides
based on the sequence of ACE2 receptor. Three of these
peptides demonstrated neutralizing activity in the in vitro
system based on the pseudoviruses carrying the SARS-
CoV-2 S protein and luciferase (marker) and ACE2-over-
expressing cultured cells. These cross-linked peptides ex-
hibited the blocking potential by acting as decoy sites for
SARS-CoV-2 binding [89]. The structure of these pep-
tides was stabilized by covalent cross-linking that provid-
ed additional stability to the a-helix, increased peptide
resistance to proteolytic cleavage, and enhanced their
blocking efficiency. In particular, peptides NYBSP-1
(TIEEQAKT-X-LDK-X-NHEAEDLFYQ-X-SLA-X-
WN) and NYBSP-4 (TIEEQ-Z-KTFLDK-X-NHE-
AEDLFYQ-X-SLA-X-WN) neutralized 80-90% of the
pseudovirus particles depending on concentration. It
should be mentioned that the results of this work were
confirmed in our studies.

Bibilashvili et al. [90] constructed and evaluat-
ed chimeric peptides X1 and X2 (Table 2) based on the
linear peptides h1 (IEEQAKTFLDKFNHEAEDLFYK)
and h2 (DKWSAFLKEQSTIAQNIeYPLQECI) cor-
responding to the fragments 21-42 and 64-88 of the
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al- and a2-helices, respectively, of the extracellular
ACE2 domain. The majority of amino acid residues
participating in the interaction with the viral RBD were
kept unchanged, but the X1 and X2 molecules differed
in the location of disulfide bridges. The peptide X1 was
a dimer, in which the terminal cysteine residues in the
precursor hl and h2 molecules were linked by a disul-
fide bond. The disulfide bridges in the X2 molecule
were located in the middle of each precursor mole-
cules. However, neither peptide noticeably neutralized
the virus in the in vifro system based on Vero cells and
SARS-CoV-2 virus [90]. Similar studies were conduct-
ed by our group using the 32-mer synthetic peptide P1
(STIEEQAKTFLDKFNHEAEDLFYQSSLASWNY)
that included the entire al-helix and the 8§0-mer recom-
binant peptide P2 (MSTIEEQAKTFLDKFNHEAEDL-
FYQSSLASWNYNTNITEENVQNMNNAGDKWSA-
FLKEQSTLAQMYPLQEIQNLTVKLQLQALQHHH-
HHH) that contained both al1- and a2-helices, as well as
their derivatives based on the analysis of contact sites be-
tween the S protein RBD and ACE2 [91]. These peptides
demonstrated good binding to the SARS-CoV-2 S pro-
tein in ELISA, but did not exhibit any neutralizing ac-
tivity in the pseudovirus-based system and in the experi-
ments with live SARS-CoV-2. They also did not prevent
virus entry into HEK293T/ACE2 and Vero cells, which is
in agreement with the conclusions of studies [88, 90], but
contradicts the results of [89].

Finally, Larue et al. [92] synthesized and investi-
gated short peptide inhibitors that could block the in-
teraction of the S protein with ACE2. It was found that
17 out of 20 amino acid residues in the ACE2 molecule
that formed contacts with the RBDs of SARS-CoV and
SARS-CoV-2 were identical. Two peptides have been
identified, SAP1 (27-TFLDKFNHEAEDLFYQ-42)
and SAP6 (37-EDLFYQ-42), that inhibited virus entry
into the cells in the in vitro experiments. The most inter-
esting was the SAP6 peptide that contained the minimal
consensus EDLFYQ including only 6 amino acids of the
N-terminal al-helix of ACE2 [92]. Considering the neg-
ative data on the infection blockade obtained by differ-
ent research groups (excluding [89]), the effect of such
short peptides seems doubtful. Short anti-ACE2 pep-
tides have been also evaluated, dimerization of which in-
creased their neutralizing activity against SARS-CoV-2.
It was reported that many out of 26 analyzed peptides
significantly affected the biological activity of the re-
combinant human ACE2. However, the peptide CPS4
(NNYLWWMTEYHD) and its dimer effectively blocked
virus entry into the cell, but did not affect the functional
activity of ACE2 [93]. It should be mentioned that no re-
sults on the in vivo activity have been reported for any of
the discussed peptides (Table 2).

TMPRSS2. The fusion of the virus and cell mem-
brane is mediated by serine proteinase TMPRSS2, which
is a cell surface protein expressed in various human tis-
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sues and organs, including respiratory tract, prostate, and
gastrointestinal tract. The protease activity of TMPRSS2
facilitates activation of viral glycoproteins, prostate can-
cer progression, and cleavage of endogenous substrates,
including PAR2 receptor, which modulates inflammato-
ry reactions, obesity, metabolism, and cancer. Inhibition
of TMPRSS2 expression decreases the efficiency of virus
entry into the cell, although it can also reduce the cleav-
age of endogenous substrates [94]. In order to block the
virus entry into the cell, TMPRSS2 could be inhibited
with peptides containing arginine [95] or hydrophobic
amino acids (e.g., isoleucine) used to block the hydro-
phobic pocket at the S1 subunit of the S protein that
binds the protease [96]. It is important to mention that
the genetic knockout of TMPRSS2 in mice did not cause
any noticeable phenotypic deviations, which makes this
model suitable for pre-clinical studies. The strategy of
TMPRSS2 inhibition for the prevention of infection with
the influenza virus has been already tested in vitro using
hydrophobic decanoylated peptide mimics. In particular,
phosphorodiamidate morpholine oligomer conjugated
with a peptide (PPMO) was synthesized that ensured ex-
pression of incomplete and inactive form of TMPRSS2
and prevented cell infection with the virus [97, 98].

PEPTIDE VACCINES

The ability of peptides to induce protective immunity
in vivo in addition to the neutralization activity in vitro was
first demonstrated in 1982 for the foot-and-mouth disease
virus [99], although these results were not used in veteri-
nary later. The first peptide vaccine was developed against
the canine parvovirus from the Parvoviridae family, which
is a small non-enveloped single-stranded DNA virus. The
capsid of this virus consists of three different protein sub-
units (VPs) termed VP1, VP2, and VP3. A 37-amino acid
sequence was identified at the N-terminus of VP2, that
was identical in the samples derived from the infected
animals of different species (cats, minks, and racoons).
Based on this sequence, two peptides were selected for im-
munization: 1L15 (MSDGAVQPDGGQPAV) and 7L15
(QPDGGQPAVRNERAT). They were conjugated with
KLH (keyhole limpet hemocyanin) and used successfully
for dog immunization [100]. Following the success of this
vaccine, the efforts have continued to produce a more im-
munogenic peptide based on the N-terminal sequence of
VP2, which has opened the possibilities for using peptide
vaccine in veterinary and medicine [101-103].

Abduljaleel et al. [30] attempted to develop a peptide
vaccine against SARS-CoV-2 based on the antigenic epi-
topes of the virus. Twelve peptides 10-13 amino acids in
length were selected:

MDEFIERYKLEGY (ORF1lab),

PYEDFQENWNTKH (ORFla),

LQDVVNQNAQALN (S protein),
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Table 3. Peptides in the composition of prophylactic vaccines against SARS-CoV-2
. . . Origin (positions in the virus . L.
Peptide name Amino acid sequence Possible application | References
sequence)
nucleocapsid protein domain T cell-inducing
P1_nuc ASWFTALTQHGKEDL of SARS-CoV-2 (50-64) peptide vaccine 1311
nucleocapsid protein domain T cell-inducing
P2 LLLLDRLNQLESKM 1
e NQLES S of SARS-CoV-2 (221-235) peptide vaccine (311
. S protein domain T cell-inducing
P3_spi ITRFQTLLALHRSYL of SARS-CoV-2 (235-249) peptide vaccine (311
core protein domain T cell-inducing
P4_env FYVYSRVKNLNSSRV of SARS-CoV-2 (56-70) peptide vaccine 311
membrane protein domain T cell-inducing
P5_mem LSYYKLGASQRVAGD of SARS-CoV-2 (176-190) peptide vaccine 311
protein encoded T cell-inducing
WYIRV(
P6_ORF8 SK RVGARKSAPL by the SARS-CoV-2 (43-57) ORFS8 peptide vaccine (311
EpiVacCorona RBD site . .
RLFRKSNLKPFERDISTEIYQA 2
(peptide 1) SN STEIYQAGS of S protein (454-477) peptide vaccine | [32, 33]
EpiVacCorona transmembrane domain . .
(peptide 2) KEIDRLNEVAKNLNESLIDLQE of S protein (1181-1211) peptide vaccine [32, 33]
EpiVacCorona transmembrane domain . .
(peptide 3) KNLNESLIDLQELGKYEQYIK of S protein (1181-1211) peptide vaccine [32, 33]

YDYCIPYNSVTSS (ORF3a),

YVYSRVKNLNSSR (E protein),

NGTITVEELKKLL (M protein),

TENKYSQLDEEQP (ORF6),

SPKLFIRQEEVQE (ORF7a),

FSLELQDHNETCH (ORF7b),

FYEDFLEYHDVRYV (ORFS),

DQELIRQGTDYKH (N protein),

and SRNYIAQVDVVNF (ORF10).

All peptides were linked via the GPGPG sequences to en-
sure spatial separation of the epitopes and to facilitate im-
munological processing of the antigens. The N-end of the
construct was modified with a peptide adjuvant attached
via the EAAAK linker to enhance the immune response.
The final construct with a molecular mass of ~18.72 kDa
consisted of ~156 amino acids.

Recently, the results of phase I clinical trial of a po-
tential peptide vaccine against SARS-CoV-2 that induces
the T-cell immunity have been published [31]. It is known
that T lymphocytes exhibit partial protective effect even
in the absence of antibodies and prevent the development
of severe forms of COVID-19 [104]. Furthermore, unlike
neutralizing antibodies, cytotoxic T lymphocytes could
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recognize epitopes of any SARS-CoV-2 antigen and not
only of S protein antigens as a part of their effector func-
tion. In [31], healthy volunteers were immunized with a
mixture of 6 linear 15-mer peptides that were fragments
of the structural proteins S, N, M, and E and non-struc-
tural protein ORFS (Table 3): P1_nuc (ASWFTALTQH-
GKEDL), P2 nuc (LLLLDRLNQLESKMS), P3 spi
(ITRFQTLLALHRSYL), P4 env (FYVYSRVKNLNS-
SRV), P5 mem (LSYYKLGASQRVAGD), P6 ORFS8
(SKWYIRVGARKSAPL). As one of the adjuvant com-
ponents, the authors used a 9-mer lipopeptide, a strong
agonist of the heteromeric innate immune receptor
TLR1/TLR2 [105]. Based on the previous studies con-
ducted by the same research group [106, 107], the
peptides were selected in such way that the amino acid
sequences presented by the MHC class II (DRB) mole-
cules contained incorporated peptides presented by the
frequent allele variants of the class I MHC. The T lym-
phocyte-mediated immune response was observed in all
participants of the clinical study. Moreover, this response
was maintained for the entire duration of the study (3
months) and was stronger than the response initiated as a
result of infection.
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It is known that conjugation of peptides with pro-
tein carriers and use of adjuvants help to initiate a strong
immune response to peptides in animals or humans. The
developers of EpiVacCorona peptide vaccine used this
strategy with conserved sequences of the SARS-CoV-2
S protein to increase vaccine resistance to possible virus
mutations (Table 3). Seven peptides 20-31 amino acid res-
idues in length were designed and synthesized that carried
presumable linear B-cell epitopes of the S protein. As a
carrier protein, the authors used the chimeric recombi-
nant protein MBP-6xHis-N_nCoV-2019 composed of the
major part of the SARS-CoV-2 N protein and MBP pro-
tein from Escherichia coli expressed in a prokaryotic sys-
tem; aluminum hydroxide was used as an adjuvant. Next,
three most immunogenic peptides were selected for the
conjugation: RLFRKSNLKPFERDISTEIYQAGS (cor-
responding to the receptor-binding motif of the SARS-
CoV-2 S protein), KEIDRLNEVAKNLNESLIDLQE,
and KNLNESLIDLQELGKYEQYIK (corresponding to
the fragments of the S protein transmembrane domain).
The conjugates of these peptide with the carrier protein
were mixed at a 1:1:1 ratio, adsorbed on aluminum
oxide, and used as components of the EpiVacCorona
vaccine [32, 33]. It should be noted that locations of the
B-cell epitopes determined in the independent studies
[30] did not coincide with the positions of the selected
peptides. The results of phase 111 clinical trials of this vac-
cine have not been published yet, but the efficacy of the
EpiVacCorona has been questioned in the recent compar-
ative study of Russian vaccines against the Delta variant
of the virus [108].

Other peptides associated with immunogenic T-cell
epitopes have been described in [106, 109, 110]. In par-
ticular, several dozens of epitopes that induced immune
response after disease or vaccination in the majority of
carriers of a particular allele variant of MHC have been
revealed in the recent systematic study that evaluated a
panel of peptides for their immunogenicity [111]. Similar
peptide panel could be used for evaluating the T cell-me-
diated immune response in individuals after infection or
vaccination and for estimating its duration. It should be
mentioned that these T-cell epitopes are only slightly af-
fected by mutations in the most common variants of the
virus; hence, the development of new vaccines based on
such epitopes seems promising.

CONCLUSIONS

In this review, we discussed possible applications of
synthetic peptides in the fight against COVID-19 pan-
demics. The majority of discussed strategies is related to
diagnostics and prophylactics of SARS-CoV-2 infection.
First, these are strategies used to block virus entry into
the cell. Other strategies involve the use of peptides for
the development of prophylactic vaccines. Many authors
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believe that although the use of synthetic peptides to block
the virus entry is very appealing (e.g., in the composition
of prophylactic formulation for inhalation), such prepa-
rations are unlikely to become competitive in comparison
with monoclonal antibodies and high-affinity decoy re-
ceptors. The synthesis of stapled peptides (Table 2) capa-
ble of virus entry blockade is extremely expensive. Hence,
it seems highly unlikely that the COVID-19 pandemics
could be stopped with the help of such peptides. With re-
gard to peptide vaccines, the chances for the success of
T-cell activating peptide vaccines, which are now at the
early stages of clinical trials, are rather high. Although
there is no convincing information so far on the efficiency
of B cell-activating vaccines, this area of research remains
also very promising.
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