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Abstract

In recent years, significant progress has been made in the field of drug development, particularly due to the use
of computer modeling methods. One of the key stages in the development of new antiviral drugs is testing the
efficacy of promising candidates in in vitro experiments using target viruses. The application of new technologies
for conducting primary screening with pseudotyped viruses simplifies research, increases its efficiency and
ensures the biosafety of the conducted studies.

The aim of this review is to analyze previous studies that have demonstrated the successful use of pseudovirus
technology for the search of new chemotherapeutic agents against a range of RNA-containing viruses.

The analysis involved the literature presented in the PubMed, Scopus, Elsevier, and Google Scholar databases
as of March 1, 2025. For the search, the following keywords were used: pseudovirus, virus inhibition, antiviral
drugs, RNA viruses.

Pseudotyped viruses are recombinant viral particles that have the core proteins of one virus and the surface
proteins of another, studied virus. The advantages of pseudovirus technology are its safety, high level of
reproducibility of results, and the possibility of standardization. The lentivirus-based system was one of the first to
be developed and remains one of the most in-demand. Using pseudoviruses, candidate molecules for infections
caused by RNA-containing viruses, such as HIV-1, hepatitis C virus, tick-borne encephalitis virus, avian influenza
viruses, and SARS-CoV-2, have been selected and studied. Most of the selected drugs act at the initial stage
of the virus entry into the target cell. The examples provided illustrate the significant contribution of pseudovirus
technology in dealing with serious socially significant diseases caused by RNA-containing viruses.
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Ucnonb3oBaHne meToga HeMTpanusauumn NceBAoBUpPYCOB
ANA NONCKa HOBbIX aHTUBUPYCHDIX NpenapaToB

Kapnenko J1.1.”, PygomeTtoBa H.b., Husoneunko J1.0., Jlokres B.b.
focynapcTBeHHbIV HayUHbI LIeHTp BUpYyconorum n buotexHonorum «<Bektop», p.n. Konbuoso, Hosocnbupckasa obnacts,

Poccusa

AHHOMauus

B nocnegHue rogbl B obnacty pa3paboTku NekapCcTBEHHbIX NpenapaToB AOCTUMHYT GOMbLUOW Nporpecc, B YacT-
HOCTW, Brarogapsi MCMoNb30BaHNIO METOLAOB KOMMbIOTEPHOrO MopenunpoBaHus. OOHMM M3 KIOYEBLIX 3TanoB
pa3paboTkn HOBbIX aHTUBUPYCHbLIX NpenapaToB ABMsSieTCs NpoBepka 3PEKTUBHOCTU NEPCMNEKTUBHbBIX KaHAMAA-
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TOB B 9KCMEpPUMEHTAaXx in Vitro ¢ NCNONb30BaHNEM BMPYCOB-MULLEHEN. Icnonb3oBaHWe HOBbLIX TEXHOMOrMM Ans
npoBeAeHUsi NEPBUYHOIO CKPUHUHIA C NPUMEHEHNEM MCEBAOTUMNMPOBAHHbIX BUPYCOB 0OecrnevmBaeT ynpoLeHme
uccnenoBaHnii, NoBbIeHne nx addeKkTMBHOCTM 1 cobritoaeHne GnobesonacHOCTU NPOBOAUMBIX MCCIEA0BaHNN.
Llenbto gaHHoM paboThl ABNSETCA aHanv3 nccrnegoBaHui, B KOTOPbIX MPOAEMOHCTPUPOBAHO YCrELIHOE UCMOonb-
30BaHWE NCEeBOOBMPYCHOWM TEXHOMOMMU Afsi MoMcKka HOBbIX XMMuUonpenapaToB npotuB psina PHK-cogepxalumx
BMPYCOB.

Mpv nogrotoBke 0630pa GbiN NpoBeAEH aHaNM3 NUTepaTypsbl, npeacTaesneHHorn B 6azax PubMed, Scopus, Elsevier,
Google Scholar no coctosiHuio Ha 01.03.2025. 1ns nomncka ucnonb3oBanu knioyesble crosa: pseudovirus, virus
inhibition, antiviral drugs, RNA viruses, nceBgoBupyc, MHIMOMpPOBaHNE BUpYyca, NPOTMBOBUPYCHbIE Npenaparbl,
PHK-copepxalume Bmpychbl.

MceBpoTMNMPOBaHHbLIE BUPYChI NPeACTaBNsAOT COO0N peKOMOMHAHTHBLIE BUPYCHbIE YaCTuLbl, KOTOPbIE UMEIDT KO-
poBble 6ernkn 0AHOro BUpYca, a NOBEPXHOCTHbIe B6enkn — Apyroro, nccneayemoro supyca. [JocTonHcTeamm nces-
OOBMPYCHOWN TEXHOMNOMMn ABNSAOTCA €€ 6e30MacHOCTb, BbICOKMI YPOBEHb BOCMPOU3BOAMMOCTU pe3ynbraToB U
BO3MOXHOCTb CTaHAapTusauun. Cuctema, OCHOBaHHas Ha NeHTUBMpYcax, 6bina paspaboTaHa ogHOM U3 NePBbIX
1 No-NpexXHeMy ABMSeTCs ogHOM U3 Hanbonee BocTpeboBaHHbIX. C MOMOLLBI NCEBAOBMPYCOB Obinv 0To6paHbI 1
nccnenoBaHbl MOMeKynbl-kaHanAaThbl 4na uHdekuni, BoidbiBaeMbix PHK-cogepxxalummm Bupycamu, Takumm Kak
BWY-1, Bupyc renatuta C, BupycC KknewieBoro aHuedanuta, supycbl rpunna ntuy, SARS-CoV-2. BonbWMHCTBO
13 oTobpaHHbIX NpenapaToB AENCTBYIOT Ha HaYarnbHOM 3Tane NPOHUKHOBEHMWS BMpYyCa B KNETKy-MuLeHb. [NprBe-
OEHHble NpMMepbl UINMIOCTPUPYIOT CYLLECTBEHHBIN BKNad TEXHOMOrMW NCeBAoOBMPYCOB B 60pbby C cepbE3HbIMM
coumanbHO 3Ha4YnMMbIMK 3aboneBaHnsaMK, Bbi3biBaeMbiMu PHK-cogepxalummmu Bupycamu.

KnroueBble cnoBa: ricegdosupychkl, aHmusupycHble rnpenapamsl, BUY-1, opmognasusupycsl, supyc epunna,
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Introduction

The search and development of new drugs for the
prevention and treatment of viral infections is one of
the most important objectives in medical chemistry, bi-
ology and medicine due to the widespread prevalence
of various socially dangerous viral infections and the
constant emergence of new viral diseases [1, 2].

Progress in the development of pharmaceuticals
in recent years has largely been made possible by the
application of computer modeling methods to predict
the structure of target molecules and their interactions
with candidate drug compounds [3]. The awarding of
the Nobel Prize in 2024 for the development of meth-
ods for computer-aided protein design and prediction
of protein quaternary structure vividly illustrates the
significance of scientific achievements in this field of
knowledge. In a short period, more than 200 million
protein structures were deciphered (predicted) using the
AlphaFold2 program, involving approximately 2 mil-
lion researchers from 190 countries'. Recent advance-
ments in artificial intelligence also create fundamental-
ly new opportunities for designing new drugs based on

! MLA style: Press release. NobelPrize.org. Nobel Prize Outreach
2025. https://www.nobelprize.org/prizes/chemistry/2024/press-
release/ (data of access: 02.04.2025).

© Kapnenko J1.M., Pygomertosa H.B., Husonenko J1.®., lloktes B.B., 2025

computer-aided design of candidate drug compounds
and target proteins [3].

At the same time, the promising candidates for fu-
ture antiviral drugs selected using computer technologies
need to be tested in real in vitro experiments, followed by
in vivo testing of the selected active molecules. Among
socially significant infectious diseases, it is important to
note infections caused by various viral agents such as
HIV-1, hepatitis C, various pathogenic orthoflaviviruses,
influenza viruses, SARS-CoV-2, as well as many other
dangerous and particularly dangerous infections. Ex-
perimental work with these pathogens requires special
working conditions to meet strict biosafety requirements
and is characterized by the complexity of conducting
laboratory experiments, the lack of simple and safe lab-
oratory methods for working with infectious agents, and
the inability to cultivate multiple viruses in the laborato-
ry, which makes conducting experiments complicated or
even impossible. A fundamentally important alternative
for primary screening is the use of pseudotyped viruses
[4]. The use of replication-deficient pseudoviruses carry-
ing viral envelope proteins is a safe and useful method
widely employed by virologists for studying, screening
and developing new antiviral chemotherapeutics.

The aim of the review is to analyze studies that
have demonstrated the successful use of pseudovirus
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technology for the search of new chemotherapeutic
agents against a range of RNA-containing viruses.

The analysis included literature presented in the
scientific databases PubMed, Scopus, Elsevier, and
Google Scholar as of March 1, 2025. For the search,
the following keywords were used: pseudovirus, virus
inhibition, antiviral drugs, RNA viruses, ncesmnoBupyc,
MHrUOUpOBaHNE BHpPYCa, NPOTHBOBUPYCHBIC Mpema-
patsl, PHK-conepskamue Bupycsi.

In the PubMed scientific electronic database, a
search using a combination of keywords found 293
sources, of which 228 had full text available in open
access. Similarly, the search was also conducted using
the Scopus, Elsevier and Google Scholar scientific da-
tabases, but for these, the publication date of the articles
was limited to 2023-2024 in order not to overlook the
most relevant research. Overall, during the literature
search in the listed databases in Russian and English,
conducted with consideration of selection criteria such
as publication year and availability of publications for
reading, approximately 1700 sources relevant to the
topic were analyzed. Due to the volume limitation for
the study, 68 of those sources were selected.

Pseudoviruses

Pseudoviruses are artificially created viruses with
defective genomes that, due to similar conformational
structures of surface glycoproteins, are capable of en-
tering susceptible cells just like natural viruses do [5—
7]. Unlike viruses, pseudoviruses can usually replicate
only during a single replication cycle [7, 8]. The rep-
lication limitation makes conducting experiments with
them safe and provides new opportunities for studying
highly pathogenic RNA viruses. It is important to note
that the use of pseudoviruses allows for research even
in cases where natural viruses are impossible or very
difficult to cultivate in laboratory conditions [9].

Once again, it is important to emphasize that, un-
like infectious viruses, working with pseudoviruses is
safe because changes (mutations) have been incorpo-
rated into the coding regions of the genome, limiting
the virus's development to just one replication cycle.
Therefore, pseudoviruses are often referred to as sin-
gle-cycle infection viruses. As a rule, pseudotyped vi-
ruses carry marker genes (such as luciferase or GFP),
which allows for easier and more accurate quantitative
assessment in experiments with them.

Thus, the advantages of pseudovirus technology
are safety, a high level of reproducibility of results, the
possibilities of standardization and the generation of
new pseudovirus variants for further research devel-
opment. This predetermines the widespread use of this
technology by researchers to study the characteristics
of virus entry into target cells, determine the presence
of virus-neutralizing antibodies, as well as search for
and develop new antiviral drugs.

REVIEWS

Features of pseudovirus construction

Most commonly, pseudoviruses are divided in-
to three main types: those with a lentiviral genome
(HIV-1), those with a vesicular stomatitis virus genome
and those with a mouse leukemia virus genome [10].
The system based on lentiviruses, particularly HIV-1
Env-pseudoviruses, was one of the first developed for
analyzing the immune response to HIV-1 vaccines and
searching for antiviral drugs [11]. It remains one of the
most sought-after and frequently used in research.

Env-pseudoviruses of HIV-1 are recombinant viral
particles obtained by transfecting eukaryotic cells with
two plasmids: a core plasmid and an envelope plasmid.
The core plasmid contains the genes of structural, reg-
ulatory, and accessory proteins of HIV-1 necessary for
the assembly of viral particles, as well as sequences re-
quired for packaging the viral RNA (V); the envelope
plasmid, in turn, carries the gene of the surface glyco-
protein (env) of a specific subtype of HIV-1. As a result
of transfection, viral particles with a defective genome
are formed, which are unable to ensure the assembly
of infectious progeny virions upon infection [12, 13].
When working with HIV-1 Env-pseudoviruses, the ge-
netically modified TZM-bl cell line, a derivative of the
HeLa cell line, is used. This cell line expresses CD4
receptors and the CCR5 and CXCR4 co-receptors on its
surface, which HIV-1 uses to enter target cells. An im-
portant feature of the TZM-bl cell line is the presence
of integrated reporter genes for firefly luciferase and
Escherichia coli B-galactosidase under the transcrip-
tional control of the long terminal repeat of HIV-1, the
protein products of which are used to detect the entry
of HIV-1 Env-pseudoviruses into target cells. Thus, up-
on the entry of the pseudovirus into the TZM-bl target
cell, the expression of reporter genes is initiated in re-
sponse to the synthesis of the viral protein Tat, which,
for example, for the luciferase gene, is detected using a
luminometer. In this case, a high intensity of lumines-
cence corresponds to the entry of pseudovirus particles
into target cells, while a suppression of luminescence,
on the contrary, indicates the neutralization of HIV-1
Env pseudoviruses [14, 15]. The Figure illustrates the
general principle of operation of HIV-1 Env-pseudovi-
ruses.

By replacing the env gene in the lentiviral system
with the envelope protein coding genes of other viruses,
it is possible to obtain lentiviral particles that display
the corresponding viral proteins on their surface. Using
this technology, pseudoviruses of enveloped RNA vi-
ruses such as influenza viruses [16], coronaviruses [3],
retroviruses [17], flaviviruses [18] and others have been
obtained, which are successfully used in research.

The pseudovirus platform can equally be useful
for studying the entry of viruses that rapidly accumu-
late mutations due to adaptation in culture, due to the
absence of selective pressure such as host immune re-
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sponses that exist in vivo. For example, in vitro studies
using live HIV-1 led to mutations in the Env glycopro-
tein due to the error-prone nature of reverse transcrip-
tase, which facilitated adaptation to tissue culture and
resulted in phenotypic changes. As a result, the entry of
tissue culture-adapted HIV-1 strains into cells did not
correspond to what occurs during natural infection in
humans and, thus, did not provide a clinically relevant
model [20].

It should be noted that, despite the aforementioned
advantages, the pseudovirus system has a number of
limitations that should be considered when conduct-
ing any research. This system is primarily designed to
simulate the process of viral agent entry into a cell in
vitro; however, the process of proliferation and release
of viral particles cannot be modeled. The distribution,

conformation, and density of heterologous viral glyco-
proteins on pseudoviruses do not always reflect their
natural state on the surface of native viral particles [13].

Therefore, the results of analyses using pseudo-
typed viruses do not always align with data obtained
through analyses using native viruses [13]. Finally, the
use of pseudoviruses is effective in studying enveloped
viruses. For viruses such as rotavirus and poliovirus,
the pseudovirus system functions unsatisfactorily [7].
To address the latter issue, a self-organizing pseudovi-
rus system was developed, but it will not be considered
here.

This review will analyze and summarize the re-
sults of using pseudovirus technology to search for
drugs against HIV-1, orthoflaviviruses and avian influ-
enza viruses.

Production of HIV-1 Env-pseudoviruses

pHIVAenv

pEnv

TRANSFECTION

HEK293

BUDGING AND ASSEMBLY
OF PSEUDOVIRAL PARTICLES

Use of HIV-1 Env-pseudoviruses in neutralization assays

SCREENING OF COMPAUNDS

Okcnpeccust
reHa luc

TZM-bl

CD4

CCR5/CXCR4

The general principle of operation of HIV-1 Env-pseudoviruses [29, with added changes].

Practical work with HIV-1 Env-pseudoviruses includes two main stages: Stage 1 — assembly of viral particles using transfection
of the HEK293 cell line with two plasmids: core (pHIVAenv) and envelope (pEnv); Stage 2 — neutralization assay using chemotherapeutic
agents to determine their ability to block the entry of pseudoviruses into the target cell.
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Pseudoviruses and antiviral drugs

Antiviral drugs that inhibit HIV entry (Riboviria,
Pararnavirae, Artverviricota, Revtraviricetes,
Ortervirales, Retroviridae, Orthoretrovirinae, Lentivirus)

Currently, the basis of therapy for patients with
HIV infection is antiretroviral therapy (ART) — a com-
bination of several antiviral drugs that suppress the
replication of the virus by targeting different stages of
its life cycle, thereby preserving the immune functions
of the body and reducing the risk of virus transmission
[21]. However, the spread of HIV resistance to ART re-
duces the effectiveness of treatment and increases mor-
tality from HIV/AIDS [22].

Targeting the initial stage of the virus's entry in-
to the target cell offers several advantages compared to
other stages of the HIV-1 life cycle [23]. Firstly, the
viral genetic material cannot integrate into the host
cell's genome. Secondly, entry inhibitors do not need to
cross the cell membrane, unlike reverse transcriptase,
integrase, or protease inhibitors. Thirdly, since the vi-
rus entry consists of separate stages, there are several
targets for entry inhibitors, which guarantees protection
against cross-resistance [24].

An important point in the search for such drugs
is that HIV-1 requires co-receptors to enter the cell,
which expands the list of targets for antiviral drugs
[25]. Among the first effective inhibitors of HIV-1 entry
was the drug maraviroc [26]. The drug binds to CCRS,
thereby blocking the subsequent stages of viral and cel-

REVIEWS

lular membrane fusion and, consequently, the virus's
entry into target cells. In this case, HIV-1 cannot en-
ter human macrophages and T-lymphocytes. However,
maraviroc can cause serious, life-threatening side ef-
fects. This fact once again underscores the necessity for
the development of new HIV-1 entry inhibitors.

The pseudovirus technology is widely used to
study drugs that block the binding of the virus to mem-
brane receptors and its entry into target cells. The list of
such drugs is provided in Table 1.

Enfuvirtide (T20), which for a long time remained
the only viral fusion inhibitor used in combination ther-
apy for HIV infection, is a peptide drug, but it has rela-
tively low antiviral activity and easily induces drug re-
sistance. The activity of lipopetide inhibitors developed
based on T20 is significantly higher. Their development,
structural analysis, function, and comparison of activity
in suppressing the entry of HIV-1 and pseudovirus into
cells are the focus of the research [27].

Another example could be the artificial peptide
HNG-105, created by click conjugation of the linear
peptide 12pl (RINNIPWSEAMM). HNG-105 was
studied using surface plasmon resonance spectrosco-
py and pseudovirus inhibition assays. The results show
that the HNG-105 molecule may be effective against
HIV-1 subtypes and highlight its potential as a lead for
the development of therapeutic and microbicidal agents
to help combat the spread of AIDS [28].

HIV entry inhibitors have also been developed
based on nucleic acids. Thus, 23 clones of RNA aptam-

Table 1. Antiviral drugs against HIV-1, obtained and/or studied using pseudovirus technology

Substance Mechanism of action Reference

Lipopeptides based on T20 (enfuvirtide) Fusion inhibitor [27]
HNG-105 — modification of the linear peptide 12p1 Inhibition of gp120 by interacting W|th a site distinct from the CD4

or coreceptor binding site, resulting in a sharp decrease [28]
(RINNIPWSEAMM) : , > .

in gp120's affinity for either
Binding to glycoproteins gp120 or gp41 and other viral surface
RNA aptamers molecules [29]
. . . N Interaction with the primary pocket in the repeat of N-heptad
DNA triplexes with hydrophobic modifications of glycoprotein 41 (gp41) [30]
Thiolated derivatives of pyrimidine Selective inhibition dependent on th_e co-receptor preference [31]
of the pseudovirus
Small molecules NBD-14009 and NBD-14010 are
analogs of N-phenyl-N'-(2,2,6,6-tetramethylpiperidin- Inhibition of cell fusion and HIV-1 transmission from cell to cell [32]
4-yl)oxalamide
. . Inhibition of HIV-1 replication in TZM-BL cells infected with
g/l(;eitrgggallate from the edible mushroom Pholiota a pseudovirus, blocking both the virus entry process and the activity [36]
P of key enzymes necessary for its life cycle

DAVEI is a recombinant peptide chimera of -
cyanovirin-N (CVN) lectin and HIV-1 gp41 i) @ e Iz sl ele] [40]
Catechin from Peltophorum africanum Not described [37]
Methanol extract of Elaeodendron transvaalense root Not described [37]
Percolation extract of Spatholobus suberectus Dunn Interaction with the viral envelope glycoprotein gp160 [38]
Glycyrrhizin — mixture of derivatives of nicotinic and Prevents the virus from entering the target cell (34]

glycyrrhizic acids




KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTUI. 2025; 102(4)

DOI: https://doi.org/10.36233/0372-9311-684

487

OB30PbI

ers against the pseudotyped virus HIV-1CAP45, which
belongs to subtype C viruses endemic to countries in
sub-Saharan Africa and responsible for the majority of
HIV-1 infections worldwide, were isolated and studied.
Aptamers inhibited the infection of target cells by bind-
ing to both different glycoprotein molecules (gp120 or
gp41) and other viral surface molecules necessary for
infection. Thus, they can be used as analytical tools to
study the mechanisms of HIV-1 entry and as inhibitors
of this process [29]. Another category of HIV-1 inhibi-
tors may consist of complexes based on DNA triplexes
with hydrophobic modifications, interacting with the
primary pocket in the N-heptad repeat of glycopro-
tein 41 (gp41). Using Env-pseudoviruses, it has been
demonstrated that triplexes are inhibitors of virus-cell
fusion [30].

As potential inhibitors of HIV-1 entry, synthetic
chemical compounds were also investigated. Thiolat-
ed pyrimidine derivatives were synthesized and their
antiretroviral effect against human immunodeficiency
virus type 1 (HIV-111IB) and chimeric HIV-1 pseudovi-
rions was quantitatively determined in viral infectivity
assays, including syncytium inhibition assays, as well
as single-cycle viral infection assays on HelLaCD4-
LTR/B-gal cells. The inhibition was selective and de-
pended on the co-receptor preference of the pseudovi-
rus [31].

Through targeted screening of commercial li-
braries in 2005, small molecules, analogs of N-phe-
nyl-N'-(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide,
were identified as a new class of HIV-1 entry inhibitors
that blocked the gp120-CD4 interaction [32]. However,
they had a number of significant drawbacks. The fol-
lowing decade, this group of scientists systematically
studied and modified these substances, ultimately re-
sulting in the small molecules NBD-14009 and NBD-
14010, which were tested against a panel of 51 HIV-1
Env-pseudoviruses representing various subtypes of
clinical isolates. These compounds exhibited antiviral
activity in the nanomolar range (IC, = 150 nM). They
also inhibited cell fusion and the transmission of HIV-1
from cell to cell [33].

Studies dedicated to natural compounds targeting
the stage of HIV-1 entry into target cells are of partic-
ular interest. The drug Glycyvir — a multi-component
mixture containing mono-, di-, tri- and tetranicotinates
of glycyrrhizic acid — exhibited pronounced inhibi-
tory activity against HIV-1 pseudoviruses of subtypes
B, A6, and the recombinant form CRF63 02A (IC,,
range 3.9-27.5 uM). Analysis of the inhibitory activity
of Glycyvir depending on the timing of its addition to
HIV-1 Env-pseudoviruses and TZM-bl cells suggested
that this drug acts at the stage of virus entry into the
target cell [34]. Later, a modified synthesis method for
the glycyrrhizin preparation was developed, which al-
lowed for the replacement of the initial reagents with
less toxic and cheaper ones, resulting in a glycyrrhizin

preparation with biological activity similar to the orig-
inal Glycyvir [35].

In the study [36], the antiviral activity of meth-
yl gallate from the edible mushroom Pholiota adiposa
was demonstrated. Methyl gallate inhibited the entry
of Env-pseudovirus into TZM-bl cells, while exhibit-
ing low toxicity towards the cell cultures used [36]. To
identify inhibitory substances from plants, an HIV-1
subtype C pseudovirus (HIV-1-C) was created, and
as controls, wild-type HIV-1 subtype B pseudovirus-
es (HIV-1-B) and mutants resistant to nucleoside and
non-nucleoside reverse transcriptase inhibitors were
used. Thus, catechin obtained from Peltophorum afii-
canum inhibited the entry of HIV-1-C and HIV-1-B
pseudoviruses with selectivity indices of 6304 uM
(IC,: 0.49 uM, CC,: 3089 uM) and 1343 uM (IC,:
2.3 uM, CC,: 3089 uM), respectively [37]. The per-
colation extract of Spatholobus suberectus Dunn (SSP)
possesses a broad spectrum of antiviral activity against
the entry of SARS-CoV, H5N1 1AV, and HIV-1. In par-
ticular, in the case of HIV-1, SSP interacted with the vi-
ral envelope glycoprotein gp160, which is responsible
for the virus's entry into the host target cells [38].

New antiviral drugs capable of inactivating the
infectious activity of viral particles have been named
inactivators. Unlike fusion inhibitors and receptor an-
tagonists, they can actively inactivate virions in the
blood by interacting with one or more sites on the viral
envelope glycoproteins. It is suggested that a number
of developing protein- and peptide-based virus inacti-
vators may be safe for use in human treatment [39]. For
example, a recombinant chimera designated as DAV-
El (dual-acting virucidal entry inhibitor), consisting
of cyanovirin-N (CVN) lectin and a peptide from the
conserved membrane-proximal external region of HIV-
1 gp41 envelope protein (MPER), could effectively in-
activate HIV-1 Bal.01 pseudovirus with an EC, value
of 28.3 nM. Irreversible inactivation of HIV-1 virions
occurred through dual interaction with gp120 and gp41.
At the same time, the original CVN or MPER mole-
cules themselves are not capable of inactivating HIV-1
virions [40].

Antiviral drugs that inhibit orthoflaviviruses

Another family of RNA-containing viruses with
immense medical significance is the viruses belonging
to the family Flaviviridae (Riboviria, Orthornavirae,
Kitrinoviricota, Flasuviricetes, Amarillovirale, Flavi-
viridae). Today, the family Flaviviridae includes more
than 90 species of viruses and many new, yet unclassi-
fied viruses. It is important to note that currently, ortho-
flaviviruses are almost globally distributed, and hun-
dreds of millions of people encounter them annually,
many become ill, and some even die. It is customary
to distinguish the so-called major flavivirus infections,
which are caused by the dengue, Japanese encephalitis,
West Nile, yellow fever and Zika viruses.
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The hepatitis C virus (HCV), which also belongs
to a separate genus within the family Flaviviridae, is re-
sponsible for approximately 170 million human infec-
tions. The disease often progresses in a chronic form,
ending tragically, and the hepatitis C virus has quite
rightly earned the unofficial title of silent killer [41].
This is the only representative of orthoflaviviruses for
which officially registered highly effective drugs exist,
leading to the cure of patients in most cases. These in-
clude the HCV protease inhibitors boceprevir and tela-
previr [42], as well as daclatasvir, sofosbuvir and sime-
previr, which target viral enzymes — NS5 polymerase
or NS3 protease. They provide highly effective antiviral
therapy for the overwhelming majority of patients [43].
However, in certain cases, such therapy is accompanied
by adverse side effects [44]. Therefore, the search for
drugs against the hepatitis C virus remains a relevant
issue. Thus, a number of studies have been dedicated
to substances targeting the hepatitis C virus. It has been
demonstrated that harzianic acids A and B, isolated
from the Trichoderma harzianum fungus, can affect
the HCV envelope protein E1/E2 as well as the host
cell CD81, inhibiting the entry of pseudoviruses into
cells and exhibiting low cytotoxicity [45]. In the same
HCVpp model, it was shown that the plant alkaloid
berberine exhibits antiviral activity by interacting with
the HCV envelope glycoproteins E1 and E2 [46]. Using
pseudotyped HCV virus, it was found that LUMS1 —
a modified form of the microvirin lectin, known as an
HIV-1 entry inhibitor — can equally effectively inhibit
the entry of HCVpp into host target cells [47]. Pange-
notypic entry of HCV pseudoparticles into human Huh7
hepatoma cells was inhibited by derivatives of schisan-
drin acid, a triterpenoid from the Schisandra sphenan-
ther fruits, preventing the fusion of the virion and the
cell membrane without exhibiting significant cytotoxici-
ty. These compounds also demonstrated strong antitumor
activity against the Bel7404 and SMMC7721 cell lines
[48]. Several flavonoid derivatives, in which triazole
groups were combined with a pyranoflavonoid scaffold,
inhibited the infection of Huh7 cells by the hepatitis C
virus. Additional studies on the mechanism of action us-
ing pseudoviruses confirmed that the most effective of
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these compounds inhibited the virus's entry into the cell
[49]. It is important to note that the hepatitis C virus is
not actually cultivated in laboratory conditions on cell
cultures. The successes in the development of antiviral
drugs against HCV have largely been predetermined by
the development and use of pseudovirus technologies for
assessing the antiviral activity of candidate compounds.

Pseudotyped particles have also been created for
other viruses of this family, predominantly using a len-
tiviral system, namely: infectious pseudotyped hepati-
tis C virus HCVpp carrying unmodified HCV El and
E2 glycoproteins [50], pseudotyped Japanese enceph-
alitis viruses [51, 52], pseudotyped dengue viruses
D2(HIVluc) [53] and Zika — ZikaEnv/HIV-1 [54].

Pseudotyped viruses have been widely used to
study receptor interactions between the surface pro-
teins of orthoflaviviruses and host cells, as well as to
search for and investigate the mechanism of action of
antiviral drugs [55]. The list of such drugs is provided
in Table 2.

T. Pan et al. showed that several non-steroidal
anti-inflammatory drugs (NSAID), including aspirin,
ibuprofen, naproxen, acetaminophen, and lornoxicam,
effectively suppress the entry of pseudotyped Zika Env/
HIV-1 viruses, as well as Zika virus replication in cell
lines and in primary human fetal endothelial cells [54].
Interestingly, the NSAID-inhibitory effect was mediat-
ed by the effective reduction of the expression of the
AXL cellular protein, a cofactor for Zika virus entry.
Thus, a new mechanism of action for antiviral com-
pounds has been described, which involves blocking
the entry of the Zika virus by degrading the cofactor
that facilitates the virus's entry into the cell. The au-
thors concluded that NSAID could be used in practice
to prevent Zika virus infection in pregnant women, as
some NSAID, including ibuprofen and acetaminophen,
are considered clinically safe.

Antiviral drugs that inhibit influenza virus entry

Influenza viruses are highly contagious respi-
ratory pathogens of humans, belonging to the family
Orthomyxoviridae (Riboviria, Orthornavirae, Negar-
naviricota, Polyploviricotina, Insthoviricetes, Articu-

Table 2. Antiviral drugs against flaviviruses, obtained and/or studied using pseudovirus technology

Mechanism of action Reference

Substance Infection
NSAID (aspirin, ibuprofen, naproxen, acetaminophen, Zika
lornoxicam)
Garcianic acids A and B from Trichoderma harzianum Hepatitis C*
Berberine (plant alkaloid) Hepatitis C
LUMS1 — a modified form of microvirin (lectin) Hepatitis C
Derivatives of schisandronic acid (triterpenoid from Hepatitis C

the Schisandra sphenanthera fruits)

Reduction of cellular AXL protein expression,

a cofactor for ZIKV entry [54]

Impact on the E1/E2 viral envelope protein,
as well as CD81 of host cells [45]
Interaction with glycoproteins E1 and E2 [46]
Interaction with glycoproteins E1 and E2 [47]
Prevent the fusion of the virion and the cell 48]

membrane

Note. * The pseudovirus is assembled based on the genome of the vesicular stomatitis virus. All other pseudoviruses are constructed based

on the HIV-1 genome.
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lavirales, Orthomyxoviridae). The family contains four
genera of segmented RNA viruses: Alphainfluenzavi-
rus, Betainfluenzavirus, Deltainfluenzavirus, and Gam-
mainfluenzavirus. In fact, each genus includes one virus
species: influenza A virus (A/phainfluenzavirus influen-
za), influenza B virus (Betainfluenzavirus influenza),
influenza C virus (Gammainfluenzavirus influenzae),
and influenza D virus (Deltainfluenzavirus influenza).
Human diseases are mainly associated with influenza
viruses A, B and C, although the family Orthomyxovir-
idae includes 5 more genera of viruses.

On the lipid envelope of influenza viruses, two
main membrane glycoproteins dominate: hemagglu-
tinin (HA) and neuraminidase (NA). The surface gly-
coprotein HA is responsible for the attachment of the
virus and its entry into host cells through sialic acid
receptors, while NA, through its enzymatic activity,
ensures the release of viral progeny from the infected
cell. Subtypes (serotypes) of the influenza A virus are
commonly classified in combinations of 18 HA types
and 11 NA types [56].

In addition to vaccination, antiviral drugs are used
for the treatment and prevention of influenza A virus
(IAV) infections. The search for such drugs and the
study of their mechanisms of action using pseudoviral
particles are the subjects of a number of studies. The list
of such drugs is provided in Table 3.

Lentiviral pseudovirus systems have been devel-
oped for SARS-CoV, SARS-CoV-2, and avian influen-
za H5 [57]. However, two other platforms — the vesic-
ular stomatitis virus genome and the mouse leukemia
virus genome — are also used in research [58].

A. Antanasijevic et al., analyzing the entry of a
pseudovirus based on HIV-1, found that the small mol-

ecule tert-butylhydroquinone (TBHQ) inhibits the entry
of influenza virus into cells mediated by H7-type HA, as
well as H3 HA. Using nuclear magnetic resonance, the
authors showed that the aromatic ring of TBHQ has ex-
tensive contact with the stem loop region of H7 HA [59].

Pseudovirus-based screening allowed the iden-
tification of two super-short membrane-active lipo-
peptides (C12-KKWK and C12-OOWO) as effective
anti-[AV agents against the influenza strains A/Puerto
Rico/8/34 and A/Aichi/2/68. Inhibition of virus entry
occurred through the interaction of these compounds
with the HA2 subunit [60].

T.C. Hung et al. conducted a screening of a num-
ber of compounds and found that quercetin (vitamin
P) inhibits the entry of pseudoviruses expressing HA
of the H5N1 virus into cells [49]. Studies have shown
that quercetin interacts with the HA2 subunit at an early
stage of influenza infection, making it a potential candi-
date for the development of effective, safe, and afford-
able natural products for the treatment and prevention
of influenza A [61].

A series of oligothiophene compounds targeting
the influenza virus's HA were synthesized as specific
inhibitors against the H5 subtype through a series of al-
kylation, azidation, amination, and amidation reactions.
The inhibitory activity of these compounds was tested
at the cellular level against the HSN1 influenza pseudo-
virus. The structural analysis of these compounds
showed that the size of oligothiophene compounds is
very important for their level of inhibitory activity [62].

The anti-influenza activity of pyrazolo[3,4-b]pyri-
dinones derivatives, synthesized using an original pro-
tocol with water as a solvent, was evaluated. The proto-
col allowed for the synthesis of modified variants of the

Table 3. Antiviral drugs against influenza A viruses, developed and/or studied using pseudovirus technology

Substance Influenza strain Mechanism of action Reference
H7 A/Netherlands/219/2003, The aromatic ring of TBHQ has extensive
Small molecule TBHQ H3 A/Brisbane/10/2007 contact with the HA stem loop region [59]
Cl2-KKWicand C1 s(;ggmwe Qare AlPuerto Rico/8/34, A/Aichi/2/68 Interaction with the HA2 subunit [60]
. - Interaction with the HA2 subunit of the
A/Anhui/1/2005A, A/Xinjiang/1/2006, A/ . ) . .
Hong Kong/156/1997 A/g)ingghai/59/2005 influenza A (H5N1) virus, which mediates
Quercetin (vitamin P) A/Thailand/Kar’1353/2004 Al *  the fusion of the viral envelope with the [61]
- ’ endosomal membrane at the early stage
VietNam/1194/2004 of infection
Oligothiophene compounds H5NA1 Binding to HA [62]
5;231ﬁ2‘é?§n‘;fspyraz°'°[3'4'b] H5N1-A/Thailand/ Kan353/2004 Binding to HA [63]
Pentacyclic triterpene saponins C-28 A/Duck/Guangdong/99 Binding to HA [64]
MpsiMoe cBsi3blBaHWE MMUKONPOTENHOB
Percolation extract of Spatholobus H5N1 BMPYCHOW 000MOYKM [38]
suberectus Dunn Turkey Direct binding of viral envelope
glycoproteins
Griffithsin from red algae H1N1: Puerto Rico/8/1934,
) California/07/2009, Shanghai/37T/2009, Binding to HA at the stage of virus entry [65]

and its modification GL25E

WSN/1933. H3N2: Guizhou/54/1989
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compounds within 1 hour. The results of the screening
of the obtained compounds identified two derivatives
that exhibited strong inhibitory activity against the
pseudovirus A/Thailand/Kan353/2004. The speed and
environmental friendliness of the synthesis of these
derivatives open up new prospects in the field of drug
development [63].

A series of modified C-28 pentacyclic triterpenoid
saponins were synthesized through conjugation with
amide derivatives, and their antiviral activity against
the A/Duck/Guangdong/99 influenza virus in MDCK
cells was evaluated. The study of mechanisms of action
showed that these triterpenoids can strongly bind to the
HA of the viral envelope, blocking the attachment of
the HSN1 pseudovirus to target cells [64].

After the onset of the COVID-19 pandemic, drugs
that inhibit the entry of influenza viruses were almost al-
ways studied in conjunction with drugs against SARS-
CoV-2. Particularly close attention has been paid to
natural compounds rather than chemically synthesized
ones, as natural antiviral agents have been recognized
as safe and effective.

For example, the aforementioned percolation
extract of Spatholobus suberectus Dunn (SSP) is a
broad-spectrum virus entry inhibitor against SARS-
CoV-1/2 and other enveloped viruses. The inhibitory
activity of SSP against viruses was evaluated using
pseudotyped SARS-CoV-1 and 2, HIV-1ADA and
HXB2, as well as H5N1.

In vivo studies have shown that even with pro-
longed treatment, the drug did not exhibit toxicity to
the test rats compared to the control group animals. The
obtained data demonstrate the potential of SSP as a can-
didate drug for the prevention and treatment of infec-
tions caused by enveloped viruses [37].

Griffithsin, a carbohydrate-binding protein isolat-
ed from red algae, as well as a bivalent entry inhibitor
based on it (GL25E), a recombinant protein consisting
of griffithsin, a 25-amino acid linker, and EK1 — a
broad-spectrum coronavirus inhibitor — can effective-
ly inhibit mono-infection with influenza A virus and
SARS-CoV-2 and their co-infection by blocking HA
of TAV and the spike protein of SARS-CoV-2. GL25E
is more effective than griffithsin because GL25E can
also interact with the HR1 domain in the S protein
of SARS-CoV-2 [65].

It should be noted that the largest number of studies
related to the search for antiviral drugs using pseudovi-
rus technology is associated with the COVID-19 pan-
demic caused by the SARS-CoV-2 coronavirus, which
has generated a real boom in virological research.
A number of review publications have been published
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on the potential use of pseudoviruses in the study of
coronavirus infections [8, 9, 65, 66]. These publications
emphasize the significance of using pseudoviruses to
study the interaction of SARS-CoV-2 with permissive
cells, quantitatively determine neutralizing antibod-
ies, explore new possibilities for vaccine construction,
search for new antiviral drugs based on the evaluation
of the activity of chemically synthesized compounds,
and investigate the behavior of pseudovirus particles
in the whole organism and their interaction with vari-
ous organs and the immune system. The main limita-
tions of using this technology are associated with the
restricted presence of coronavirus proteins on the sur-
face of the pseudovirus particle and the inability to use
this technology to study the non-structural proteins of
SARS-CoV-2. Overall, the number of publications on
pseudoviruses and SARS-CoV-2 is simply enormous
and requires separate consideration.

Conclusion

An analysis was conducted on the use of pseudo-
viruses for the development of new diagnostic, pre-
ventive, and therapeutic tools for a number of seri-
ous socially significant infectious diseases caused by
RNA-containing viruses, based on data published in re-
cent years. Currently, technologies using pseudoviruses
are widely and successfully employed for research on
HIV-1, hepatitis C virus, tick-borne encephalitis virus,
avian influenza viruses, and SARS-CoV-2, as well as
for particularly dangerous infection viruses, such as
Marburg and Ebola viruses [67, 68].

The success of using pseudoviruses is determined
by the fundamentally new capabilities of this techno-
logy:

+ allows conducting research on the initial stage

of virus entry into the cell;

* allows conducting research under conditions
that ensure a high level of biosafety, especially
when working with pseudoviruses that model
highly pathogenic viral agents;

* principally simplifies the conduct of research
and makes it possible, especially for poorly
cultivable or uncultivated viruses;

» expands the experimental capabilities of
researchers;

* successfully combines with modern methods of
synthetic biology and bioinformatics.

The collection of presented data illustrates the
fundamentally new contribution of pseudovirus tech-
nology to the search and creation of a new generation
of drugs to combat serious socially significant diseases
caused by RNA-containing viruses.
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