O.N.Shilova, E.S.Shilov, S.M.Deyev
Russ. Chem. Rev., 2024, 93 (6) RCR5128

https://doi.org/10.59761/RCR5128

Design of targeted antiviral polypeptides specific
to SARS-CoV-2. Challenges and prospects

Olga N. Shilova,?

@ Shemyakin— Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences,
ul. Miklukho-Maklaya 16/10, 117997 Moscow, Russian Federation

b The Faculty of Biology of Lomonosov Moscow State University,
Leninskie Gory 1, stroenie 12, 119234 Moscow, Russian Federation

Evgeny S. Shilov,” ® Sergey M. Deyev 2P

The COVID-19 epidemic demanded the rapid development of high-affinity

molecules of different types aimed at a single target, the S-protein of SARS- S
CoV-2. The simultaneous development and testing of such molecules provide =
a unique opportunity to compare the features of biotechnological platforms
for creating therapeutic proteins. This review considers classical antibodies,
variable lymphocyte receptors, single-domain antibodies, and artificial
scaffolds (DARPins, affibodies, VH), that are compared in terms of affinity,
neutralizing activity, size and compatibility with different delivery methods.
It can be concluded that all platforms used have produced high-affinity
proteins that specifically bind to the coronavirus S-protein. The highest
affinity of the targeting molecules with the virus protein was achieved by
developing classical antibodies, nanobodies and by combining several
binding modules into multivalent constructs with high avidity. Based on the
results of in vivo experiments, it can be concluded that a high affinity of the
therapeutic protein for the surface antigens of SARS-CoV-2 is a necessary
but not sufficient condition for suppression of COVID-19 due to the
peculiarities of the biology of this virus. The experience gained in the 1% i
development of therapeutic agents against coronavirus will be useful for
design of effective targeted drugs for the treatment of known and new viral
infections.
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1. Introduction world, took at least 6 million lives,? led to collapse of healthcare

systems in many countries, and the fight against the spread of

A new coronavirus infection (COVID-19) was the first time
reported in December 2019 and spread worldwide in a matter of
months.! The world COVID-19 epidemic spread throughout the

infection took a notable toll on the global economy. The main
reason for the observed scale of the pandemic was the high
efficiency of the spread of the SARS-COV-2 virus: it is airborne
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infection, with a basic reproduction number (R,) of 2.8—3.8 for
early variants? and 5.08 for variant B.1.617.2 (‘Delta’).* Later
variants of the virus evolved to be even more transmissible:
although variant B.1.1.529 (‘Omicron’) spread in a population
of mostly recovered or vaccinated individuals, its effective
reproduction number (R,) was 3.6, comparable to the replication
number of the original virus in non-immune population. Basic
R, number for B.1.1.529 variant was estimated at 8.2.5 Another
reason for the rapid spread of the virus was the absence or low
efficiency of the pre-existing adaptive immunity in the human
population. In addition to SARS-COV-2, there are 6 other
coronaviruses of the same family known to be pathogenic to
humans: four of them cause seasonal acute respiratory infections
and gastrointestinal tract infections,® and two others have caused
local epidemics with high mortality, namely SARS-CoV in
20037 and MERS-CoV in 2012.8

A study of sera obtained in Singapore from healthy donors
before the start of the COVID-19 pandemic showed that 55 to
96% of healthy people had antibodies to coronaviruses, primarily
the seasonal cold viruses.” However, despite the high homology
of conserved regions of the S-protein of related coronaviruses, '
antibodies to seasonal coronaviruses turned out to be ineffective
against SARS-CoV-2.?

Thus, most people apparently were not protected from
COVID-19 by pre-existing adaptive immunity, and there was no
ready-made specific pharmacological treatment.

The main factors of COVID-19 pathogenesis include:

1) reproduction of the virus in the respiratory tract, which can
be accompanied by cough, fever, headache, muscle pain, and in
severe cases of the disease can lead to shortness of breath and
hypoxemia;!!

2) spread of the virus in the body causing damage to other
organs, both direct and unrelated to virus replication (including
pathologies of the intestines, kidneys, heart, liver, skin);!?

3) systemic inflammation accompanied by the production of
interleukin 1 (IL-1), 6 (IL-6), 8 (IL-8) and tumor necrosis factor
(TNF) and an increase in the concentration of inflammatory
markers in the blood (D-dimer and C-reactive protein);

4) coagulopathies associated with the formation of fibrin
thrombi.!!

The fight against this disease was based on preventing the
virus from entering cells, inhibiting virus replication in them,
and addressing concomitant symptoms: hypoxemia, thrombosis,
inflammation, and damage to non-respiratory organs.!'?
Vaccination is considered the preferred method of preventing
severe forms of COVID-19, but it is largely ineffective for
therapeutic purposes when the virus infection occurs before
vaccination. In addition, the emergence and spread of new
variants of SARS-CoV-2 reduced the -effectiveness of
vaccination. Consequently, considerable material and
intellectual resources of both individual research laboratories
and pharmaceutical giants were devoted to the development of
methods to suppress the infection that has already begun and to
control the associated symptoms. Substances of various origins
were considered to block the binding of the virus to cells:
natural compounds,'* well-known pharmaceuticals, '3 proteins, 16
and new low-molecular weight ligands.!” This review focuses
on polypeptides and proteins that bind to viral surface proteins
and have therapeutic potential. Such proteins are considered
and compared according to their origin and properties: size,
affinity, neutralizing ability, functional sites of molecules, the
possibility of using them as part of recombinant constructs, and
compatibility with various methods of delivery to the body
(Table 1, Fig. 1).

Most of the obtained protein molecules binding to the SARS-
CoV-2 virion belong to antibodies. These proteins consist of 4
polypeptides; their antigen-binding surface is formed by two
chains — the light and the heavy one (Fig. 1). The variety of
antibody specificities is provided by amino acid residues in
hypervariable regions, located in the immunoglobulin domains
of variable fragments.?’” Most often, antibodies of the G isotype
(IgG), which have a maximum circulation time in the blood,
were created for the treatment of COVID-19. Their constant part
binds to the neonatal Fc receptor in the endosomes of endothelial
cells, which ensures the return of antibodies to the blood plasma
and prevents early destruction in lysosomes.?®:2° An important

Table 1. Properties of proteins specifically binding to SARS-CoV-2 S protein.

Protein or peptide type ]\w/[:ilgjftljll?]r)a i%?;ci{{{D’a Source Production systems used Ref.
Monoclonal IgG antibody 150 108-10"2  Animal immunization, human lymphocyte Mammalian cells 16
gene sequencing, recombinant protein library
screening
Monoclonal IgA antibody 320 108-10""  Animal immunization, human lymphocyte Mammalian cells 18
gene sequencing, recombinant protein library
screening
Monoclonal IgM antibody 900 108-10"""  Animal immunization, human lymphocyte Mammalian cells 18
gene sequencing, recombinant protein library
screening
Nanobody (VHH) 15 108-101  Animal immunization, recombinant protein  Escherichia coli, mammalian 19
library screening cells
VLRP® 30-35 10°-10°  Lamprey immunization E.coli, mammalian cells 20
VH 12-15 107-107° Recombinant protein library screening E.coli, mammalian cells 21
Affibody 6.5 107-107° Recombinant protein library screening E.coli 22
DARPin 14-18  10%-10"'""  Recombinant protein library screening E.coli 23,24
Miniproteins 4-7 10°-10"1  Computer modeling, recombinant protein E.coli 25,26

library screening

2 KD is the dissociation constant of the antibody—antigen (S-protein) complex; ® for explanation of abbreviations, see the text.
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Figure 1. Types of binding proteins that have been used to produce therapeutic molecules specific to the SARS-CoV-2 virion.

property of antibodies, in addition to their high affinity, is the
ability to recruit the immune cells, primarily natural killer (NK)
cells, into interaction with infected cells.3%-3! The diversity of
antibodies in the body is created during the maturation of
lymphocytes and somatic hypermutagenesis. Infection with a
pathogen or immunization with an artificially obtained antigen
ensures effective selection of high-affinity antibodies, that can
then be further produced in vitro. A relative disadvantage of
antibodies is their complexity: these glycoproteins with a
quaternary structure, stabilized by disulfide bonds, can be
produced only in mammalian cells.??

Another important source of binding proteins is non-
canonical antibodies. It is known that antibodies whose antigen-
binding sites are localized within the same polypeptide chain
have been discovered in camelids and sharks. This makes it
possible to create shortened versions of single-domain antibodies
(nanoantibodies, nanobodies, VHH), which can be produced in
bacteria and used as binding modules in multifunctional fusion
proteins. Besides, single-domain antibodies are relatively easily
subjected to additional in vitro affinity enhancement using
display technologies. Cyclostomes variable lymphocyte
receptors (VLRs) are used similarly. These proteins of non-
immunoglobulin nature are formed by an alpha-helical scaffold,
which has variable regions that determine the specificity of the
receptor.

Phage, ribosomal, and yeast displays used in the selection
of high-affinity single-stranded and single-domain antibodies
can also be used to create binding proteins from motifs of
other origin. For this purpose, artificial scaffolds are used,
which, like antibodies and VLRs, have a framework that
allows replacing amino acid residues in several positions
without losing the tertiary structure and selecting proteins
with the highest affinity for the antigen. To create drugs
specific to the SARS-CoV-2 virion, several types of such
proteins were used: DARPins, variable sections of heavy
chains of human immunoglobulin (VH), affibody, and
miniproteins.

The process of developing and producing different types of
proteins highly affinity to SARS-CoV-2 antigens is schematically
shown in Fig. 2.

Of all the protein types investigated, only monoclonal
antibodies have been clinically used, which is more likely due to
the ‘credit of trust’ that they had by 2020 than to their unique
properties.

2. SARS-CoV-2 virion as a target of
therapeutic proteins

The SARS-CoV-2 genome encodes 4 structural proteins of the
virion, which could potentially become targets for therapeutic
agents: the nucleocapsid protein N, associated with the viral
RNA, and the membrane supercapsid proteins: spike protein S,
envelope protein E, and membrane protein M.3> However,
proteins M and E are difficult to target, since they are
transmembrane supercapsid proteins with epitopes minimally
exposed on the surface of the virion: amino acid residues 1—18
out of 221 in the first case and 1—13 out of 75 in the second. N
protein is located entirely within the virion and is inaccessible to
antibodies and other binding proteins. The surface of the
supercapsid membrane is largely shielded by the S-protein,
which forms a homotrimer, which mediates the entry of the
coronavirus into the infected cell. The protein part of this
glycoprotein consists of 1273 amino acid residues (a.a.), forming
the signal N-terminal peptide (1—-13 a.a.), S1- (14—685 a.a.) and
S2-domains (686—1273 a.a.). The S1 domain, in turn, consists
of an N-terminal domain (NTD, 14-305 a.a.) and a receptor
binding domain (RBD, 319-541 a.a.).* The receptor-binding
domain in the open conformation binds to angiotensin-
converting enzyme 2 (angiotensin convertase, ACE2) on the
surface of the human cell, and then the S-protein is cleaved by
the membrane serine protease TMPRSS2.35 An alternative to
TMPRSS2 may be cathepsin L, which is also capable of cleaving
the coronavirus S-protein in the endolysosome.?® Cutting and
conformational changes of the S-protein ensure the fusion of the



4of 16

O.N.Shilova, E.S.Shilov, S.M.Deyev
Russ. Chem. Rev., 2024, 93 (6) RCR5128

A 1. PBMC isolation from
COVID-19 patients blood

2. S-protein specific B cell selection

~

SARS-CoV-2

* hd

Non-specific B cell depletion

4. scFv-format cloning,
best bhinder selection

3. RNA isolation,
cDNA synthesis,
1G loci sequencing

5. Full-lenght antibody
production in eukaryotic cells

D 4h
! .
—— ATGCAAGCT.. —* — ) & o Pyve
Sequence yords -
analysis o 2P
A A" o *

B 1. 1G-loci-humanized mice

- ke 2. 5-protein specific B cell
immunization

selection

»

‘nn

S-protein sy /

-og /<%

PBMIC '

A
g,
A — @D—.__Ammcct_.——
A% Sequence
analysis

Non-specific B cell depletion

3. RNA isolation,
cDNA synthesis,
IG loci sequencing

4. Full-lenght antibody
production in eukaryotic cells

;‘4
= ‘f.\ -

=3

2. RNA isolation,
cDNA synthesis,
phage library cloning

(o 1. Llama/alpaca
immunization

—_—

Phage display

3. High affinity VHH selection

A A A

4. VHH production 5. VHH-Fc fusion, production

in E.coli in eukaryotic cells
N \\\\‘/
) LU i
. A,
—— _ATGCAAGCT.. —  ° —_— e U
Sequence - s \‘I =
analysis = _
L3 "'

1. Lamprey larva
immunization

2. RNA isolation,
cDNA synthesis,
plasmid library cloning

3. Best binder VLR selection

4. VLR production
in eukaryotic cells

R b
® - —
v “—» — @‘0 & (A. —_— A;Gqc:::;:r...—» /J,Llj/./l

PBMC

analysis
Yeast display

E 1. Combinatory libraries of
highly variable sequences

2. Affine molecules
selection

...J\GCTﬂ.v
...J\GTCG."
~GGTAG...
«CAAGT...
«~TCGTC...
~CTAGC...

Sequence
analysis

(XY

Phage display Yeast display

3. Affine molecules
production in E.coli

.
. . KG !A
— ..ATGCAAGCT... — R DG
s
¥

p A W
. TE

F 1. Bioinformatical
analysis of interacting
protein interfaces

2. Affine molecules 3. Affine molecules
selection production in E.coli

L] A aﬂ ’lilg [

Phage display Yeast display

- H

Figure 2. Methods for obtaining high-affinity proteins specific to the S-protein of the SARS-CoV-2 virion: 4, monoclonal antibodies from
lymphocytes of people who have been ill with COVID-19 or vaccinated against it; B, monoclonal antibodies obtained after immunization of
VelocImmune mice, with completely humanized immunoglobulin loci; C, single-domain antibodies of camelids; D, Cyclostomi VLRs; E and

F — shortened antibodies (scFv, VHH) and artificial scaffolds (DARPins, affibody, VH, miniproteins).

membranes of the virus and the infected cell.?’ It is the S-protein,
exposed on the surface of the virion and ensuring the penetration
of the virus into the cell, that is the target of all therapeutic
monoclonal antibodies and their analogues, summarized in
Table. 1.

All proteins listed in this table target the S-protein (the so-
called ‘spike protein’) of the SARS-CoV-2 virion in order to
prevent the virus from entering cells at the start of infection or at
the time of virus spread in the body. Thus, the key characteristics
of therapeutic proteins are their affinity for the S-proteins of
different virus variants and their neutralizing ability in vitro. In
addition, antibodies that attach to viral proteins on the surface of
infected cells can activate NK cells through the constant
moiety.?® This ability is unique to antibodies and makes an
additional contribution to the infection inhibition.

To date, at least three mechanisms of action of antibodies that
prevent the virus from entering cells are known:

1) stabilization of the S-protein in a closed conformation,

2) blocking the binding of S-protein to angiotensin-
converting enzyme,*® and

3) stabilization of the S-protein in a conformation that
promotes its cleavage and separation of the SI domain.*?

Antibodies binding to the N-terminal S1 domain (NTD) and
not competing for the binding of RBD to angiotensin convertase
also have neutralizing activity. Considering virus neutralization
and epitope accessibility, proteins targeting the epitopes of the
S1 domain of the spike protein, especially its receptor-binding
domain, are of the greatest interest. Nevertheless, from the
standpoint of the versatility of the drug, antibodies targeting the
S2 domain may be promising. This region of the S-protein is



O.N.Shilova, E.S.Shilov, S.M.Deyev
Russ. Chem. Rev., 2024, 93 (6) RCR5128

50f 16

1. Specificity tests and affinity measurement

L

i # 7 ELISA,
Affine molecules ==, surface plasmon
resonance,

-
Fres flow cytometry
Recombinant Spike protein
2. Neutralizing activity estimation

\ 4

"
SARS-CoV-2 *.g 3 ,,_ %—g\rfotein pseudotyped

(.\ “ »VLR affibody
Verﬁ;\

3. Preclinical trials ‘
on Iaboratory animals

Humanized ACE2 mice

&0

Hamsters

*

Ferrets *
* VHH, VH,

miniproteins

4. Clinical trials: safety testing Rhesus macaques

Healthy volunteers

5. Clinical trials: efficacy testmg

Prophylactic
usage

',ﬁ ﬁ mmp> DARPins

Therapeutic
usage

Pharmaceutical product licensing
Monoclonal antibodies
Figure 3. The process of developing therapeutic drugs based on pro-

teins specific to the SARS-CoV-2 S-protein. Red arrows indicate the
stages at which testing of the corresponding protein stopped.

more conservative and has high homology both in different
strains of SARS-CoV-2 and in different coronaviruses.'%-4!

Testing SARS-CoV-2-specific proteins for neutralizing
activity was the first step in the sequence of preclinical and
clinical studies, schematically presented in Fig. 3.

3. Platforms for the development of targeted
proteins specific to SARS-CoV-2

3.1 Monoclonal antibodies

Antibodies are natural protective molecules, that are able to bind
specifically to the target antigen, including blocking its
interactions with other molecules, and also have effector
functions mediated by the constant Fc-fragment. Most of the
neutralizing antibodies bind to the S-protein of the coronavirus
and prevent its interaction with the angiotensin convertase,
receptor protein on the host cell surface.?® The question of how
many antibodies to SARS-CoV-2 antigens arising in patients
after vaccination or during infection is necessary and sufficient
for COVID-19 treatment needs to be specifically investigated.
Thus, in a sample of Moscow patients in 2020, it was shown that
part of the patients that had recovered after COVID-19 had no
SARS-CoV-2 neutralizing antibodies in their blood*? (from 10
to 20% of patients, depending on the method of analysis), and
this did not prevent the recovering process. A similar study,*?
conducted in London, found that virus-specific antibodies 2
months after infection were absent in a proportion of patients
that can be estimated to be between 2 and 8.5%. Furthermore, in
the case of direct intercellular transmission of the virus from
infected to uninfected neighboring cell, the concentration of
neutralizing antibodies should be an order of magnitude higher
than that effective in infection transmission by circulating viral
particles.** For this reason, despite widespread attempts to use
polyclonal antibody sera taken from survivors of the pandemic
(convalescents) during the initial period of the pandemic,*
subsequently, only monoclonal antibodies were preferred in the
treatment of COVID-19. The screening strategy for such
antibodies was straightforward in most cases: selection of
memory B cells of COVID-19 patient for binding to S-protein,
sequencing of loci encoding V-domains, cloning of recombinant
antibodies, in vitro tests on neutralizing activity, and in vivo tests
on animal models. This strategy was first described in April
2020 by a team of Chinese authors*® for the CB6 antibody,
which was later used in the treatment of COVID-19 as
etesevimab.

The first neutralizing SARS-CoV-2 monoclonal antibody
approved for medical use was bamlanivimab. Initially, this drug
was found during the antibody screening of a Chinese COVID-19
patient and named LY-CoV555. The screening procedure was
as follows: 20 days after the diagnosis of COVID-19 symptoms,
2238 single B cells producing antibodies binding to the
trimerized spike protein were taken from the patient, and heavy
and light chain loci were sequenced for 440 cells.*” Bioinformatic
analysis selected 187 candidate antibodies, and then 175 were
cloned into producing cell line. The ability to bind to wild-type
S-protein in vitro was confirmed for 77% of antibodies, and 14%
of antibodies could competitively inhibit S-protein binding to
ACE2. IgG1 bamlanivimab was selected from among them due
to the lowest concentration (about 100 pg L), effective in
blocking infection of Vero cells by reporter viral particles
in vitro. The affinty to the S-protein (dissociation constant of
the antigen—antibody complex) for bamlanivimab was
~10% mol L-1.48

The first clinical trials showed that when using bamlanivimab
at a dosage of 7000 mg per person, there was no significant
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effect on the course of COVID-19. Although in the group of
patients undergoing treatment, the proportion of severe disease
was higher than in the group receiving placebo, and one fatal
outcome was also recorded.*® At the same time, the introduction
of such an amount of recombinant protein into the bloodstream
required an intravenous infusion lasting 1 hour. Together with
bamlanivimab, another monoclonal antibody, etesevimab
(alternative names CB6, LY3832479, LY-CoV016), and the
combined effect had an effect on reducing viral load, unlike
bamlanivimab monotherapy.® The half-maximal inhibition
concentration (ICs,) for the neutralizing activity of bamlanivimab
was 31 pg L1, and for etesevimab it was 189 pg L-1.5! Despite
conflicting data on therapeutic efficacy, bamlanivimab has been
approved for use by the U.S. Food and Drug Administration
(FDA) both in combination with etesevimab and as
monotherapy.>?

The regdanvimab antibody (CT-P59) was obtained as a result
of screening a library of single-stranded V-domains of antibodies
by phage display from a patient from South Korea.>3 To create a
library, peripheral blood mononuclear leukocytes were taken
from the patient and RNA was isolated. Further, cDNA was
obtained, Vj and V| domain encoding sequences were amplified
by PCR, and then cloned together into a phagmid in scFv format.
The resulting phage library was repeatedly enriched with
magnetic beads coated with recombinant RBD domain of the
SARS-CoV-2 S-protein. The best clones were selected using
solid-phase enzyme immunoassay (ELISA), for further work
they were cloned from the scFv format into the format of full-
size human antibodies and expressed in the Chinese hamster
ovarian cells (CHO). Full-size antibodies were analyzed in vitro
on Vero cells, determining their neutralizing activity, and
affinity to the RBD domain, determined by surface plasmon
resonance (SPR). ICs for neutralizing activity was 5.7 ng ml~!,
the dissociation constant for the S-proteinwas 2.7 x 101! mol L.
Further, the therapeutic activity of regdanvimab was determined
in preclinical studies on ferrets, golden Syrian hamsters and
rhesus macaques.>? In clinical trials, regdanvimab was used in
dosages ranging from 20 to 80 mg per 1 kg of patient weight,
however, a small number of participants (3 people in the control
group and 15 people in three groups receiving the antibody)
prevented reliable conclusions about its efficacy.>*

Another antibody sotrovimab (VIR-7831) was developed
based on the S309 antibody, obtained from the cells of a SARS
patient in 2003.5° Work on its creation began with screening of
25 antibodies to the SARS-CoV virus S-protein for cross-
reactive binding to the surface of CHO cells expressing the
SARS-CoV-2 virus S-protein. For 8 antibodies that showed
binding to the new S-protein, in vitro tests were performed to
determine their neutralizing activity on Vero cells. The S309
antibody demonstrated the best results: the I1Cs, value was
79 pug L1, the dissociation constant of the S-protein complex is
1.5x 107" mol L~!. Sotrovimab was created by making changes
in the sequence of the Fc-fragment of the S309 antibody,
improving binding to the neonatal Fc-receptor and increasing
the circulation time of the antibody in the bloodstream.>¢ Clinical
trials have shown its effectiveness: when taking this drug, the
risks of hospitalization of patients with COVID-19 decreased to
1%.7

Kazirivimab (REGN10933) and imdevimab (REGN10987),
another two monoclonal antibodies, simultaneously used as a
cocktail of REGN-CoV2 antibodies, were obtained from co-
screening of immunized VelocImmune transgenic mice, with
fully humanized immunoglobulin loci, and B cells from a
COVID-19 patient.>® Lymphocytes were stained with fluorescent

labeled recombinant RBD, and specific B cells were sorted by
fluorescence-mediated cell sorting. Recombinant antibodies
were cloned and expressed in the producing CHO cell line.
Antibodies were selected based on the analysis of neutralizing
activity in vitro using the S-protein decorated VSV virus and
Vero cells. Coding sequences were sequenced for 253 antibodies
that showed neutralizing activity, and epitopes were mapped for
9 of the most effective ones. According to the overlap of
epitopes, 4 groups were identified. REGN10987 antibodies
from the first group and REGN10933 from the second group
were selected to create a therapeutic cocktail because their
binding to the RBD-domain was independent of each other.
Values ICs, for the neutralizing activity of imdevimab and
casirivimab were 2.3x1071% and 6.9x 10! mol L! (=35 and
11 pg L"), the dissociation constants of complexes with
S-protein were 4.3x 107! and 4.2 x 10" mol L, respectively.

Clinical trials on hospitalized patients receiving 4 g of
imdevimab and casirivimab by intravenous infusion showed
that such treatment reduced mortality from COVID-19 in British
hospitals from 30 to 24%.%° However, the therapeutic effect of
using the casirivimab/imdevimab composition was moderate.
Given the limited availability of the drug, since September 2021,
a cocktail of REGN-CoV2 antibodies has been recommended
for patients with severe disease if they are seronegative and for
patients at high risk of hospitalization.%6!

Tixagevimab (AZDS8895, COV2-2196) and silgavimab
(AZD1061, COV2-2130) were obtained by analyzing the
antibodies of the first four Americans infected with this
coronavirus in China in early 2020. B cells were stained with the
RBD domain of the S-protein fused with the Fc-fragment (Fc is
a crystallizing fragment of immunoglobulin) of mouse
antibodies, and was isolated by fluorescence-mediated cell
sorting. Then isolated memory B cells were stimulated by
BAFF, IL-21 and CD40L and secreted antibodies were tested
for binding to recombinant S-protein domains and for the ability
to neutralize in vitro the Wuhan variant of SARS-CoV-2
supplemented by the luciferase gene. Slightly more than half
(178) of the 389 antibodies obtained, recognized RBD-domain,
including 67 antibodies that were neutralizing.®> Antibody
coding loci were sequenced, among them 321 unique sequences
were identified. For 49 antibodies, the neutralizing activity was
confirmed in vitro using the S-protein-decorated VSV virus.
Two antibodies with the best antigen binding rates, on the basis
of which tixagevimab and silgavimab were further obtained,
showed ICs, values for neutralizing activity in relation to the
initial SARS-CoV-2 variant of 15 and 107 pug L', respectively;
they did not compete for the epitope, which allowed them to be
used together.®® Curiously, the ICs, values for neutralizing
activity against pseudovirus for the same antibodies were 0.7
and 1.5pgL™!, which may indicate shortcomings of the
pseudovirus system for determining neutralizing activity. For
the S-protein bound to tixagevimab and silgavimab, a three-
dimensional structure of the complex was obtained, which
confirmed its complementary blocking by antibodies.®*

Clinical trials to determine the therapeutic effect of the
tixagevimab/silgavimab cocktail at a dosage of 300 mg of each
antibody intravenously showed a decrease in mortality in
patients hospitalized with COVID-19 from 12 to 9%.%°
Prophylactic intramuscular administration of the same cocktail
at a similar dosage in some cases looked encouraging: 0.2 and
4.4% of COVID-19 patients vs. 1.0 and 8.9% in the placebo
group (see Refs 66, 67, respectively); at that time as in another
study 8 there was no significant reduction in morbidity: 3.1% of
cases vs. 4.6% in the placebo group.
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Chronologically the last therapeutic antibody to S-protein
was bebtelovimab (LYCoV1404), obtained as a result of
screening of lymphocytes of a patient who had COVID-19.5! At
the first stage, using in vitro tests for binding of B cells to
recombinant S-protein, as well as with S-protein-coated beads
and cells expressing S-protein, it was possible to select 1062
antibody synthesizing cells, then the library of V-domain
sequences was sequenced and isolated for 290 paired
combinations of VH—VL domains. Based on them, after
bioinformatic analysis 69 antibodies were selected to obtain
recombinant antibodies, for which the affinity to the S-protein
was determined by surface plasmon resonance and epitopes
were mapped. As a result, bebtelovimab was selected from
among others, since it bound the same S-protein epitope as the
previously obtained antibodies sotronivimab and imdevimab.
The dissociation constant of bebtelovimab and S-protein was
7.5%10" " mol L1, the ICs, value for neutralizing activity was
9ugL151

Changes in the sequence of the S-protein during evolution led
to an increase in its affinity for ACE2 and a decrease in its
affinity for therapeutic antibodies. For example, N501Y amino
acid replacement changed the affinity for ACE2 by an order of
magnitude from 5.8 107 to 5.7 x 107" mol L~'.#® Coronavirus
variant B.1.1.529, better known as the omicron variant,®
discovered in November 2021, turned out to be insensitive to
licensed therapeutic monoclonal antibodies. The spread of this
strain and its new variants has led to a further revision of the
clinical recommendations of the World Health Organization
(WHO). For example, in March 2022 WHO recommended the
use of the combination casirivimab/imdevimab only if it was
possible to quickly determine the genotype of the virus and its
strain was sensitive to these drugs.”%7!

In January 2022, the US FDA retrieved the use permits issued
to the antibody compositions bamlanivimab/etesevimab and
kazirivimab/imdevimab, citing their ineffectiveness; however,
after that, even more than 150 thousand doses of these
monoclonal antibodies were used in the USA.72

It should be noted that some neutralizing antibodies isolated
from patients did not reached the clinical use7? but nevertheless
showed high neutralizing activity in vitro against evolutionarily
later variants of the virus compared to the original SARS-
CoV-2. Thus, for the iB20 antibody, the neutralizing activity
(ICsy) for the Wuhan variant was 110 ug L, and for the variant
‘omicron’ it was 18 pg L~!, although the KD predicted the
opposite relation: 5.7 %1071 mol L~! for the initial version and
4.5%1072 mol L' for Omicron.”

To date, approvals have been withdrawn for all antibody-
based drugs specific to the SARS-CoV-2 S-protein.

3.2. High affinity molecules of camelids and
cyclostomes

In addition to classical mouse and human monoclonal antibodies,
single-domain antibodies of camelids (camels, llamas, and
alpacas) specific to SARS-CoV-2 proteins were generated. Such
molecules are attractive because their entire antigen-binding site
is located in a single polypeptide sequence as part of a variable
heavy chain domain called VHH. This facilitates the genetic
engineering of antibodies, including the production of shortened
forms (nanoantibodies) and their assembly into bi- and
multivalent designs. Nanoantibodies (nanobodies) can be
produced in bacteria, and due to their chemical properties, these
compounds can be used in the form of aerosols against
respiratory viral infections.”>’¢ In addition, differences in the

structure of molecules make it possible to obtain variants that
recognize epitopes that are inaccessible to mouse and human
antibodies. Thus, the antibodies of representatives of camelids
have a greater flexibility of the paratope loops and more
extensive hypervariable areas.”’

The relative disadvantage of nanoantibodies is the difficulty
of working with the large animals that are expensive to maintain
and difficult to immunize. However, in vitro selection methods
make it possible to select nanoantibodies from synthetic libraries
using a phage or yeast display without prior immunization of
animals: about two thirds of the obtained nanoantibodies specific
to the coronavirus S-protein were selected in this way.3?

In another method of selection of nanoantibodies was
proposed,’8 it does not require immunization of camelids. The
authors obtained S-protein-specific nanobodies using transgenic
mice. The researchers inserted a cassette containing 18 alpaca
VHH sequences into the mouse immunoglobulin heavy chain
locus, 7 dromedary camel VHH sequences, and 5 Bactrian
camel VHH sequences equipped with heavy chain gene
promoters, signal sequence exons, and signal sequences for
recombination. The single-domain antibodies obtained as a
result of immunization of transgenic mice and further selection
for affinity to RBD were comparable in affinity and neutralizing
ability to both classical mouse antibodies and llama antibodies.

Several groups of scientists 7%-80 have successfully improved
the affinity and neutralizing ability of nanobodies by creating
multivalent structures. The antibody VHH-72, obtained as a
result of llama immunization, was developed in the form of a
dimer of variable domains connected by an amino acid linker
and in the form of a fusion protein with a constant part of human
immunoglobulin IgGl (VHH-72-Fc). These molecules were
dimerized into bivalent complexes, increasing the neutralizing
ability of nanobody compared to monomeric variants. The ICs,
value of the dimer VHH-72-Fc in the detection system based on
pseudotyped vesicular stomatitis virus with luciferase was
~13 nmol L-1.7° The authors of this study also created fusion
proteins of a nanoantibody with a constant part of mouse and
hamster antibodies and used computer modeling to increase the
affinity of nanoantibodies. Dissociation constant of the initial
nanoantibody complex VHH-72 with coronavirus S-protein was
1.2 nmol L1, dimeric proteins showed values of this parameter
in the subnanomolar range. Modified dimeric complexes had
neutralized SARS-CoV-1 and SARS-CoV-2 in vitro with a
subnanomolar value of ICs, and had a protective effect against
several variants of SARSCoV-2 in transgenic mice and
hamsters.%0

In the work mentioned above,’”® the dimerization of
nanoantibodies due to fusion with the constant part of antibodies
was supplemented by combining several VHH into one
polypeptide. The authors selected nanoantibodies obtained by
immunization of llamas and ‘nanomouse’ and created two types
of structures. In the first one, the VHH was fused with the
constant part of the human antibody IgG1, which creates a dimer
of the nanoantibody, and in the second one the fusion of three
consecutive VHH with the constant part of the human antibody
IgG1 through a longer and more flexible linker of llama
antibodies. The affinity of monomeric nanoantibodies to the
coronavirus S-protein was in the nanomolar range, the transition
to the hexamer lowered KD to picomolar values and reduced the
value ICs, from several times to two orders of magnitude (the
minimum values were in the picomolar range).

One of the key advantages of nanobody compared to classical
antibodies is the relative the ease of creating multi-specific
recombinant proteins.®! Koenig et a/.*? immunized llamas and
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alpacas, obtained nanoantibodies with nanomolar dissociation
constants, and identified epitopes for the most affine variants.
Using X-ray diffraction analysis, the authors analyzed the effect
of binding nanoantibodies on the structure of the coronavirus
S-protein in single manner and in combinations. Comparing
these data with the structure of the trimeric S-protein, the
researchers selected the appropriate linker length and the most
successful combinations of nanoantibodies to create fusion
proteins. The resulting bifunctional dimers and homotrimers
reached picomolar values of dissociation constants and reduced
the values of neutralizing activity (ICsp) by 12—18 times
compared with similar parameters of monomers.?? 1Cs, values
for multimers were in the nanomolar concentration range, and
the authors believed that the neutralizing effect was associated
not only with the shielding of the S-protein interaction region
with ACE2, but also with conformational changes in the
S-protein, which did not allow it to induce fusion of virus and
cell membranes.

It was shown® that the homotrimers of the mNb6-tri
nanoantibody retain their avidity and show neutralizing activity
in the picomolar range after lyophilization, aerosol spraying
and heating to 50 °C. The combination of the stability of
nanoantibody multimers with the possibility of their production
in bacteria makes these proteins promising components for
creating aerosols designed to prevent coronavirus infection.
This was confirmed by the group of Xiang et al.,¥* who created
dimeric and trimeric fusion proteins based on obtained
monomeric nanoantibodies with surprisingly high affinity. The
designed multimers neutralized the virus in vitro in the picomolar
concentration range (from 1.3 to 46.9 pmolL!), and the
introduction of an aerosol form of PIN-21 homotrimer shortly
after infection of hamsters with SARS-CoV-2 reduced the viral
load and weight loss of animals.®

Another nanoantibody heterodimer was combined into a
single polypeptide with a mouse serum albumin-specific
nanoantibody to increase the blood circulation time.3¢ This
heterotrimer was administered intraperitoneally transgenic mice
of the K18-hACE2 line on 1, 3, 5 and 6 days after infection with
coronavirus, which made it possible to reduce viral loads and
prevent weight loss by animals. Remarkable results were
published by researchers from Novosibirsk:%7 using repeated
immunization of llamas with different variants of the RBD
domain (including the Wuhan variant, SARS-CoV-1, beta, delta
and omicron strains), they managed to obtain a panel of highly
affine VHH, which were fused with Fc fragments of human
antibodies. Such bivalent VHH-Fc had KD values in the range
from 1072 to 3.2x1072 mol L-! for different variants of RBD
protein and had neutralizing activities in vitro in the range from
1 to 1539 ug L. It is important to note that among the antibodies
obtained by repeated immunization with different VHH variants,
antibodies with broad neutralizing specificity prevailed,
effective, among other things, against the newest evolutionary
omicron subvariants, such as BA.5, B.Q.1.1 and XBB.1.16.

In general, it can be concluded that the entire arsenal of
existing methods is successfully used in the engineering of
nanoantibodies works with classical antibodies. The created
multimeric forms, in their affinity and effectiveness, approach
the best values of these parameters for antibodies, and the most
successful ones may even exceed them.

Another natural source of highly variable proteins, whose
binding domain is formed by a single polypeptide chain, are the
variable lymphocyte receptors (VLRs) of cyclostomes (lampreys
and hagfishes), discovered at the beginning of the XXI century.
Unlike classical immunoglobulins, VLRs are based on leucine-

rich repeats that form a concave binding surface complemented
by a C-terminal hypervariable loop.®%:3° The secretory proteins
VLRB are analogous to the antibodies of other vertebrates in
cyclostomes, and the transmembrane proteins of lymphocytes
VLRA and VLRC are analogs of T-cell receptors. Due to the
unique geometry, interacting with the antigen surface, VLRB
can bind to more extended epitopes compared to classical
antibodies. Their independence from disulfide bonds, the
possibility of cytoplasmic expression, and stability over a wide
range of pH values and ionic strength of the solution make them
attractive objects for biotechnology.”

By the beginning of the COVID-19 pandemic, VLR selection
methods had already been worked out, so they were successfully
used to produce proteins that neutralize SARS-CoV-2. Jurkat
cells fixed with formaldehyde and coated with recombinant
S-protein were used for the immunization of lamprey larvae.
Two weeks after the first injection, repeated immunization was
performed, after that RNA was isolated from the blood of larvae
and a library of VLRB coding sequences was obtained, next it
was transformed into budding yeast cells. Yeast cells expressing
affine VLRs were isolated using magnetic beads coated with
recombinant S-protein. Next, the coding sequences were cloned
and expressed in human embryo kidney cells (HEK293T), and
the VLRB proteins secreted by them were then tested for binding
to the surface of HEK293F cells expressing S-protein. The most
specifically binding VLRs were tested using a solid-phase
ELISA and in vitro tests to neutralize the SARS-CoV-2 virus.
Thus, several VLR variants have been obtained that specifically
bind to the RBD domain of the SARS-CoV-2 S-protein, but not
other related coronaviruses. Two of them, named B7 and B39,
blocked the entry of wild-type virus into VeroE6 cells with an
efficiency comparable to that of monoclonal antibodies. Thus,
the 1Cs, values were 54.9 and 95.9 pg L', respectively (the ICs
value for the monoclonal antibody 4A8 used as a control was
355.5 pg L1).20 Nevertheless, given the immunogenicity of the
VLRs themselves, the authors suggested using them for
diagnosis, but not as a therapeutic agent.

3.3. Artificial scaffolds and affine polypeptides

In addition to natural humoral immunity proteins, artificial
scaffolds obtained using display technologies can be a source of
binding modules. The drug based on DARPIns, artificial proteins
containing ankyrin repeats, came closest to the stage of clinical
use.’! Ankyrin repeats are part of eukaryotic cell proteins that
bind to various targets, providing organization of the cytoskeleton
and regulation of enzyme activity. DARPins are assembled at
the gene level from sequences of 4—6 motifs containing 6
variable amino acids within one [ repeat and two a-helices, and
are selected by phage or ribosomal display for their ability to
bind to the antigen.’’ Due to their small size, aggregation
stability and simple production in bacteria, DARPins are used in
the development of biosensors, as well as the creation of fusion
proteins and conjugates for the therapy and diagnosis of various
diseases.?>?3

One of the first known drugs of this series is ensovibep,
which consists of three different DARPins sequentially
connected by linkers that recognize the trimeric S-protein of the
coronavirus, and two more DARPins that bind to serum albumin
to increase blood circulation time; its total molecular weight is
85 kDa. The drug suppressed the infection SARS-CoV-2 both
in vitro and in vivo, while maintaining its effectiveness against
the omicron variant.”* Single intravenous injections of ensovibep
proved to be safe and well tolerated.”> Based on the results in
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clinical trials, ensovibep had no significant effect on the recovery
of hospitalized patients,”® however, in hospitalized patients with
COVID-19 symptoms, the amount of virus released decreased,
and the risks of hospitalization and seeking emergency medical
care decreased by 78% (see 1).97-98

The other two trimers are based on DARPins, FSR16m and
FSR22, consist of DARPin modules assembled into a three-ray
asterisk due to fragments of fibritin of bacteriophage T4 fused
with DARPins.”® Both proteins bind to RBD in the area of
interaction with ACE2, neutralize the virus in vitro in nanomolar
concentrations, comparable to those for a mixture of monoclonal
antibodies REGEN-COV (casirivimab/imdevimab) and other
similar drugs.?* Trimerization of DARPins increases their the
neutralizing activity by 300-fold compared to that for monomers.
Interestingly, the researchers?* tested the effectiveness of the
drugs obtained by injecting them intranasally to transgenic mice
infected with SARSCoV-2. The use of FSR16m reduced weight
loss in the infected mice, as well as reduced viral load in their
respiratory tract and the level of proinflammatory cytokines in
lung tissues. Thus, this DARPin trimer is a prototype drug that
could be used as part of routine or post-exposure prophylaxis
against coronavirus without the need for injections.

During the selection of phage display from libraries, other
molecules were found that showed their effectiveness in vitro.
These include affibody, small proteins weighing about 6.5 kDa,
obtained on the basis of StaphylococcuS-protein A.2%100
Affibody neutralizing concentrations analyzed in vitro
demonstrates the nanomolar range.

It should be noted that display technologies have made it
possible to modify classical antibodies and create from them
another type of scaffold based on variable fragments of heavy
chains of human immunoglobulin (VH). These proteins, as well
as single-domain antibodies of camelids, form an antigen-
binding site within a single polypeptide chain and can be selected
by phage or ribosomal display. However, this molecules show
less immunogenicity, since the framework is formed from the
human immunoglobulin heavy chain gene IgG1.!%' VH domains
obtained from a synthetic library using a phage display bound to
the SARS-CoV-2 S-protein with nanomolar affinity. To increase
affinity and time in blood circulation, the VH domains were
combined with the Fc-fragment of the IgG1 antibody. Such
bivalents neutralized in vitro the virus isolated from the
COVID-19 patients 192 and reduced the viral load in hamsters
and mice after infection with the original SARS-CoV-2 or its
modified variant binding to mouse ACE2.103

Like other single-domain binding proteins, VH can be
combined into multivalent and bispecific constructs, which was
implemented.?! The authors set out to obtain VH binding to the
interaction region of RBD and S-protein. To do this, each stage
of selection in the phage display began with incubation of a
phage mixture with a complex of recombinant Spike-RBD-Fc
and ACE2-Fc proteins on beads. Beads were then removed and
the remaining phages were selected for binding to Spike-RBD-
Fc. Thus, the authors conducted a negative selection of phages
for binding to S-protein epitopes not involved in interaction with
ACE2, and a positive one for their ability to bind to the RBD
contact area interacting with angiotensin convertase. The authors
selected three types of VH binding to two different sites within
RBD, with dissociation constants of 23—113 nmol L-! and
created on their basis multimers. These were homodimers
(VH2), homotrimers (VH3), as well as heterodimers connected

T See ClinicalTrials.gov ID NCT04828161; https://www.clinicaltrials.
gov/study/NCT04828161 (last access 10.06.2024).

by linkers, and homodimers assembled from VH fused with the
constant part of the antibody (VH-Fc). Multimerization
increased the affinity of VH to the recombinant S-protein, KD
values reached 0.1—8.4 nmol L, and the dissociation constant
of the VH trimers and the trimeric S-protein ectodomain was
1x107 ' nmol L. The neutralizing ability of proteins also
increased with the transition to multimers: values 1Cs, varied
from ~50 nmol L™! to hundreds of pmol L~! with heterodimers
being more effective than homodimers and trimers are more
effective than dimers.

In addition to the direct use of display technologies,
preliminary computer modeling was used to develop antiviral
proteins. With this help, miniproteins were created based on the
spiral-turn—spiral motifs having molecular weight 4—7 kDa.
The affinity of the miniproteins selected in silico was increased
by mutagenesis and yeast display. The dissociation constant of
these proteins was in the nanomolar range, and the neutralizing
concentrations ranged from 24 to 35 nmol L 1.5 In the next
stage these proteins were modified as follows: the third helix
was shortened, and the amino acid residues in the remaining
helices were optimized for dimer formation. The resulting
dimer, consisting of 4 alpha helices, bound to the S-protein,
leading to the formation of S-protein dimers in a head-to-head
orientation. Miniprotein dimers neutralized the virus in vitro in
the nano- and picomolar concentration range and, when
administered intranasally 8 hours before infection, protected
Syrian hamsters from weight loss.?

Another bioinformatic approach was based on the fact that
S-protein binding peptides can be selected based on the results
of the analysis of the S-protein complex and its natural partner
angiotensin convertase, taking the amino acids of the synthetic
peptide so as to reproduce the interface of interaction with
ACE2. Unfortunately, the size of synthetic oligopepids is limited
to the size of 22-25 amino acid residues; however, this
limitation can be overcome by the formation of disulfide bridges
in chimeric peptides. Bibilashvili et al.'% described two new
5.4 kDa chimeric peptides with affinity for S-protein with Kp
values in the range of 0.9—12 mmol L', but an attempt to
evaluate it neutralizing activity failed. Verification of a number
of previously described oligopeptides aimed at S-protein showed
that their affinities (KD) are in the range from 1 to 28 mmol L1,
and the neutralizing activity is not determined. At the same time,
covalent crosslinking of peptides after synthesis can improve
their neutralizing activity to ICsy = 18—25 mmol L™!,'% which
is significantly inferior to scaffold-derived peptide analogues. In
more detail, the oligopeptides binding S-protein are critically
reviewed in the review by Krut’ ef al.!%

The most serious limitation for the therapeutic use of affine
proteins that are not human antibodies has become their own
immunogenicity. However, scaffolds derived from DARPins
and VH proteins are low-immunogenic since they are based on
human protein sequences. A significant advantage of such
scaffolds is the possibility of increasing avidity due to
oligomerization and ease of ‘molecular tuning’, that is the
addition of a variety of effector domains to affine modules to
form multifunctional therapeutic agents. Such antiviral protein
molecules can work in vivo in parallel with the usual immune
response, regardless of the patient’s immune status.

3.4. Multifunctional agents based on targeted
proteins

Thus, although many different high-affinity proteins that bind to
the S-protein and neutralize the virus in vitro and even in animal



10 of 16

O.N.Shilova, E.S.Shilov, S.M.Deyev
Russ. Chem. Rev., 2024, 93 (6) RCR5128

models have been produced, their clinical trials have not
provided sufficient evidence that the neutralizing activity of
these proteins is sufficient to completely suppress the infectious
process. Apparently, use of such drugs after the onset of
symptoms in the patient offers little advantage in the case of
rapidly replicating viruses and is mainly capable of preventing
viremia and lesions in other organs outside the site of primary
viral replication. Most likely, the capabilities of high-affinity
molecules that prevent the virus from entering the cell have
already been fully used. However, one can imagine agents that
enter the cell along with the virion, suppress the infection and
enhance the second function of antibodies — their cytotoxicity
towards infected cells. The combination of targeted proteins,
primarily antibodies, with additional effector modules has been
successfully used in oncology, and such a strategy may be useful
in the development of similar approaches for antiviral therapy.
The target of such a bifunctional agent can be the pathogen
genome: the SARS-CoV-2 capsid contains a (+)-RNA genome
that replicates without a DNA intermediate.

By the time the COVID-19 pandemic began, several types of
RNA-targeting molecules had already been created, primarily
specific to the influenza virus genome, including small molecule
inhibitors, interfering RNAs, enzymes, and catalytic nucleic
acids.'%7 Most versatile and least dependent on sequence and
secondary structure genome agents were ribonucleases — stable
enzymes that cleave RNA, which have already shown their
effectiveness against RNA-containing viruses in vitro and
in vivo. The ability of bacterial, pancreatic, recombinant and
synthetic peptide RNases without targeting modules to suppress
the replication of the influenza virus was demonstrated in cell
cultures'%-110 and in animals, including intranasal
administration of ribonuclease.!!! The binase enzyme was also
used against the rabies virus and improved the survival of
laboratory animals after infection.!!2113

Targeted agents specific to SARS-CoV-2 were created based
on antibodies and barnase ribonuclease. This monomeric stable
enzyme and its inhibitor barstar are currently being successfully
used in nanotechnology and experimental oncology.!'* In this
case, the authors used the ribonuclease activity of barnase to
enhance the antiviral effect of the P4A1 antibody.'!'> Conjugation
of the antibody with liposomes containing barnase increased the
neutralizing activity of the complex by 40 times in the
pseudotyped lentivirus model compared to that of an unmodified
antibody.!'® Successful conjugation of barnase itself with the
P4A1 antibody bearing a motif for enzymatic conjugation by
sortase A at the C-end of a heavy chain was also performed.'!’
Barnase is a bacterial ribonuclease that can be secreted into the
periplasm. In this case, cytoplasmic RNA molecules are
protected from barnase, accidentally synthesized on free
ribosomes, by the protein inhibitor barstar.!'® This expression
system makes it possible to create fusion proteins with barnase
and produce them in bacteria,!!% 129 which in the future can be
used to create bifunctional virus-specific proteins based on
barnase and a compact targeted protein.

4. Conclusion

The COVID-19 pandemic began at a time when there were
already many platforms for creating targeted peptides and
proteins. The accelerated development of drugs simultaneously
with the spread of the virus and its mutated variants forced
researchers to use all possible technologies and revealed the
weaknesses of various approaches. It can be concluded that the
available platforms have made it possible to create high-affinity

proteins that specifically bind to the S-protein of the coronavirus.
The greatest affinity was achieved in the development of
classical antibodies, nanobodies, and combinations of several
binding modules into multivalent structures with high avidity.

At the same time, a direct comparison of the effectiveness of
the obtained agents is complicated by the fact that they were
tested on different systems and against different strains of
SARS-CoV-2 or pseudotyped virus. As for the most significant
indicator, clinical efficacy, data on this parameter are available
only for antibodies and DARPin-based constructs. These drugs
had a very modest effect in the case of severe patients, but
significantly reduced the likelihood of severe disease in
ambulatory patients. To date, no drug based on proteins binding
to the surface of the SARS-CoV-2 virion has a current approval
for clinical use, since none of these agents has proved to be
sufficiently effective in vivo.

1) Neutralization with exogenous antibodies or polypeptides
may be ineffective due to biological peculiarities of the virus.
The SARS-CoV-2 coronavirus multiplies primarily on the
mucous membrane of the respiratory system, at least at the start
of the infection. Most of the antibodies tested in vivo were of the
IgG isotype; constant parts of the same type were used in fusion
proteins. IgG antibodies circulate in the blood for a long time but
accumulate weakly in the mucous membranes. For instance,
after intravenous administration of antibodies of the IgG isotype,
their concentration in the lungs is 200—500 times lower than the
concentration in the blood serum.!2! In addition, the virus enters
the cells of the respiratory epithelium through the apical
membrane, while virus-binding proteins administered
intravenously act from the side of the basolateral membrane,
which is separated from the lumen of the respiratory tract by
tight junctions before the development of inflammation.

2) The virus is mutating, and new variants have emerged
faster than new drugs have been developed. S-protein mutations
reduce the neutralizing ability of therapeutic proteins. The
solution to this problem may be to use the most conservative
protein motifs as targets. At the same time, practice has shown
that mixtures of several proteins can be more effective than
monopreparations.

3) Virus-specific proteins are mainly considered as
therapeutic rather than prophylactic agents. However, the
symptoms of the disease and the possibility of detecting the
virus appear only after the virus penetrates the cells, where it
becomes practically invulnerable to proteins that block its
binding to the cell. In addition, the virus is shown to possess
cell-to-cell transmission, protecting it from neutralization by
antibodies as it spreads throughout the body.**!22 Apparently,
injected antibodies and fusion proteins with the constant part of
antibodies, like antibodies formed in response to infection or
vaccination, limit infection mainly due to the attraction of the
immune cells due to the constant part. It should be noted that a
decrease in the severity of the disease treated with antibodies
and other proteins may be associated with a decrease in the
likelihood of viremia and multiple organ damage.

Overcoming these difficulties has already led to the
development of strategies that increase the effectiveness of
virus-specific proteins, and the search for new solutions is likely
to continue. Thus, in order to preserve the high affinity of
binding proteins to the virus, it is possible to find the most
conservative epitopes, as well as create mixtures of several
proteins and multimeric structures recognizing several epitopes.
For better accumulation of antibodies in the mucosa, various
antibody isotypes are selected and their intranasal administration
is used.'® Finally, the binding of the agent to the proteins of the
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virus is accompanied by exposure of the infected cells to the
constant part of antibodies or the introduction of molecules toxic
to the virus or infected cell.

In general, the injection into the bloodstream of proteins that
bind specifically and with high affinity to the S-protein SARS-
CoV-2 can supplement existing humoral immunity, but for the
drugs developed to date, this contribution is difficult to call
decisive. Most patients with COVID-19 produce their own
antibodies; in addition, the cell-based immunity turns out to be
at least as important as the humoral one.!?

Interesting results were obtained'?* on a model of ACE2-
humanized mice unable to produce antibodies due to deletion of
the D-segments of the IGH locus. These mice retained B
lymphocytes, but completely lacked antibodies; at the same
time, due to human angiotensin convertase, they could be
infected with SARS-CoV-2. It turned out that the viral load and
clinical picture of the disease in such humoral immunodeficient
mice did not differ from similar indicators for immunocompetent
ACE2-humanized mice. Moreover, mRNA vaccine vaccination
was effective in both groups of mice, leading to the same
activation level of specific activated T cells producing TNF and
IFNy. Based on the data obtained, Fumagalli et al.'?* suggested
that T cell immunity is completely sufficient to protect against
SARS-CoV-2, and humoral immunity does not play a significant
role in this process. Indirectly, this observation is confirmed in
humans: five patients with multiple sclerosis who received the
anti-CD20 antibody ocrelizumab, which depletes B cells,
recovered from COVID-19 with minimal titers of specific
antibodies;'?% out of ten COVID-19 patients with antibody
deficiency caused by common variable immunodeficiency
(CVID) only one required hospitalization.!2¢

In light of the data on the predominantly T-cell control of
COVID-19 disease, the combination of the success of high-
affinity SARS-CoV-2 antigen proteins in in vitro tests and low
efficacy in clinical practice seems quite logical. Unfortunately,
no recombinant proteins or complexes equipped with additional
effector modules have reached clinical trials, which makes it
impossible to compare their efficacy with classical antibodies.
Perhaps evolutionary trends toward shortening the infectious
cycle and decreasing immunogenicity of SARS-CoV-2 virus
would have reduced the efficacy of these proteins and complexes
to the same extent. We hypothesize that drugs based on targeting
proteins may find application in long-standing or chronic viral
infections, such as viral hepatitis.

The experience gained in developing therapeutic agents
against coronavirus will undoubtedly be wuseful for the
development of effective targeted drugs to combat known and
novel viral infections.

The review was prepared with the financial support of the
Ministry of Education and Science of the Russian Federation
under Agreement No. 075-15-2021-1049.

5. Abbreviations

a.a. — amino acid residue,

ACE2 — angiotensin-converting enzyme 2,

CHO — Chinese hamster ovary cells,

COVID-19 — new coronavirus disease, Coronavirus disease
2019,

CVID — common variable immunodeficiency,

ELISA — enzyme-linked immunosorbent assay,

Fc — fragment crystallizable region of antibody,

FDA — The United States Food and Drug Administration,

1C5y — half-maximal inhibitory concentration,

IgG — G-isotype antibody,

IL-n — interleukin n,

NK — Natural killer cells,

R, — effective reproduction number of the virus,

Ry — basic reproduction number of the virus,

SARS-CoV-2 — Severe acute respiratory syndrome-related
coronavirus 2,

SPR — surface plasmon resonance,

TNF — tumor necrosis factor,

VH — variable domain of antibody heavy chain,

VHH — variable domain of camelids antibody heavy chain,

VLR — variable cyclostomes lymphocyte receptors,

WHO — World Health Organization.

6. References

1. M.R.Bevova, S.V.Netesov, Yu.S.Aulchenko. Mol. Genet.
Microbiol. Virol., 35 (2), 53 (2020);
https://doi.org/10.3103/S0891416820020044

2. M.Cascella, M.Rajnik, A.Aleem, S.C.Dulebohn, R.Di Napoli.
Features, Evaluation and Treatment Coronavirus (COVID-19).
(Treasure Island, FL: Stat Pearls Publishing, 2023);
https://www.ncbi.nlm.nih.gov/books/NBK 554776/

3. J.P.Prada, L.E.Maag, L.Siegmund, E.Bencurova, C.Liang,
E.Koutsilieri, T.Dandekar, C.Scheller. Sci. Rep., 12, 17221
(2022); https://doi.org/10.1038/s41598-022-22101-7

4. Y.Liu, J.Rocklov. J. Travel Med., 28, taab124 (2021),
https://doi.org/10.1093/jtm/taab124

5. Y.Liu, J.Rocklov. J. Travel Med., 29, taac037 (2022),
https://doi.org/.1093/jtm/taac037

6. D.Schoeman, B.Gordon, B.C.Fielding. In Encyclopedia of
Infection and Immunity. (Elsevier, 2022). P.241;
https://doi.org/10.1016/B978-0-12-818731-9.00052-5

7. C.Drosten, S.Giinther, W Preiser, S.van der Werf, H.-R.Brodt,
S.Becker, H.Rabenau, M.Panning, L.Kolesnikova,
R.A.M.Fouchier, A.Berger, A.-M.Burguiere, J.Cinatl,
M.Eickmann, N.Escriou, K.Grywna, S.Kramme,
J.-C.Manuguerra, S.Miiller, V .Rickerts, M.Stiirmer, S.Vieth,
H.-D.Klenk, A.D.M.E.Osterhaus, H.Schmitz, H.W.Doerr.
New Engl. J. Med., 348, 1967 (2003);
https://doi.org/10.1056/NEJMo0a030747

8. T.Mizutani. Uirusu, 63, 1 (2013);
https://doi.org/.2222/jsv.63.1

9. L.S.Y.Wong, E.X.L.Loo, C.-H.Huang, G.C.Yap, M.J.Y.Tay,
R.X.Y.Chua, A.Y.H.Kang, L.Lu, B.W.Lee, L.P.-C.Shek,
J.Zhang, W.N.Chia, L.-F.Wang, E.H.Tham, P.A.Tambyah.
J. Infect., 86, €10 (2023);
https://doi.org/10.1016/].jinf.2022.08.032

10. J.A.Jaimes, N.M.André¢, J.S.Chappie, J.K.Millet,
G.R.Whittaker. J. Mol. Biol., 432, 3309 (2020);
https://doi.org/10.1016/j.jmb.2020.04.009

11. M.M.Lamers, B.L.Haagmans. Nat. Rev. Microbiol., 20, 270
(2022); https://doi.org/10.1038/s41579-022-00713-0

12. M.D.Shah, A.S.Sumeh, M.Sheraz, M.S.Kavitha,
B.A.Venmathi Maran, K.F.Rodrigues. Biomed. Pharmacother.,
143, 112158 (2021);
https://doi.org/10.1016/j.biopha.2021.112158

13. National Institutes of Health. NIH, 2019, 1 (2021);
https://files.covid19treatmentguidelines.nih.gov/guidelines/
archive/covid19treatmentguidelines-04-08-2021.pdf
(last access 10.06.2024)

14. Z.Low, R.Lani, V.Tiong, C.Poh, S.AbuBakar,
P.Hassandarvish. Int. J. Mol. Sci., 24, 9589 (2023);
https://doi.org/10.3390/1JMS24119589

15. E.Janik, M.Niemcewicz, M.Podogrocki, J.Saluk-Bijak,
M.Bijak. Int. J. Mol. Sci., 22, 5434 (2021);
https://doi.org/10.3390/1JMS22115434



12 of 16

O.N.Shilova, E.S.Shilov, S.M.Deyev
Russ. Chem. Rev., 2024, 93 (6) RCR5128

16.

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

M.Tuccori, S.Ferraro, I.Convertino, E.Cappello, G.Valdiserra,
C.Blandizzi, F.Maggi, D.Focosi. MAbs, 12, 1854149 (2020);
https://doi.org/10.1080/19420862.2020.1854149

P.Popov, R.Kalinin, P.Buslaev, I.Kozlovskii, M.Zaretckii,
D.Karlov, A.Gabibov, A.Stepanov. Brief. Bioinform., 25,
bbad459 (2024); https://doi.org/10.1093/BIB/BBAD459.
Z.Ku, X.Xie, P.R.Hinton, X.Liu, X.Ye, A.E.Muruato, D.C.Ng,
S.Biswas, J.Zou, Y.Liu, D.Pandya, V.D.Menachery,
S.Rahman, Y.A.Cao, H.Deng, W.Xiong, K.B.Carlin, J.Liu,
H.Su, E.J.Haanes, B.A.Keyt, N.Zhang, S.F.Carroll, P.Y.Shi,
Z.An. Nature, 595, 718 (2021);
https://doi.org/10.1038/S41586-021-03673-2

E.M.Obeng, C.K.O.Dzuvor, M.K.Danquah. Nano Today, 42,
101350 (2022);
https://doi.org/10.1016/JNANTOD.2021.101350
L.Y.T.Leung, S.Khan, P.Budylowski, Z.Li, S.Goroshko,
Y.Liu, S.Dong, J.R.Carlyle, J.M.Rini, M.Ostrowski,
G.R.A.Ehrhardt. Front. Immunol., 12, 659071 (2021);
https://doi.org/10.3389/FIMMU.2021.659071

C.J.Bracken, S.A.Lim, P.Solomon, N.J.Rettko, D.P.Nguyen,
B.S.Zha, K.Schaefer, J.R.Byrnes, J.Zhou, I.Lui, J.Liu,
K.Pance, QCRG Structural Biology Consortium, X.X.Zhou,
K.K.Leung, J.A.Wells. Nat. Chem. Biol., 17, 121 (2021);
https://doi.org/10.1038/S41589-020-00679-1

W.Du, P.Jiang, Q.Li, H.-Wen, M.Zheng, J.Zhang, Y.Guo,
J.Yang, W.Feng, S.Ye, S.Kamara, P.Jiang, J.Chen, W.Li,
S.Zhu, L.Zhang. Microbiol. Spectrosc., 11, €03562 (2023);
https://doi.org/10.1128/SPECTRUM.03562-22

N.Stojcheva, S.Gladman, M.Soergel, C.Zitt, R.Drake,
T.Lockett, C.Marchand, P.Fustier, V.Stavropoulou, E.
Fernandez, N.L.Pettigiani, K.Watkins, A.Puri, R.Watson,
P.Legenne, M. T.Stumpp, M.Boyce. Br. J. Clin. Pharmacol.,
89, 2295 (2023); https://doi.org/10.1111/BCP.15747
V.Chonira, Y.D.Kwon, J.Gorman, J.B.Case, Z.Ku, R.Simeon,
R.G.Casner, D.R.Harris, A.S.Olia, T.Stephens, L.Shapiro,
M.F.Bender, H.Boyd, I.T.Teng, Y.Tsybovsky, F.Krammer,
N.Zhang, M.S.Diamond, P.D.Kwong, Z.An, Z.Chen.

Nat. Chem. Biol., 19, 284 (2022);
https://doi.org/10.1038/s41589-022-01193-2

L.Cao, I.Goreshnik, B.Coventry, J.B.Case, L.Miller,
L.Kozodoy, R.E.Chen, L.Carter, A.C.Walls, Y.J.Park,
E.M.Strauch, L.Stewart, M.S.Diamond, D.Veesler, D.Baker.
Science, 370, 426 (2020);
https://doi.org/10.1126/SCIENCE.ABD9909

B.Khatri, [.Pramanick, S.K.Malladi, R.S.Rajmani, S.Kumar,
P.Ghosh, N.Sengupta, R.Rahisuddin, N.Kumar, S.Kumaran,
R.P.Ringe, R.Varadarajan, S.Dutta, J.Chatterjee. Nat. Chem.
Biol., 18, 1046 (2022);
https://doi.org/10.1038/s41589-022-01060-0
S.A.Nedospasova, D.V.Kuprash. Immunologiya po Yarilinu
(Immunology According to Yarilin). (Moscow:

Izd. GEOTAR-Media, 2021)

V.Ghetie, J.G.Hubbard, J.K.Kim, M.F.Tsen, Y.Lee, E.S.Ward.
Eur. J. Immunol., 26, 690 (1996);
https://doi.org/10.1002/EJ1.1830260327

E.S.Ward, J.Zhou, V.Ghetie, R.J.Ober. Int. Immunol., 15, 187
(2003); https://doi.org/10.1093/INTIMM/DXGO018
B.Perussia, G.Trinchieri, A.Jackson, N.L.Warner, J.Faust,
H.Rumpold, D.Kraft, L.L.Lanier. J. Immunol., 133, 180
(1984); https://doi.org/10.4049/jimmunol.133.1.180
N.K.Bjorkstrom, B.Strunz, H.G.Ljunggren. Nat. Rev.
Immunol., 22, 112 (2022);
https://doi.org/10.1038/S41577-021-00558-3
A.Waller-Pulido, M.1.Jiménez-Pérez, F.A.Gonzalez-Sanchez,
R.P.Rojo-Gutierrez, E.Torres-Anguiano, J.P.Aleman-Aguilar,
R. Garcia-Varela. Int. Immunopharmacol., 120, 110376
(2023); https://doi.org/10.1016/J.INTIMP.2023.110376
C.Wu, Y.Liu, Y.Yang, P.Zhang, W.Zhong, Y.Wang, Q.Wang,
Y .Xu, M.Li, X.Li, M.Zheng, L.Chen, H.Li. Acta Pharm.
Sinica B, 10, 766 (2020);
https://doi.org/10.1016/j.apsb.2020.02.008

35.

36.

37.

38.

39.

41.

42.

46.

47.

S.Zhang, Q.Liang, X.He, C.Zhao, W.Ren, Z.Yang, Z.Wang,
Q.Ding, H.Deng, T.Wang, L.Zhang, X.Wang. Cell Res., 32,
315 (2022); https://doi.org/10.1038/s41422-021-00600-y
M.Hoffmann, H.Kleine-Weber, S.Schroeder, N.Kriiger,
T.Herrler, S.Erichsen, T.S.Schiergens, G.Herrler, N.-H.Wu,
A Nitsche, M.A Miiller, C.Drosten, S.P6hlmann. Cell, 181,
271 (2020); https://doi.org/10.1016/j.cell.2020.02.052
C.B.Jackson, M.Farzan, B.Chen, H.Choe. Nat. Rev. Mol. Cell
Biol., 23, 3 (2022);
https://doi.org/10.1038/s41580-021-00418-x

X.Fan, D.Cao, L.Kong, X.Zhang. Nat. Commun., 11, 3618
(2020); https://doi.org/10.1038/s41467-020-17371-6
F.Y.Tso, S.J.Lidenge, L.K.Poppe, P.B.Pena, S.R.Privatt,
S.J.Bennett, J.R.Ngowi, J.Mwaiselage, M.Belshan, J.A.Siedlik,
M.A Raine, J.B.Ochoa, J.Garcia-Diaz, B.Nossaman,
L.Buckner, W.M.Roberts, M.J.Dean, A.C.Ochoa, J.T.West,
C.Wood. PLoS One, 16, 0247640 (2021);
https://doi.org/10.1371/JOURNAL.PONE.0247640

DJin, J.Wei, J.Sun. Biochem. Biophys. Res. Commun., 566, 52
(2021); https://doi.org/10.1016/J.BBRC.2021.06.001
L.Piccoli, Y.J.Park, M.A.Tortorici, N.Czudnochowski,
A.C.Walls, M.Beltramello, C.Silacci-Fregni, D.Pinto,
L.E.Rosen, J.E.Bowen, O.J.Acton, S.Jaconi, B.Guarino,
A.Minola, F.Zatta, N.Sprugasci, J.Bassi, A.Peter, A.De Marco,
J.C.Nix, F.Mele, S.Jovic, B.F.Rodriguez, S.V.Gupta, F.Jin,
G.Piumatti, G.Lo Presti, A.F.Pellanda, M.Biggiogero, M.
Tarkowski, M.S.Pizzuto, E.Cameroni, C.Havenar-Daughton,
M.Smithey, D.Hong, V.Lepori, E.Albanese, A.Ceschi,
E.Bernasconi, L.Elzi, P.Ferrari, C.Garzoni, A.Riva, G.Snell,
F.Sallusto, K.Fink, H.W.Virgin, A.Lanzavecchia, D.Corti,
D.Veesler. Cell, 183, 1042 (2020);
https://doi.org/10.1016/J.CELL.2020.09.037

A.R.Crowley, H.Natarajan, A.P.Hederman, C.A.Bobak,
J.A.Weiner, W.Wieland-Alter, J.Lee, E.M.Bloch,
A.A.R.Tobian, A.D.Redd, J.N.Blankson, D.Wollf,
T.Goetghebuer, A.Marchant, R.I.Connor, P.F.Wright,
M.E.Ackerman. Elife, 11, €75228 (2022);
https://doi.org/10.7554/ELIFE.75228

E.A.Astakhova, M.G.Byazrova, G.M.Yusubalieva,
V.F.Larichev, V.P.Baklaushev, A.V Filatov. Mol. Biol., 56,
1035 (2022); https://doi.org/10.1134/S002689332206005X
H.M.Staines, D.E.Kirwan, D.J.Clark, E.R.Adams, Y.Augustin,
R.L.Byrne, M.Cocozza, A.l.Cubas-Atienzar, L.E.Cuevas,
M.Cusinato, B.M.O.Davies, M.Davis, P.Davis, A.Duvoix,
N.M.Eckersley, D.Forton, A.J.Fraser, G.Garrod, L.Hadcocks,
Q.Hu, M.Johnson, G.A.Kay, K. Klekotko, Z.Lewis,
D.C.Macallan, J. Mensah-Kane, S.Menzies, [.Monahan,
C.M.Moore, G.Nebe-Von-Caron, S.I.Owen, C.Sainter,
A.A.Sall, J.Schouten, C.T.Williams, J.Wilkins, K.Woolston,
J.R.A Fitchett, S.Krishna, T.Planche. Emerg. Infect. Dis., 27,
91 (2021); https://doi.org/10.3201/EID2701.203074
N.Kruglova, A.Siniavin, V.Gushchin, D.Mazurov. Viruses, 13,
1133 (2021); https://doi.org/10.3390/V13061133

J.Ouyang, S.Isnard, J.Lin, B.Fombuena, X.Peng, J.P.Routy,
Y.Chen. Front. Immunol., 11, 570063 (2020);
https://doi.org/10.3389/FIMMU.2020.570063

R.Shi, C.Shan, X.Duan, Z.Chen, P.Liu, J.Song, T.Song, X.Bi,
C.Han, L.Wu, G.Gao, X.Hu, Y.Zhang, Z.Tong, W.Huang,
W.J.Liu, G.Wu, B.Zhang, L.Wang, J.Qi, H.Feng, F.S.Wang,
Q.Wang, G.F.Gao, Z.Yuan, J.Yan. Nature, 584, 120 (2020);
https://doi.org/10.1038/S41586-020-2381-Y

B.E.Jones, P.L.Brown-Augsburger, K.S.Corbett,
K.Westendorf, J.Davies, T.P.Cujec, C.M.Wiethoff,
J.L.Blackbourne, B.A.Heinz, D.Foster, R.E.Higgs,
D.Balasubramaniam, L.Wang, Y.Zhang, E.S.Yang,
R.Bidshahri, L.Kraft, Y.Hwang, S.Zentelis, K.R.Jepson,
R.Goya, M.A.Smith, D.W.Collins, S.J.Hinshaw, S.A.Tycho,
D.Pellacani, P.Xiang, K.Muthuraman, S.Sobhanifar,
M.H.Piper, F.J. Triana, J.Hendle, A.Pustilnik, A.C.Adams,
S.J.Berens, R.S.Baric, D.R.Martinez, R.W.Cross,
T.W.Geisbert, V.Borisevich, O.Abiona, H.M.Belli,



O.N.Shilova, E.S.Shilov, S.M.Deyev
Russ. Chem. Rev., 2024, 93 (6) RCR5128

13 of 16

49.

50.

51.

52.

53.

55.

56.

M.de Vries, A.Mohamed, M.Dittmann, M.I.Samanovic,
M.J.Mulligan, J.A.Goldsmith, C.L.Hsieh, N.V.Johnson,
D.Wrapp, J.S.McLellan, B.C.Barnhart, B.S.Graham,
J.R.Mascola, C.L.Hansen, E.Falconer. Sci. Transl. Med., 13,
eabf1906 (2021);
https://doi.org/10.1126/SCITRANSLMED.ABF1906

H.Liu, P.Wei, Q.Zhang, Z.Chen, K.Aviszus, W.Downing,
S.Peterson, L.Reynoso, G.P.Downey, S.K.Frankel, J.Kappler,
P.Marrack, G.Zhang. MAbs, 13, 1919285 (2021);
https://doi.org/10.1080/19420862.2021.1919285

J.Lundgren, B.Grund, C.Barkauskas, T.Holland, R.Gottlieb,
S.U, S.Brown, K.Knowlton, W.Self, J.Neaton. New Engl. J.
Med., 384, 905 (2021);
https://doi.org/10.1056/NEJMOA2033130

R.L.Gottlieb, A.Nirula, P.Chen, J.Boscia, B.Heller, J.Morris,
G.Huhn, J.Cardona, B.Mocherla, V.Stosor, I.Shawa, P.Kumar,
A.C.Adams, J.Van Naarden, K.L.Custer, M.Durante,
G.Oakley, A.E.Schade, T.R.Holzer, P.J.Ebert, R.E.Higgs,
N.L.Kallewaard, J.Sabo, D.R.Patel, P.Klekotka, L.Shen,
D.M.Skovronsky. JAMA, 325, 632 (2021);
https://doi.org/10.1001/JAMA.2021.0202

K.Westendorf, S.Zentelis, L.Wang, D.Foster, P.Vaillancourt,
M.Wiggin, E.Lovett, R.van der Lee, J.Hendle, A.Pustilnik,
J.M.Sauder, L.Kraft, Y.Hwang, R.W.Siegel, J.Chen,
B.A.Heinz, R.E.Higgs, N.L.Kallewaard, K.Jepson, R.Goya,
M.A.Smith, D.W.Collins, D.Pellacani, P.Xiang,

V.de Puyraimond, M.Ricicova, L.Devorkin, C.Pritchard,
A.O’Neill, K.Dalal, P.Panwar, H.Dhupar, F.A.Garces,
C.A.Cohen, J.M.Dye, K.E.Huie, C.V.Badger, D.Kobasa,
J.Audet, J.J.Freitas, S.Hassanali, I.Hughes, L.Munoz,
H.C.Palma, B.Ramamurthy, R.W.Cross, T.W.Geisbert,
V.Menachery, K.Lokugamage, V.Borisevich, I.Lanz,
L.Anderson, P.Sipahimalani, K.S.Corbett, E.S.Yang, Y.Zhang,
W.Shi, T.Zhou, M.Choe, J.Misasi, P.D.Kwong, N.J.Sullivan,
B.S.Graham, T.L.Fernandez, C.L.Hansen, E.Falconer,
J.R.Mascola, B.E.Jones, B.C.Barnhart. Cel/ Rep., 39, 110812
(2022); https://doi.org/10.1016/J.CELREP.2022.110812

An EUA for Bamlanivimab— a Monoclonal Antibody for
COVID-19. JAMA, 325, 880 (2021);
https://doi.org/10.1001/JAMA.2020.24415

C.Kim, D.K.Ryu, J.Lee, Y.Il Kim, J.M.Seo, Y.G.Kim,
J.H.Jeong, M.Kim, J.I.Kim, P.Kim, J.S.Bae, E.Y.Shim,
M.S.Lee, M.S.Kim, H.Noh, G.S.Park, J.S.Park, D.Son, Y.An,
J.N.Lee, K.S.Kwon, J.Y.Lee, H.Lee, J.S.Yang, K.C.Kim,
S.S.Kim, HM.Woo, J.W.Kim, M.S.Park, K.M.Yu, S.M.Kim,
E.H.Kim, S.J.Park, S.T.Jeong, C.H.Yu, Y.Song, S.H.Gu,
H.Oh, B.S.Koo, J.J.Hong, C.M.Ryu, W.B.Park, M.don Oh,

Y K.Choi, S.Y.Lee. Nat. Commun., 12, 288 (2021);
https://doi.org/10.1038/S41467-020-20602-5

J.Y Kim, Y.R.Jang, J.H.Hong, J.G.Jung, J.H.Park,
A.Streinu-Cercel, A.Streinu-Cercel, O.Sandulescu, S.J.Lee,
S.H.Kim, N.H.Jung, S.G.Lee, J.E.Park, M.K.Kim, D.B.Jeon,
Y.J.Lee, B.S.Kim, Y.M.Lee, Y.S.Kim. Clin. Ther., 43, 1706
(2021); https://doi.org/10.1016/J. CLINTHERA.2021.08.009
D.Pinto, Y.J.Park, M.Beltramello, A.C.Walls, M.A.Tortorici,
S.Bianchi, S.Jaconi, K.Culap, F.Zatta, A.De Marco, A.Peter,
B.Guarino, R.Spreafico, E.Cameroni, J.B.Case, R.E.Chen,
C.Havenar-Daughton, G.Snell, A.Telenti, H.W.Virgin,
A.Lanzavecchia, M.S.Diamond, K.Fink, D.Veesler, D.Corti.
Nature, 583, 290 (2020);
https://doi.org/10.1038/S41586-020-2349-Y

A.L.Cathcart, C.Havenar-Daughton, F.A.Lempp, D.Ma,
M.A.Schmid, M.L.Agostini, B.Guarino, J.Di Iulio, L.E.Rosen,
H.Tucker, J.Dillen, S.Subramanian, B.Sloan, S.Bianchi,
D.Pinto, C.Saliba, K.Culap, J.A.Wojcechowskyj, J.Noack,
J.Zhou, H.Kaiser, A.Chase, M.Montiel-Ruiz, E.Dellota,
A.Park, R.Spreafico, A.Sahakyan, E.J.Lauron,
N.Czudnochowski, E.Cameroni, S.Ledoux, A.Werts, C.Colas,
L.Soriaga, A.Telenti, L.A.Purcell, S.Hwang, G.Snell,
H.W.Virgin, D.Corti, C.M.Hebner. bioRxiv, Preprint, Version
9, (2021); https://doi.org/10.1101/2021.03.09.434607

57.

58.

59.

60.

61.

62.

63.

65.

A.Gupta, Y.Gonzalez-Rojas, E.Juarez, M.Crespo Casal,
J.Moya, D.R.Falci, E.Sarkis, J.Solis, H.Zheng, N.Scott,
A.L.Cathcart, C.M.Hebner, J.Sager, E.Mogalian, C.Tipple,
A.Peppercorn, E.Alexander, P.S.Pang, A.Free, C.Brinson,
M.Aldinger, A.E.Shapiro. New Engl. J. Med., 385, 1941
(2021); https://doi.org/10.1056/NEJMOA2107934

J.Hansen, A.Baum, K.E.Pascal, V.Russo, S.Giordano,
E.Wloga, B.O.Fulton, Y.Yan, K.Koon, K.Patel, K.M.Chung,
A.Hermann, E.Ullman, J.Cruz, A.Rafique, T.Huang,
J.Fairhurst, C.Libertiny, M.Malbec, W.Y.Lee, R.Welsh,
G.Farr, S.Pennington, D.Deshpande, J.Cheng, A.Watty,
P.Bouffard, R.Babb, N.Levenkova, C.Chen, B.Zhang,

A .R.Hernandez, K.Saotome, Y.Zhou, M.Franklin,
S.Sivapalasingam, D.C.Lye, S.Weston, J.Logue, R.Haupt,
M.Frieman, G.Chen, W.Olson, A.J.Murphy, N.Stahl,
G.D.Yancopoulos, C.A.Kyratsous. Science, 369, 1014 (2020);
https://doi.org/10.1126/SCIENCE.ABD0827.

P.W.Horby, M.Mafham, L.Peto, M.Campbell, G.Pessoa-
Amorim, E.Spata, N.Staplin, J.R.Emberson, B.Prudon, P.Hine,
T.Brown, C.A.Green, R.Sarkar, P.Desai, B.Yates, T.Bewick,
S.Tiberi, T.Felton, J.K.Baillie, M.H.Buch, L.C.Chappell,
S.N.Faust, T.Jaki, K.Jeffery, E.Juszczak,W.S.Lim,
A.Montgomery, A.Mumford, K.Rowan, D.M.Weinreich,
R.Haynes, M.J.Landray, P.Sandercock, J.Darbyshire,
D.DeMets, R.Fowler, D.Lalloo, M.Munavvar, I.Roberts,
A.Warris, J.Wittes. Lancet, 399, 676 (2022);
https://doi.org/10.1016/S0140-6736(22)00163-5.
WorldHealthOrganization. WHO/2019-nCoV/
therapeutics/2021.3 (2021),
https://iris.who.int/bitstream/handle/10665/345356/WHO-
2019-nCoV-therapeutics-2021.3-eng.pdf

(last access 10.06.2024)

WorldHealthOrganization. WHO/2019-nCoV/
therapeutics/2021.4 (2021),
https://iris.who.int/bitstream/handle/10665/350177/WHO-
2019-nCoV-therapeutics-2021.4-eng.pdf

(last access 10.06.2024)

S.J.Zost, P.Gilchuk, R.E.Chen, J.B.Case, J.X.Reidy,
A.Trivette, R.S.Nargi, R.E.Sutton, N.Suryadevara, E.C.Chen,
E.Binshtein, S.Shrihari, M.Ostrowski, H.Y.Chu, J.E.Didier,
K.W.MacRenaris, T.Jones, S.Day, L.Myers, F.Eun-Hyung
Lee, D.C.Nguyen, 1.Sanz, D.R.Martinez, P.W.Rothlauf,
L.M.Bloyet, S.P.J.Whelan, R.S.Baric, L.B.Thackray,
M.S.Diamond, R.H.Carnahan, J.E.Crowe. Nat. Med., 26, 1427
(2020); https://doi.org/10.1038/S41591-020-0998-X
S.J.Zost, P.Gilchuk, J.B.Case, E.Binshtein, R.E.Chen,
J.P.Nkolola, A.Schéfer, J.X.Reidy, A.Trivette, R.S.Nargi,
R.E.Sutton, N.Suryadevara, D.R.Martinez, L.E.Williamson,
E.C.Chen, T.Jones, S.Day, L.Myers, A.O.Hassan, N.M.Kafai,
E.S.Winkler, J.M.Fox, S.Shrihari, B.K.Mueller, J.Meiler,
A.Chandrashekar, N.B.Mercado, J.J.Steinhardt, K.Ren,

Y .M.Loo, N.L.Kallewaard, B.T.McCune, S.P.Keeler,
M.J.Holtzman, D.H.Barouch, L.E.Gralinski, R.S.Baric,
L.B.Thackray, M.S.Diamond, R.H.Carnahan, J.E.Crowe.
Nature, 584, 449 (2020);
https://doi.org/10.1038/S41586-020-2548-6

J.Dong, S.J.Zost, A.J.Greaney, T.N.Starr, A.S.Dingens,
E.C.Chen, R.E.Chen, J.B.Case, R.E.Sutton, P.Gilchuk,
J.Rodriguez, E.Armstrong, C.Gainza, R.S.Nargi, E.Binshtein,
X.Xie, X.Zhang, P.Y.Shi, J.Logue, S.Weston, M.E.McGrath,
M.B.Frieman, T.Brady, K.M.Tufty, H.Bright, Y.M.Loo,
P.M.McTamney, M.T.Esser, R.H.Carnahan, M.S.Diamond,
J.D.Bloom, J.E.Crowe. Nat. Microbiol., 6, 1244 (2021);
https://doi.org/10.1038/S41564-021-00972-2

T.L.Holland, A.A.Ginde, R.Paredes, T.A.Murray, N.Engen,
G.Grandits, A.Vekstein, N.Ivey, A.Mourad, U.Sandkovsky,
R.L.Gottlieb, M.Berhe, M.K.Jain, R.Marines-Price, B.T.Agbor
Agbor, L.Mateu, S.Espafia-Cueto, G.Llados, E.Mylonakis,
R.Rogers, F.Shehadeh, M.R.Filbin, K.A.Hibbert, K.Kim,
T.Tran, P.E.Morris, E.P.Cassity, B.Trautner, L.M.Pandit,
K.U.Knowlton, L.Leither, M.A.Matthay, A.J.Rogers,



14 of 16

O.N.Shilova, E.S.Shilov, S.M.Deyev
Russ. Chem. Rev., 2024, 93 (6) RCR5128

66.

67.

W.Drake, B.Jones, G.Poulakou, K.N.Syrigos, E.Fernandez-
Cruz, M.Di Natale, E.Almasri, L.Balerdi-Sarasola,
S.R.Bhagani, K.L.Boyle, J.D.Casey, P.Chen, D.J.Douin,

D.C Files, H.F.Giinthard, R.D.Hite, R.C.Hyzy, A.Khan,

M Kibirige, R.Kidega, F.Kiweewa, J.U.Jensen,
B.G.Leshnower, J.K.Lutaakome, P.Manian, V.Menon,
J.L.Morales-Rull, D.S.0’Mahony, J.S.Overcash,
S.Ramachandruni, J.S.Steingrub, H.S.Taha, M.Waters,
B.E.Young, A.N.Phillips, D.D.Murray, T.O.Jensen,
M.L.Padilla, D.Sahner, K.Shaw-Saliba, R.L.Dewar,
M.Teitelbaum, V.Natarajan, M.T.Rehman, S.Pett, F.Hudson,
G.Touloumi, S.M.Brown, W.H.Self, C.C.Chang, A.Sanchez,
A.C.Weintrob, T.Hatlen, B.Grund, S.Sharma, C.S.Reilly,
P.Garbes, M.T.Esser, A.Templeton, A.G.Babiker, V.J.Davey,
A.C.Gelijns, E.S.Higgs, V.Kan, G.Matthews, B.T.Thompson,
J.D.Neaton, H.C.Lane, J.D.Lundgren. Lancet Respir. Med., 10,
984 (2022); https://doi.org/10.1016/S2213-2600(22)00215-6
M.J.Levin, A.Ustianowski, S.De Wit, O.Launay, M.Avila,
A.Templeton, Y.Yuan, S.Seegobin, A.Ellery, D.J.Levinson,
P.Ambery, R.H.Arends, R.Beavon, K.Dey, P.Garbes,
E.J.Kelly, G.C.K.W.Koh, K.A.Near, K.W.Padilla,
K.Psachoulia, A.Sharbaugh, K.Streicher, M.N.Pangalos,
M.T.Esser. New Engl. J. Med., 386, 2188 (2022);
https://doi.org/10.1056/NEJMOA2116620

H.Montgomery, F.D.R.Hobbs, F.Padilla, D.Arbetter,
A.Templeton, S.Seegobin, K.Kim, J.A.S.Campos, R.H.Arends,
B.H.Brodek, D.Brooks, P.Garbes, J.Jimenez, G.C.K.W.Koh,
K.W.Padilla, K.Streicher, R.M.Viani, V.Alagappan,
M.N.Pangalos, M.T.Esser, W.Abe, T.Adan De Varona,
D.Adiatullina, D.Aguilar Zapata, K.Ahlers, C.Aimo, A.Akere,
E.Akimova, J.Alatorre Alexander, L.Aldrich, I.Ali Garcia,
K.Ali Garcia, L.Allison, R.Alonso Zuiiiga, I.Aloysius,
J.Altclas, A.Alvarisqueta, M.Antila, C.Anton, E.Arboix
Alamo, S.Arora, R.A.Avilés Felix, N.Bakhtina, V.Barbero-
Becerra, A.Barragan-Reyes, A.Barreira, M.Barrett, J.Beran,
N.Berki, V.Berki, R.Betten, C.Binelli, L.Brunzova,
C.Bussolari, K.Byargeon, J.Bytnar, C.Camberos, P.Campos
Corzo, G.Cannon, V.Canovi, S.Carla da Rosa, A.C.Moser,
L.Carrera Rivas, M.M.Casas, P.Castafieda-Méndez,
A.Cavalcante, E.Cherepova, A.Chermenskii, L.Clark,
M.Codeluppi, F.Coelho, B.Contreras, A.Cran, T.Dao,
C.Dharma, C.Di Castri, V.Diaz Balocchi, O.Duran, K.Earl,
A.Ellery, T.Endo, A.Everding, R.Fischer, B.Fonseca,
C.C.Franklin, S.B.Franz, A.Fumagalli, M.Galindo-Amaya,
M.Galli, L.Gerna, K.Gil Urefia, H.Gomes Antila, L.I.Gomes
Maricato, G.Goncalvez, M.Gonzalez, J.Gonzalez-Lama,
S.Granier, J.Granier, S.Grunwald, D.Guardefio-Ropero,
M.Guberti, S.Guduri, C.Guerrero Garcia, J.Haggiagi, K.Hale,
T.Hayashi, M.Hermes, D.Hernandez Colin, Y.Hirai, M.Hojo,
T.Homma, B.Hour, A.Huber, D.lacovelli, N.Ishibashi,
Y.Iwabe, S.Izumi, A.Jessen, H.Jessen, W.Jeudy, M.Jiménez
Marcos, R.Johnson, E.Juarez-Hernandez, K. Kabasawa,
K.Kaminska, M.Kawabe, A.Kemp, O.Khmelnitskiy,
C.Klassen, O.Kobrynska, P.Koleckar, S.Korn, M.Kornmann,
V.Kostenko, E.Kovalchuk, Y.Kovalchuk, T.Kiimmerle,
U.Lachmund, K.Lammersmann, F.Lastebasse, I.Lattuada,
F.Lauer, K.Lebed, O.Lebed, D.Lecona-Garcia, M.C.Leoni,
M.Lima, R.Little, H.Little, A.Lizardi-Diaz, M.Lobo-Becker,
F.Luppi, V.Macias, S.Maesaki, C.Magnaghi, A.Mancini,
S.Mazur, T.Melnikova, S.Menchaca, . Menendez-Perez,
E.Migdlar, S.Mizunuma, A.Mochalova, M.Mohamed, T.Moll,
C.Montalvo, A.Mottola, B.Miick, R.Mussi Brugnolli,
A.Nanda, D.Neuner, A.Ngwueke, S.Noe, M.Novacek,
L.Nuzzolo-Shihadeh, E.Obiekwe, 1.G.Ocampo Gaytan,
N.Ohmagari, S.Ohta, P.Onyewuchi, I.Pankov, M.Pedrosa,
Y.Peré, A.Pereyra, E.Perez, E.Perez-Alba, P.Perpina Lozano,
T.Perrei, D.Peterson, L.Pierroti, F.Pineda-Cardenas,
T.Plascencia Sanchez, C.Poletti, C.Pomaranzi, L.Portes,
N.Postel, M.Ramirez, [.Ramirez, M.Ramirez-Baena,
M.Ramjee, G.Ratti, J.Reeve, P.Reichert, P.Reichertova,
E.A.Reyes Garcia, C.Ricardo, N.Rodriguez Rodriguez,

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

J.Roldan Sanchez, M.Romero-Lopez, T.Rosales, H.Rosales,
M.Roshan, S.Roshan, P.Rovere Querini, H.Rutter, S.Sachwani,
H.Sagara, J.Sakai, N.Samson, J.H.Sanchez Mijangos,
L.Sanchez, A.Sanchez-Gonzalez, M.Sandford, L.Santana,
F.Santos de Carvalho, R.Sasao, L.Sato, E.Scheuermann,
0O.Schmidt, M.Seki, S.Shaikh, D.Shimada, M.Shinkai,
M.Shinoda, J.Smith, F.Solorzano, S.Soncini, K.Soregine,
E.Sosa, O.Sowade, V.Spinkova, R.Staniford, I.Steigemann,
V.Steiner, V.Strelkov, C.R.Suarez Pineda, H.Suenaga,
S.Suzaki, H.Swayze, Y.Tada, Y.Takeshita, Y.Takiguchi,
A.Tanaka, N.Tarumoto, A.Tatarintseva, M.Taubert, E.Terenya,
C.Tinoco, T.Tomiyasu, G.Torres-Vidal, G.Trejo-Aguiar,
K.Tsushima, E.Tunstall, C.Turra, Y.Valdes, N.Valencia
Castro, G.Visconti, G.Vitali, A.Vutikullird, J.Watti, D.Werth,
C.Wilson, P.Wilson, A.Workman, P.Woérle, C.Wyen,
Y.Yamaguchi, K.Yamamoto. Lancet Respir. Med., 10, 985
(2022); https://doi.org/10.1016/S2213-2600(22)00180-1
M.J.Levin, A.Ustianowski, S.Thomas, A.Templeton, Y.Yuan,
S.Seegobin, C.F.Houlihan, .Menendez-Perez, S.Pollett,
R.H.Arends, R.Beavon, K.Dey, P.Garbes, E.J.Kelly,
G.C.K.W.Koh, S.Ivanov, K.A.Near, A.Sharbaugh, K.Streicher,
M.N.Pangalos, M.T.Esser. Clin. Infect. Dis., 76, 1247 (2023);
https://doi.org/10.1093/CID/CIAC899

E.Callaway. Nature, 600, 21 (2021);
https://doi.org/10.1038/D41586-021-03552-W
WorldHealthOrganization. WHO/2019-nCoV/
therapeutics/2022.2 (2022);
https://app.magicapp.org/#/guideline/7789

(last access 10.06.2024)

WorldHealthOrganization. WHO/ 2019-nCoV/
therapeutics/2022.4 (2022);
https://iris.who.int/bitstream/handle/10665/362843/WHO-
2019-nCoV-therapeutics-2022.5-eng.pdf

(last access 10.06.2024)

T.S.Anderson, A.O’Donoghue, O.Mechanic, T.Dechen,
J.Stevens. JAMA Netw. Open, 5, €2228997 (2022);
https://doi.org/10.1001/JAMANETWORKOPEN.2022.28997
A.A.Gorchakov, S.V.Kulemzin, S.V.Guselnikov,
K.O.Baranov, T.N.Belovezhets, L.V.Mechetina, O.Y.Volkova,
A.M.Najakshin, N.A.Chikaev, A.N.Chikaev, P.P.Solodkov,
V.F.Larichev, M.A.Gulyaeva, A.G.Markhaev, Y.V.Kononova,
A.Y.Alekseyev, A.M.Shestopalov, G.M.Yusubalieva,
T.V.Klypa, A.V.Ivanov, V.T.Valuev-Elliston, V.P.Baklaushev,
A.V.Taranin. Cell Discov., 7,96 (2021);
https://doi.org/10.1038/S41421-021-00340-8

S.V.Kulemzin, M.V.Sergeeva, K.O.Baranov, A.A.Gorchakov,
S.V.Guselnikov, T.N.Belovezhets, O.Y.Volkova,
A.M.Najakshin, N.A.Chikaev, D.M.Danilenko, A.V.Taranin.
J. Pers. Med., 12, 895 (2022);

https://doi.org/10.3390/JPM 12060895

P.Vanlandschoot, C.Stortelers, E.Beirnaert, L.I.Ibafiez,
B.Schepens, E.Depla, X.Saelens. Antiviral Res., 92, 389
(2011); https://doi.org/10.1016/J. ANTIVIRAL.2011.09.002
L.Detalle, T.Stohr, C.Palomo, P.A.Piedra, B.E.Gilbert, V.Mas,
A.Millar, U.F.Power, C.Stortelers, K.Allosery, J.A.Melero,
E.Depla. Antimicrob. Agents Chemother., 60, 6 (2015);
https://doi.org/10.1128/AAC.01802-15

S.Muyldermans. Annu. Rev. Biochem., 82, 775 (2013);
https://doi.org/10.1146/ANNUREV-
BIOCHEM-063011-092449

J.Xu, K.Xu, S.Jung, A.Conte, J.Lieberman, F.Muecksch,
J.C.C.Lorenzi, S.Park, F.Schmidt, Z.Wang, Y.Huang, Y.Luo,
M.S.Nair, P.Wang, J.E.Schulz, L.Tessarollo, T.Bylund,
G.Y.Chuang, A.S.Olia, T.Stephens, [.T.Teng, Y.Tsybovsky,
T.Zhou, V.Munster, D.D.Ho, T.Hatziioannou, P.D.Bieniasz,
M.C.Nussenzweig, P.D.Kwong, R.Casellas. Nature, 595, 278
(2021); https://doi.org/10.1038/S41586-021-03676-Z
D.Wrapp, D.De Vlieger, K.S.Corbett, G.M.Torres, N.Wang,
W.Van Breedam, K.Roose, L.van Schie, M.Hoffmann,
S.Péhlmann, B.S.Graham, N.Callewaert, B.Schepens,



O.N.Shilova, E.S.Shilov, S.M.Deyev
Russ. Chem. Rev., 2024, 93 (6) RCR5128

15of 16

80.

8l

82.

83.

85.

86.

87.

88.

89.

90.

X.Saelens, J.S.McLellan. Cell, 181, 1015 (2020);
https://doi.org/10.1016/J.CELL.2020.04.03 1

B.Schepens, L.van Schie, W.Nerinckx, K.Roose,

W.Van Breedam, D.Fijalkowska, S.Devos, W.Weyts,

S.De Cae, S.Vanmarcke, C.Lonigro, H.Eeckhaut,

D.Van Herpe, J.Borloo, A.F.Oliveira, J.P.P.Catani, S.Creytens,
D.De Vlieger, G.Michielsen, J.C.Z.Marchan, G.D.Moschonas,
I.Rossey, K.Sedeyn, A.Van Hecke, X.Zhang, L.Langendries,
S.Jacobs, S.ter Horst, L.Seldeslachts, L.Liesenborghs,
R.Boudewijns, H.J.Thibaut, K.Dallmeier, G.Vande Velde,
B.Weynand, J.Beer, D.Schnepf, A.Ohnemus, [.Remory,
C.S.Foo, R.Abdelnabi, P.Maes, S.J.F.Kaptein, J.Rocha-Pereira,
D.Jochmans, L.Delang, F.Peelman, P.Stacheli, M.Schwemmle,
N.Devoogdt, D.Tersago, M.Germani, J.Heads, A.Henry,
A.Popplewell, M.Ellis, K.Brady, A.Turner, B.Dombrecht,
C.Stortelers, J.Neyts, N.Callewaert, X.Saelens. Sci. Transl.
Med., 13, eabi7826 (2021);
https://doi.org/10.1126/SCITRANSLMED.ABI7826

H.Yaoid, H.Caiid, T.Liid, B.Zhouid, W.Qinid, D.Lavilletteid,
D.Li. PLoS Pathog., 17, €1009328 (2021);
https://doi.org/10.1371/JOURNAL.PPAT.1009328

P.A Koenig, H.Das, H.Liu, B.M.Kiimmerer, F.N.Gohr,
L.M.Jenster, L.D.J.Schiffelers, Y.M.Tesfamariam, M.Uchima,
J.D.Wuerth, K.Gatterdam, N.Ruetalo, M.H.Christensen,
C.L.Fandrey, S.Normann, J.M.P.Tédtmann, S.Pritzl, L.Hanke,
J.Boos, M.Yuan, X.Zhu, J.L.Schmid-Burgk, H.Kato,
M.Schindler, I.A.Wilson, M.Geyer, K.U.Ludwig,
B.M.Hillberg, N.C.Wu, F.I.Schmidt. Science, 371, eabe6230
(2021); https://doi.org/10.1126/SCIENCE.ABE6230
M.Schoof, B.Faust, R.A.Saunders, S.Sangwan, V.Rezelj,
N.Hoppe, M.Boone, C.B.Billesbelle, C.Puchades,
C.M.Azumaya, H.T.Kratochvil, M.Zimanyi, [.Deshpande,
J.Liang, S.Dickinson, H.C.Nguyen, C.M.Chio, G.E.Merz,
M.C.Thompson, D.Diwanji, K.Schaefer, A.A.Anand,
N.Dobzinski, B.S.Zha, C.R.Simoneau, K.Leon, K.M.Whitel,
U.S.Chio, M.Gupta, M.Jin, F.Li, Y.Liu, K.Zhang, D.Bulkley,
M.Sun, A.M.Smith, A.N.Rizo, F.Moss, A.F.Brilot, S.Pourmal,
R.Trenker, T.Pospiech, S.Gupta, B.Barsi-Rhyne, V.Belyy,
A.W Barile-Hilll, S.Nock, Y.Liu, N.J.Krogan, C.Y.Ralston,
D.L.Swaney, A.Garcia-Sastre, M.Ott, M.Vignuzzi, P.Walter,
A.Manglik. Science, 370, 1473 (2020);
https://doi.org/10.1126/SCIENCE.ABE3255

Y .Xiang, S.Nambulli, Z.Xiao, H.Liu, Z.Sang, W.P.Duprex,
D.Schneidman-Duhovny, C.Zhang, Y.Shi. Science, 370, 1484
(2020); https://doi.org/10.1126/SCIENCE.ABE4747
S.Nambulli, Y.Xiang, N.L.Tilston-Lunel, L.J.Rennick, Z.Sang,
W.B.Klimstra, D.S.Reed, N.A.Crossland, Y.Shi, W.Paul
Duprex. Sci. Adv., 7, eabh0319 (2021);
https://doi.org/10.1126/SCIADV.ABH0319

L.Hanke, H.Das, D.J.Sheward, L.Perez Vidakovics, E.Urgard,
A Moliner-Morro, C.Kim, V.Karl, A.Pankow, N.L.Smith,
B.Porebski, O.Fernandez-Capetillo, E.Sezgin, G.K.Pedersen,
J.M.Coquet, B.M.Héllberg, B.Murrell, G.M.Mclnerney.

Nat. Commun., 13, 155 (2022);
https://doi.org/10.1038/S41467-021-27610-Z

P.P.Solodkov, A.M.Najakshin, N.A.Chikaev, S.V.Kulemzin,
L.V.Mechetina, K.O.Baranov, S.V.Guselnikov,
A.A.Gorchakov, T.N.Belovezhets, A.N.Chikaev,

0.Y .Volkova, A.G.Markhaev, Y.V.Kononova, A.Y.Alekseev,
M.A.Gulyaeva, A.M.Shestopalov, A.V.Taranin. Vaccines, 12,
129 (2024); https://doi.org/10.3390/VACCINES 12020129
B.W.Han, B.R.Herrin, M.D.Cooper, I.A.Wilson. Science, 321,
1834 (2008); https://doi.org/10.1126/SCIENCE.1162484
C.A.Velikovsky, L.Deng, S.Tasumi, L.M.Iyer, M.C.Kerzic,
L.Aravind, Z.Pancer, R.A Mariuzza. Nat. Struct. Mol. Biol.,
16, 725 (2009); https://doi.org/10.1038/NSMB.1619
B.R.Herrin, M.N.Alder, K.H.Roux, C.Sina, G.R.A.Ehrhardt,
J.A.Boydston, C.L.Turnbough, M.D.Cooper. Proc. Natl. Acad.
Sci. USA, 105, 2040 (2008);
https://doi.org/10.1073/PNAS.0711619105

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

A.Pliickthun. Annu. Rev. Pharmacol. Toxicol., 55, 489 (2015);
https://doi.org/10.1146/annurev-pharmtox-010611-134654
O.N.Shilova, S.M.Deyev. Acta Naturae, 11, 42 (2019);
https://doi.org/10.32607/20758251-2019-11-4-42-53
V.M.Tolmachev, V.I.Chernov, S.M.Deyev. Russ. Chem. Rev.,
91 (3), RCR5034 (2022); https://doi.org/10.1070/RCR5034
S.Rothenberger, D.L.Hurdiss, M.Walser, F.Malvezzi, ].Mayor,
S.Ryter, H.Moreno, N.Liechti, A.Bosshart, C.Iss, V.Calabro,
A.Cornelius, T.Hospodarsch, A.Neculcea, T.Looser,
A.Schlegel, S.Fontaine, D.Villemagne, M.Paladino,
D.Schiegg, S.Mangold, C.Reichen, F.Radom, Y.Kaufmann,
D.Schaible, 1.Schlegel, C.Zitt, G.Sigrist, M.Straumann,
J.Wolter, M.Comby, F.Sacarcelik, I.Drulyte, H.Lyoo, C.Wang,
W.Li, W.Du, H.K.Binz, R.Herrup, S.Lusvarghi,
S.N.Neerukonda, R.Vassell, W.Wang, J.M.Adler, K.Eschke,
M.Nascimento, A.Abdelgawad, A.D.Gruber, J.Bushe,

0O .Kershaw, C.G.Knutson, K.K.Balavenkatraman,
K.Ramanathan, E.Wyler, L.G.Teixeira Alves, S.Lewis,
R.Watson, M.A.Haeuptle, A.Ziircher, K.M.Dawson, D.Steiner,
C.D.Weiss, P.Amstutz, F.J.M.van Kuppeveld, M.T.Stumpp,
B.J.Bosch, O.Engler, J.Trimpert. Nat. Biotechnol., 40, 1845
(2022); https://doi.org/10.1038/S41587-022-01382-3
M.L.M.Prins, J.L.van der Plas, M.F.J.M.Vissers, C.L.Berends,
G.Tresch, M.Soergel, E.Fernandez, N.van den Berge,
D.Duijsings, C.Zitt, V.Stavropoulou, M.Zimmermann,
R.F.Drake, J.Burggraaf, G.H.Groeneveld, I.M.C.Kamerling.
Br. J. Clin. Pharmacol., 89, 1105 (2023);
https://doi.org/10.1111/BCP.15560

C.Barkauskas, E.Mylonakis, G.Poulakou, B.Young, D.Vock,
L.Siegel, N.Engen, G.Grandits, N.Mosaly, A.Vekstein,
R.Rogers, F.Shehadeh, M.Kaczynski, E.Mylona, K.Syrigos,
V.Rapti, D.Lye, D.Hui, L.Leither, K.Knowlton, M.Jain,
R.Marines-Price, A.Osuji, J.Overcash, [.Kalomenidis,
Z.Barmparessou, M.Waters, K.Zepeda, P.Chen, S.Torbati,
F.Kiweewa, N.Sebudde, E.Almasri, A.Hughes, S.Bhagani,
A.Rodger, U.Sandkovsky, R.Gottlieb, E.Nnakelu, B.Trautner,
V.Menon, J.Lutaakome, M.Matthay, J.Lundgren. Ann. Int.
Med., 175, 1266 (2022); https://doi.org/10.7326/M22-1503.
DARPins score against COVID-19. Nat. Biotechnol., 40, 285
(2022); https://doi.org/10.1038/S41587-022-01266-6
L.Abrishamian, M.Bonten, R.Chandra, D.S.Elango, P.Fustier,
K.Gedif, S.Goncalves, A.Igbinadolor, J.Kingsley,
C.G.Knutson, P.Kukkaro, N.Kumarasamy, P.Legenne,
M.Mekebeb-Reuter, K.Ramanathan, E.Reshetnyak,
M.Robinson, J.Rosa, M.Soergel, V.Stavropoulou, N.Stojcheva,
M.T.Stumpp, A.Tietz, X.Zhao, Z.Zhang. Open Forum Infect.
Dis., 9, 0fac492.969 (2022);
https://doi.org/10.1093/OFID/OFAC492.969

S.Giithe, L.Kapinos, A.Mdglich, S.Meier, S.Grzesiek,
T.Kiethaber. J. Mol. Biol., 337, 905 (2004);
https://doi.org/10.1016/j.jmb.2004.02.020

S.Song, Q.Shi. Molecules, 28, 6358 (2023);
https://doi.org/10.3390/MOLECULES28176358

J.Nilvebrant, P.M.Tessier, S.S.Sidhu. Curr. Pharm. Des., 22,
6537 (2016);
https://doi.org/10.2174/138161282266616092114301 1

Z.Sun, C.Chen, W.Li, D.R.Martinez, A.Drelich, D.S.Baek,
X.Liu, J.W.Mellors, C.Te Tseng, R.S.Baric, D.S.Dimitrov.
MAbs, 12, 1778435 (2020);
https://doi.org/10.1080/19420862.2020.1778435

W.Li, A.Schifer, S.S.Kulkarni, X.Liu, D.R.Martinez, C.Chen,
Z.Sun, S.R.Leist, A.Drelich, L.Zhang, M.L.Ura, A.Berezuk,
S.Chittori, K.Leopold, D.Mannar, S.S.Srivastava, X.Zhu,
E.C.Peterson, C.Te Tseng, J.W.Mellors, D.Falzarano,
S.Subramaniam, R.S.Baric, D.S.Dimitrov. Cell, 183, 441
(2020); https://doi.org/10.1016/J.CELL.2020.09.007
R.S.Bibilashvili, M.V.Sidorova, U.S.Dudkina, M.E.Palkeeva,
A.S.Molokoedov, L.I.Kozlovskaya, A.M.Egorov,
A.A.Ishmukhametov, E.V.Parfyonova. Biochem. Moscow
Suppl. Ser. B, 15, 280 (2021);
https://doi.org/10.1134/S199075082104003X



16 of 16

O.N.Shilova, E.S.Shilov, S.M.Deyev
Russ. Chem. Rev., 2024, 93 (6) RCR5128

105.

106.

107.

108.

100.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

1.V.Astrakhantseva, A.E.Ershova, S.A.Chuvpilo,
N.A.Kruglova, A.A.Ishmukhametov, M.S.Drutskaya,
L.I.LKozlovskaya, S.A.Nedospasov. Int. J. Mol. Sci., 24, 8269
(2023); https://doi.org/10.3390/1IMS24098269/S1
V.G.Krut’, S.A.Chuvpilo, I.V.Astrakhantseva,
L.I.LKozlovskaya, G.A.Efimov, A.A.Kruglov, M.S.Drutskaya,
S.A.Nedospasov. Biochem. Moscow, 87, 604 (2022);
https://doi.org/10.1134/S0006297922070021

1.Szczesniak, A.Baliga-Gil, A.Jarmolowicz, M.Soszynska-
Jozwiak, E.Kierzek. Int. J. Mol. Sci., 24, 1232 (2023);
https://doi.org/10.3390/1JMS24021232

R.Shah Mahmud, O.N.Ilinskaya. Acta Naturae, 5, 51 (2013);
https://doi.org/10.32607/20758251-2013-5-4-44-51
N.Tamkovich, L.Koroleva, M.Kovpak, E.Goncharova,
V.Silnikov, V.Vlassov, M.Zenkova. Bioorg. Med. Chem., 24,
1346 (2016); https://doi.org/10.1016/J.BMC.2016.02.007
O.N.Ilinskaya, R.Shah Mahmud. Mol. Biol., 48, 615 (2014);,
https://doi.org/10.1134/S0026893314040050

M.A.Shneider, E.B.Shtil’bans, E.G.Kuprianov-Ashin,
L.A.Potselueva, 1.V.Zaikonnikova, B.M.Kurinenko. Antibiot.
Khimioter., 35, 27 (1990);
https://pubmed.ncbi.nlm.nih.gov/2360851/

S.V.Gribencha, L.A .Potselueva, I.F.Barinskii, T.G.Balandin,
S.M.Deev, 1.B.Leshchinskaya. Probl. Virology, 49 (6), 38
(2004)

S.V.Gribencha, L.A.Potselueva, 1.F.Barinskii, S.M.Deev,
T.G.Balandin, I.B.Leshchinskaya. Probl. Virology, 51 (5), 41
(2006)

O.Shilova, P.Kotelnikova, G.Proshkina, E.Shramova, S.Deyev.
Molecules, 26, 6785 (2021);
https://doi.org/10.3390/MOLECULES26226785

Y.Guo, L.Huang, G.Zhang, Y.Yao, H.Zhou, S.Shen, B.Shen,
B.Li, X.Li, Q.Zhang, M.Chen, D.Chen, J.Wu, D.Fu, X.Zeng,
M.Feng, C.Pi, Y.Wang, X.Zhou, M.Lu, Y.Li, Y.Fang, Y.Y.Lu,
X.Hu, S.Wang, W.Zhang, G.Gao, F.Adrian, Q.Wang, F.Yu,
Y.Peng, A.G.Gabibov, J.Min, Y.Wang, H.Huang, A.Stepanov,
W.Zhang, Y.Cai, J.Liu, Z.Yuan, C.Zhang, Z.Lou, F.Deng,
H.Zhang, C.Shan, L.Schweizer, K.Sun, Z.Rao. Nat. Commun.,
12, 2623 (2021); https://doi.org/10.1038/S41467-021-22926-2
T.V.Bobik, M.A.Simonova, N.U.Rushkevich, N.N.Kostin,
G.A.Skryabin, V.D.Knorre, A.A.Schulga, E.V.Konovalova,
G.M.Proshkina, A.G.Gabibov, S.M.Deev. Dokl. Biochem.
Biophys., 514, 6 (2024);
https://doi.org/10.1134/S1607672923700618

N.Kostin, T.Bobik, G.Skryabin, A.Shulga, I.Smirnov,
S.Deyev, A.Gabibov. FEBS Open Bio, 12, (2022);
https://doi.org/10.1002/2211-5463.13440

R.W.Hartley. Trends Biochem. Sci., 14, 450 (1989);
https://doi.org/10.1016/0968-0004(89)90104-7
E.L.Shramova, M.V.Shilova, A.V.Ryabova, D.S.Dzhalilova,
N.A.Zolotova, G.B.Telegin, S.M.Deyev, G.M.Proshkina.

J. Control. Release, 340, 200 (2021);
https://doi.org/10.1016/J.JCONREL.2021.11.001
R.S.Kalinin, V.O.Shipunova, Y.P.Rubtsov, V.M.Ukrainskay,
A.Schulga, E.V.Konovalova, D.V.Volkov, I.A.Yaroshevich,
A.M.Moysenovich, A.A.Belogurov, G.B.Telegin,
A.S.Chernov, M.A.Maschan, S.S.Terekhov, V.D.Knorre,
E.Khurs, N.V.Gnuchev, A.G.Gabibov, S.M.Deyev. Dokl.
Biochem. Biophys., 508, 17 (2023);
https://doi.org/10.1134/S1607672922700041

L.DeFrancesco. Nat. Biotechnol., 38, 1252 (2020);
https://doi.org/10.1038/S41587-020-0732-8

C.Zeng, J.P.Evans, T.King, Y.M.Zheng, E.M.Oltz,
S.P.J.Whelan, L.J.Saif, M.E.Peeples, S.L.Liu. Proc. Natl.
Acad. Sci. USA, 119, €2111400119 (2022);
https://doi.org/10.1073/PNAS.2111400119

P.Moss. Nat. Immunol., 23, 186 (2022);
https://doi.org/10.1038/S41590-021-01122-W

V.Fumagalli, M.Rava, D.Marotta, P.Di Lucia, E.B.Bono,
L.Giustini, F.De Leo, M.Casalgrandi, E.Monteleone, V.Mouro,
C.Malpighi, C.Perucchini, M.Grillo, S.De Palma, L.Donnici,

125.

126.

S.Marchese, M.Conti, H.Muramatsu, S.Perlman, N.Pardi,
M.Kuka, R.De Francesco, M.E.Bianchi, L.G.Guidotti,
M.Iannacone. Nat. Immunol., 25, 633 (2024);
https://doi.org/10.1038/S41590-024-01787-Z

M.Iannetta, D.Landi, G.Cola, V.Malagnino, E.Teti, D.Fraboni,
F.Buccisano, S.Grelli, L.Coppola, L.Campogiani, M.Andreoni,
G.A.Marfia, L.Sarmati. Mult. Scler. Relat. Dis., 55, 103157
(2021); https://doi.org/10.1016/J.MSARD.2021.103157
B.Cohen, R.Rubinstein, M.D.Gans, L.Deng, A.Rubinstein,
R.Eisenberg. J. Allergy Clin. Immunol. Pract., 9, 504 (2021);
https://doi.org/10.1016/J.JAIP.2020.11.006



	1. Introduction
	2. SARS-CoV-2 virion as a target of therapeutic proteins
	3. Platforms for the development of targeted proteins specific to SARS-CoV-2
	3.1 Monoclonal antibodies
	3.2. High affinity molecules of camelids and cyclostomes
	3.3. Artificial scaffolds and affine polypeptides
	3.4. Multifunctional agents based on targeted proteins

	4. Conclusion
	5. Abbreviations
	6. References



