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Abstract

Introduction. Influenza is an acute respiratory viral infectious disease caused by the influenza viruses. Current
preventive and therapeutic approaches are of great anti-epidemic importance, but there are a number of problems,
such as the rapid emergence of resistant strains, the lack of cross-immunity and the effectiveness of vaccines. One
of the approaches to the development of anti-influenza agents is the use of RNA interference and small interfering
RNAs complementary to the mRNA target of viral and cellular genes.

Aim - to evaluate the prophylactic anti-influenza effect of siRNAs directed to the cellular genes NXF1, PRPS1 and
NAA10 in an in vitro model.

Materials and methods. Antigenic variants of influenza A virus: A/California/7/09 (H1N1), A/AWSN/33 (H1N1)
and A/Brisbane/59/07 (H1N1); cell cultures A549 and MDCK. The study was performed using molecular genetic
(transfection, NC isolation, RT-PCR-RV) and virological (cell culture infection, titration by visual CPE, viral titer
assessment using the Ramakrishnan method) methods.

Results. It was shown that siRNAs targeting the cellular genes NXF1, PRPS1 and NAA710, when used
prophylactically in cell culture at a concentration of 0.25 ug per well, during infection with influenza virus strains
A/California/7/09 (H1N1), A/AWSN/33 (H1N1) and A/Brisbane/59/07 (H1N1) at a multiplicity of infection of 0.01,
reduced viral replication to a level of 220 TCID,, per 1 ml of cell medium, whereas in control untreated cells the
viral yield was ~106 TCID,, per 1 ml of medium.

Conclusions. Reproduction of influenza A viruses directly depends on the protein products of the NXF1, PRPS1, and
NAA10 genes. Reduced expression of these genes disrupts the life cycle and activity of influenza viruses. Such an
approach can potentially be studied and used for closely and distantly related representatives of other virus families.
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Pestome

BBepeHue. pynn — ocTpoe pecnupaTopHOe BUPYCHOE MHMEKUMOHHOEe 3abonesBaHue, MHAyLMpyemoe OAHO-
WUMEHHbIMK Bupycamu. CyLLecTByOLUME Ha CEroOAHSALWHWA AeHb NPpoUNakTM4eckme 1 TepanesTuyeckne noaxonbl
UMeLOT BaXXHOEe NMPOTUMBO3INMAEMUYECKOE 3Ha4YeHVe, OOQHaKo MMeeTcs pag Npobnem, Takmx Kak BbiICTpoe BO3HUK-
HOBEHWE PE3NCTEHTHbIX LUTAMMOB, OTCYTCTBUE POPMUPOBAHUSI NMEPEKPECTHOIO UMMYyHUTETA N 3DEKTUBHOCTD
BakuMH. OgHMM M3 NOOXOA0B B CO3AAHMM MPOTUBOrPUMMO3HBLIX CPEACTB ABMSETCA UCMNOMb3oBaHWE MexaHu3Mma
PHK-uHTepdepeHuun n manbix nitepdepupytowmx PHK (MuPHK), komnnemeHTapHbix k MatpuyHon PHK muwe-
HU BMPYCHbIX U KNETOYHbIX FeHOB.

Llenb — oueHka npodunakTuiyeckoro NnpoTuBorpunnosHoro addekra MuPHK, HanpasBneHHbIX K KNETOYHbIM reHam
NXF1, PRPS1un NAA10, Ha moaenw in vitro.

Martepuanbl u meToabl. ViccrienoBanu aHTUreHHbIe BapuaHTbl Bupyca rpunna Tuna A: A/California/7/09 (H1N1),
A/WSN/33 (H1N1) n A/Brisbane/59/07 (H1N1); knetouHble kyneTypbl A549 n MDCK. WccnepgoBaHne BbINOMHS-
N1 NOCPeaCcTBOM MOMEKYNAPHO-TEHETUYECKUX (TPaHCceKuun, BbiAeNeHNe HYKNEMHOBBIX KUCMOT, NonumepasHas
LenHas peakumsi ¢ obpaTHON TpaHCKpUNUMen B peanbHOM BPEMEHN) U BUPYCONOTMYECKUX METOAOB (3apaxeHne
KMNETOYHbIX KynbTyp, TUTPOBAHME MO BU3yarbHOMY LIMTONATUYECKOMY OEWCTBUIO, OLEHKa BUMPYCHOro TUTpa Mo-
cpeactesom metoga PamakpuiiHaHa).

Pesynkrathl. MNMokasaHo, 4to MPHK, TapretupoBaHHble k knetodHbiM reHam NXF1, PRPS1 n NAA10 npu npo-
PUNaKTUYECKOM NPUMEHEHUN B KNETOYHOW KynbType B KoHUeHTpauun 0,25 MKr Ha nyHKy, Npu MHMumpoBaHum
wrammamu Bupyca rpunna A/California/7/09 (H1N1), A/AWSN/33 (H1N1) n A/Brisbane/59/07 (H1N1) npu MHOxe-
CTBEHHOCTM UHdekumn 0,01, cHMKaKT BUPYCHYIO pennukaumio Ao yposHsa 220 TUL,j Ha 1 mn KneTouHon cpeapl,
TOrAa KaK B KOHTPOMbHbIX HeoBbpaboTaHHbIX KNeTKax BUPYCHbIN ypoxai cocTasun ~10° TL,  Ha 1 mn cpeppl.
BbiBogbl. CHXeHue akcnpeccum ykasaHHbix reHoB NXF1, PRPS1 n NAA10 npuBoauT K HapyLLEHWUIO XKU3HEHHOTO
UMKna u akTMBHOCTM BUPYCOB rpunna. MNogobHbI Nogxoa MOXET ObITb MOTEHLMANbLHO UCCNEAOBAH 1 UCNOMb30BaH
Ans 6rnmsko- N 4anbHOPOACTBEHHbLIX NpeacTaBUTeNnen HbIX CEMENCTB BUPYCOB.

KnroueBble cnoBa: PHK-uHmepghepeHyus; akcrnipeccusi eeHos; MuPHK; supycHasi PHK; supycHas penpodykuyusi;
NXF1; PRPS1; NAA10
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koB E.M., Ceutuu O.A., 3BepeB B.B. OueHka npocdmnaktuueckoro appekta HokaayHa KneTouHbix reHoB NXF1,
PRPS1 n NAA10 npw rpunno3Hon uHdekumn Ha mogenw in vitro. Bonpocsl supyconozuu. 2025; 70(1): 66-77.
DOI: https://doi.org/10.36233/0507-4088-289 EDN: https://elibrary.ru/ogonmm

®duHaHcuMpoBaHue. ViccrnienoBaHue BbINONMHEHO Npu MHaHCOBOW noaaepxke PoHAa CoAencTBMSA MHHOBaLMSAM B paM-
kax gorosopa Ne 18362I'Y/2023 ot 09 aBrycta 2023 1.

KoHdnuKkT nHTepecoB. ABTOPbI AEKNAPUPYIOT OTCYTCTBUE SBHBIX U NMOTEHLUMArbHbIX KOH(MMKTOB MHTEPECOB, CBA3aH-
HbIX C Nybrvkaumen HacTosILLEN cTaTby.

ATuyeckoe yTBepxaeHue. ViccnenosaHne onobpeHo atndeckum kommtetom GFAOY BO «[lMepBbii MockoBckuii
rocyAapCTBEHHbIN MeauunHckui yHusepeuteT uMm. V.M. CeyeHoBa» MuHsgpasa Poccum (CeveHoBCKkMIM YHMBEPCUTET)
(npoTtokon Ne 04-21 ot 18.02.2021).

Introduction

Influenza is an acute respiratory viral infectious dis-
ease induced by influenza viruses belonging to the Ortho-
myxoviridae family. According to the CDC (Centers for
Disease Control and Prevention, USA) information bulle-
tin, a steady increase in the number of cases of influenza
infection has been registered in the world from 2020 and

up to the present time'. The annual increase in infections
with influenza type A virus in the human population rais-

!Centers for Disease Control and Prevention. Past reported global
human cases with highly pathogenic avian influenza A(HSN1) (HPAI
H5N1) by country, 1997-2024. https://www.cdc.gov/bird-flu/php/
avian-flu-summary/chart-epi-curve-ahSn1.html
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es concerns about the possibility of a new pandemic of
influenza [1].

The course of influenza varies from acute transient fe-
ver to severe illness, with complications that can cause
dysfunction of the cardiovascular, respiratory, immune,
genitourinary and central nervous systems, as well as
secondary fungal or bacterial infections [2—8]. Current
prophylactic and therapeutic approaches are anti-epi-
demic measures of high importance, but there are also
a number of problems, such as the rapid emergence of
resistant strains, lack of cross-immunity and vaccine ef-
ficacy ranging from 70 to 90% in patients under 65 years
of age and 30 to 40% in patients 65 years of age or old-
er [9]. Along with this, the composition of influenza
vaccines should be updated annually according to the
predicted circulation of certain antigenic viral variants
[10, 11].

To date, four drugs are recommended by the FDA (U.S.
Food and Drug Administration, USA) for the therapy
of influenza infection: Xofluza (Baloxavir marboxil),
Rapivab (Peramivir), Relenza (Zanamivir) and Tamiflu
(Oseltamivir), classified according to the mechanism that
inhibits influenza reproduction [12, 13]. The mechanism
of action of Xofluza is to inhibit viral RNA polymerase
activity, while the others inhibit influenza virus neuramin-
idase [13]. The rise of emergent drug-resistant strains ne-
cessitates the development of innovative approaches to
create new anti-influenza drugs with a pronounced an-
tiviral effect, improved tolerability and reduced toxicity
before the onset of the pandemic.

Summarizing the above, it can be emphasized that the
development of cheap, effective and safe anti-influenza
prophylaxis and therapy is of high relevance to ensure
public safety.

RNA interference is an evolutionary mechanism of
gene expression regulation and maintenance of immune
homeostasis in eukaryotes. The regulation of gene expres-
sion in this case manifests itself as a temporary silencing
of the activity of the target gene. The essence of RNA
interference is to suppress the expression of a target mR-
NA or gene using a molecule of miRNA. The mechanism
of RNA interference is that foreign exogenous dsRNA is
cleaved by the protein endonuclease Dicer into short frag-
ments of 21 to 25 nucleotide pairs (miRNA), which bind
to the RISC protein complex (RNA-induced silencing
complex) in the cytoplasm, after which the target mRNA
is degraded and translation is blocked [14, 15]. Therapeu-
tic agents that exhibit antiviral activity against viral hep-
atitis C (SPC3649), viral hepatitis B (NucB1000), Ebola
hemorrhagic fever (TKM-Ebola), as well as a number of
other viral infections are currently undergoing laborato-
ry and clinical trials [16, 17]. There is a proven antiviral
effect of small interfering RNA (siRNA) against animal
viral pathogens such as Marek’s virus disease, foot and
mouth disease, transmissible swine gastroenteritis and
o’nyong-nyong viral fever [18-21]. The development and
use of new antiviral siRNA compositions, along with the
existing ones, will make it possible to more effectively
limit the spread of viral pathogens in the human popula-
tion [22].
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One of the approaches in the development of anti-in-
fluenza agents is the use of specific siRNA comple-
mentary to the messenger RNA (mRNA) of the target
cellular genes. This method is mediated by the fact that
influenza virus has a propensity for high mutational
variability [23]. On this basis, it is more appropriate in
this case to influence the expression of cellular genes
whose protein products contribute to the reproduction
of influenza virus in the cell, due to the fact that the risk
of forming an alternative viral reproductive pathway
is low [24]. We selected the following cellular target
genes for such an evaluation: NXF1, PRPSI and NAA10.
The NAA10 gene encodes the expression of NoA protein
(N-terminal acetyltransferase), which is required for
post-translational modification of proteins, including
viral proteins. Acetylation of influenza virus proteins
leads to increased viral virulence [22]. The PRPSI gene
encodes the expression of the PRPS1 protein, which cat-
alyzes the phosphoribosylation of ribose-5-phosphate
to S5-phosphoribosyl-1-pyrophosphate. This is essential
for the biosynthesis of purine bases, particularly ade-
nine, which is a component of viral RNA (VRNA) [25].
The NXF1 gene also encodes the expression of the pro-
tein of the same name and is involved in the process of
exporting molecules from the nucleoplasm to the cyto-
plasm. The NS1 viral protein is able to bind to the TAP/
NXF1 axis, which will promote the export of viral mR-
NA from the nucleus [26].

Approaches aimed at preventing viral inoculation and
associated with the suppression of cellular genes express-
ing proteins critical for viral reproduction are of particular
interest. Based on the above, the aim of the present study
was to induce siRNA-mediated suppression of NXF,
PRPSI and NAAI0 gene activity to evaluate the subse-
quent prophylactic and viral inhibitory effect of siRNA.

Materials and methods

Small interfering RNA. Nucleotide sequence analysis
for subsequent siRNA selection was performed using
Geneious (Geneious, USA) and siDirect 2.1 (University
of Tokyo, Japan) programs. Geneious was used to align
mRNA transcripts of target genes and then siRNA selec-
tion was carried out using siDirect 2.1 program. Synthesis
of siRNA was carried out at Syntol (Moscow, Russia).

Viruses. Antigenic variants of influenza A virus:
A/California/7/09 (HIN1), A/WSN/33 (HIN1) and A/
Brisbane/59/07 (HIN1) were obtained from the virus col-
lection of the I.I. Mechnikov Research Institute of Vac-
cines and Sera. The multiplicity of infection used in the
study (MOI) was 0.01.

Determination of viral titer. Viral activity was assessed
by the maximum dilution of virus-containing fluid at
which the endpoint of visual manifestation of cytopathic
effect (CPE) in A549 cell culture was determined [27].
Viral titer values are given in TCD, /mL (tissue cytotoxic
doses/mL).

Cell lines. The MDCK cell line representing canine re-
nal tubule epithelium (Institut Pasteur, France) and the
A549 cell line, human carcinoma alveolar-basal epithe-
lial cells (ATCC-CCL-185 collection, USA), were used.
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Detailed culture conditions for the cell lines used are pre-
sented in our earlier study [28].

Methyl tetrazolium test (MTT test). The cytotoxic effect
of siRNA was evaluated using the colorimetric MTT test.
Detailed conditions for the MTT test are also presented in
our earlier study [28]. Similar to the study by M. Estrin et
al., the survival threshold of transfected cells was 70% of
the survival of negative controls [29].

Transfection of siRNA into cell culture. siRNA transfec-
tion was performed in cell line A549 when 70% of the cell
monolayer was reached (S wells — 2 cm?, seeding concen-
tration of cells per well 2.5 x 10°. The amount of miRNA
substance was 0.25 ug per well®). At the initial stage, Gene-
ject40 reagent (Molecta, Russia)? and Opti-MEM (Thermo
Fisher Scientific, USA) were mixed and then added to the
siRNA and Opti-MEM mixture. The resulting complex
was incubated for 15 min at 25 °C. During the incubation
time, cells were washed with Hanks’ solution (PanEco,
Russia) and serum-free Opti-MEM medium. As a non-spe-
cific control, siRNA L2, directed to the firefly luciferase
gene, was used. It was developed and tested earlier by PhD
Faizuloev E.B. to exclude the non-specific effect of other
siRNAs, as well as to assess their effectiveness [30].

Inoculation of cells transfected with influenza virus.
After 4 h from the moment of transfection we removed
the supporting medium from the wells with transfected
cells and inoculated 0.5 mL of virus-containing liquid
with 0.01 MOI each, after which we put the cells back
into the CO_-incubator.

Nucleic acid extraction. Total RNA was isolated from
cell lysate using the Ribosorb kit (Amplisens, Russia) ac-
cording to the service protocol. The obtained RNA was
stored at —70 °C.

Reverse transcription reaction. Reverse transcription
(RT) was performed using an RT-1 commercial reagent
kit (Syntol, Russia) according to the manufacturer’s pro-
tocol. The reaction RT mixture with the isolated RNA
was incubated in the Thermit thermostat (DNA-Technol-
ogy, Russia) at the temperature and time regime of 37 °C
for 60 min and 95 °C for 5 min.

Polymerase chain reaction (PCR). The dynamics of
vRNA concentration was assessed by real-time PCR
(qPCR) with a set of primers specific for the M gene
[31]. A set of reagents for PCR in the presence of EVA
Green dye and ROX reference dye (Syntol) was used.
The qPCR reaction was performed in the DT-96 thermal
cycler (DNA-Technology, Russia) at the following set-
tings: 95 °C — 5 min (1 cycle); 62 °C—-405s,95°C—15s
(40 cycles).

Evaluation of gene expression changes. The Pfaffl
method was used to analyze the data obtained during
gPCR and to assess the change in expression of target
genes [32].

Ethical Approval. The study was approved by the
Ethical Committee of the .M. Sechenov First Moscow
State Medical University of the Russian Ministry of
Health (Sechenov University) (protocol No. 04-21
of 18.02.2021).

*http://molecta.ru/wordpress/transfection

OPUTUHAJbHbBIE NCCNEAOBAHUA

Statistical processing of data. The reliability of
the final results was assessed using the statistical
nonparametric Wilcoxon rank sum criterion and
Microsoft Excel 2013 software (Microsoft, USA) [33].
The difference was considered reliable at the level of
statistical significance p < 0.05.

Results

Determination of the values of cytotoxic action
of siRNAs

On the 1st day from the moment of infection an
acceptable level of survival was observed with all siRNAs,
but on the 2nd day the survival rate was higher in cells
treated with siRNAs: NXF1.1, PRPSI1.2 and NAAI0.1,
and amounted to 77.0 £ 3.0, 86.0 + 1.5 and 72.0 + 4.0%,
respectively. It should be noted that by the 3rd day from the
moment of transfection of the mentioned complexes there
was a pronounced increase in cell viability, exceeding this
index in relation to other siRNAs. The obtained results
are presented in Table 1.

Determination of the targeting effect of the siRNAs used

NXF1.1, PRPSI.2 and NAAI10.I were the siRNAs
selected for further study. Their targeted action was
evaluated for 3 days on A549 cell culture. It was found
that transfection of NXF1.I siRNA caused a significant
decrease in the amount of transcription products of the
same gene to the level of 6.0, 16.0 and 21.0% on days 1, 2
and 3, respectively, compared to the values obtained when
analyzing cells transfected with nonspecific siL2 siRNA.
A similar result was obtained with NAA10.1 siRNA,
where the significant level of target gene transcription
products within 2 days of transcription was 2.0 and 5.0%
on the 1st and 2nd days, respectively, relative to the
values of the nonspecific control group. On the 3rd day
from the moment of transfection the percentage level of
NAAI0 gene transcripts reached similar values to the cells
treated with siL2. PRPS1.2 siRNA induced a significant
decrease in the percentage level of target gene expression
on the 2nd and 3rd day to 12.0 and 1.3%, respectively.
In addition to the low toxic effect, the inherent
requirement of siRNA application is the suppression of
target gene expression within the required time interval.
At the present stage of the study, it was found that the use
of the indicated siRNA resulted in a stable decrease in the
level of transcripts of the indicated genes. The results are
presented in Fig. 1.

The assessment of cell survival and the level of
dynamics of target gene transcripts makes it clear that
the used siRNAs do not cause excessive cytopathic
effect on the tested cell line. The results obtained allow
using NXF'1.1, PRPS1.2 and NAA10.1 siRNA to further
evaluate the prophylactic effect against different genetic
variants of influenza A virus.

Evaluation of the antiviral effect of the siRNAs used

When evaluating the antiviral effect of the used siRNAs
at day 1 from the time of transfection, it was found that
lipofection of NXFI.I siRNA leads to a decrease in the
viral titer of A/California/7/09 (HIN1), A/Brisbane/59/07
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Table 1. Percent of viable cells relative to control after siRNA transfection

Tadauua 1. IIpoueHT KM3HECIOCOOHBIX KJIETOK I10 OTHOLIEHHIO K KOHTPOIIIO nocie TpaHchexunn MuPHK

siRNA 1 day 2™ day 31 day

MuPHK 1-e cyTku 2-e CyTKH 3-1 cyTKH
NXF1.1 77.0 £ 3.0 67.0+1.0 71.0 £2.0
NXF1.2 73.0 £ 2.0 60.0 +4.0 67.0+7.0
PRPSI.1 101.0 65.0+ 8.0 71.0+6.0
PRPS1.2 86.0+1.5 67.0 2.0 79.0 £3.0
NAAI10.1 72.0 +£4.0 70.0 £ 3.0 83.0+4.0
NAAI10.2 116.0 + 8.0 65.0+3.0 81.0+1.0
siL2 83.0+2.0 86.0+4.0 92.0+3.0
K- (non-transfected) 100 100 100

K- (uerpancd.)

Note. The survival rate of untreated cells (negative control) was taken as 100%. The threshold value of survival was set at 70%. Names of complexes
and the least toxic values based on cell viability reduction are marked in bold font.

Ilpumeuanue. 3a 100% npuHsATa OLICHKA BBDKUBAEMOCTH HEOOPAaOOTaHHBIX KJIETOK (OTPHL. KOHTpoIb). [Toporosoe 3HaueHHe BbIKHBAEMOCTH YCTAaHOB-
neHo Ha yposHe 70%. JKupHbIM mpHGbTOM BBIICTICHB HAMMEHOBAaHHUS KOMILIEKCOB M HaMEHee TOKCHYHBIC 3HAUCHUS CHUKCHHUS KU3HECIIOCOOHOCTH

KIICTOK.

Fig. 1. Dynamic changes in NXF'I, PRPSI and NAA10 gene transcripts.

siRNA and their target cellular genes of the same name are shown on the X-axis; % change in transcript level is shown on the Y-axis. Pfaffl test data are presented
in %. *—p <0.05.

Puc. 1. smenenne tpanckpuntoB reHoB NXF1, PRPSI u NAAI( B nuHaMuKe.

Ha ocu a6cruce npexncrasinens! MEPHK 1 X ofHOMMEHHBIE IieeBble KICTOUHbIC TeHbl; HA OCU OPJHHAT — IIPOLICHT H3MECHEeHNS YPOBHS TpaHCKpunTa. JlaHHbIe
kputepus [dad s npeacraBnens! B mpouentax. * — p < 0,05.

(HINT), and A/WSN/1933 (HIN1) strains by 3.5, 2.3,
and 1.6 logl0 TCID, /mL, respectively, relative to the
viral titer level in cells treated with nonspecific siRNA.
The amount of VRNA was decreased by 1088.0, 11.2
and 33.4-fold with this siRNA, respectively, compared to
the nonspecific control group. On the 2nd day of using
NXF1.1siRNA, the index of viral activity for the indicated
siRNA decreased by 3.2, 3.2 and 3.0 log10 TCID, /mL,
and the amount of VRNA decreased by 633.4, 6.4 anc? 25.2
times, respectively, for the indicated strains relative to the
nonspecific control group. Further, on the 3rd day, viral
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titer decreased by 2.2 and 2.0 log10 TCID, /mL in cells
infected with strains A/Brisbane/59/07 and A/WSN/1933
(HINT), and vRNA decreased by 8.3- and 30.2-fold,
respectively.

PRPS1.2 siRNA transfection reduced viral replication
of A/California/7/09 (HIN1), A/Brisbane/59/07 (HIN1),
and A/WSN/1933 (HIN1) strains by 2.3, 2.1, and 2.1
log10 TCID./mL on day 1, and vRNA by 2917.0, 10.8
and 33.4-fold, respectively. On the 2nd day from the time of
transfection, the viraltiterleveldecreasedby3.2,0.7and 1.2
log10 TCID,/mL, and vRNA decreased by 5059.4, 25.2
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and 17.4-fold, respectively. After 72 h from the time of
transfection, the viral levels were reduced by 2.2, 1.4
and 2.0 log10 TCID, /mL, respectively.

Theuse of NAA10. 1 siRNA onthe 1stday after transfection
induced a decrease in the viral titer of A/California/7/09
(HIN1), A/Brisbane/59/07 (HIN1) and A/WSN/1933
(HINT) strains by 1.6, 2.1 and 2.3 logl0 TCID, /mL,
respectively, relative to the nonspecific control group. The
level of VRNA in this case decreased 141.3, 12.1, 16.6-fold,
respectively. On the 2nd day after transfection, the viral titer
decreased by 1.2 and 2.3 logl0 TCID, /mL, respectively,
in cell cultures, A/Brisbane/59/07 (HINI1) and A/
WSN/1933 (HINI1) strains, and the amount of VRNA
decreased 455.1-fold, 18.6-fold and 29.2-fold for A/
California/7/09 (HIN1), A/Brisbane/59/07 (HIN1) and
A/WSN/1933  (HIN1) strains, respectively. On
day 3 after NAAIO.I lipofection, VvRNA levels
decreased 141.3-fold, 6.1-fold and 27.0-fold, respectively.
The obtained data are presented in Fig. 2 and Table 2.

Discussion

From the moment of its discovery, the RNA interference
mechanism was immediately used as one of the tools to
regulate viral reproduction in in vitro and in vivo models.
Moreover, the classical approach to designing agents
based on the RNA interference mechanism was the use
of viral genome regions as targets, which is reflected in

OPUTUHAJbHbBIE NCCNEAOBAHUA

one of the earliest studies by Q. Ge et al. In this study, the
authors infected mice with influenza A/PR/8/34 (HIN1)
virus and intranasally inoculated siRNA to the viral NP
gene, which caused a 60-fold decrease in reproduction
[34]. The results of the study by H.Y. Sui et al. show
that using siRNAs directed to the conserved sequence
of the gene expressing the M2 viral protein, inhibition
of reproduction of highly virulent A/Hong Kong/486/97
(H5NT1) by 3 times was observed [35]. A study conducted
by J. Piasecka et al. examined the antiviral effect of
siRNA-mediated inhibition of NP protein formation
of influenza viruses A/California/04/2009 (HIN1) and
A/PR/8/34 (HIN1), during which a decrease in viral
reproduction up to 85% compared to the control group
was observed [36].

At the same time, influenza A viruses are highly prone
to mutational variability as a result of substitutions,
deletions, insertions of nucleotide sequence regions,
or reassortment, which leads to drug resistance [23].
On this basis, the development of new prophylactic and
therapeutic approaches using siRNA targeted to cellular
targets has a number of advantages: such agents can have
both prophylactic and therapeutic potential; it is possible
to design and synthesize a siRNA-based drug within a few
hours; siRNA-based drugs can be used in combination
with other antiviral drugs to synergize their effect; siRNA
targeted to cellular genes transcribing protein products

Table 2. Antiviral effect of siRNAs directed to the NXF'/, PRPSI and NAA10 genes on the dynamics of the amount of VRNA of the influenza virus

A/California/7/09 (HIN1), A/Brisbane/59/07 and A/WSN/1933 (HIN1)

Tadauna 2. Bausiane npotuBoupycHoro 3¢ dexra MuPHK, HanpaBneHnbix k reHam NXF'1, PRPS] n NAA10, na nuaamuky xonmdectsa BPHK
upyca rpurma A/California/7/09 (HIN1), A/Brisbane/59/07 u A/WSN/1933 (HIN1)

Influenza A virus VRNA reduction rate (multiplicity relative to siL.2) at 0.01 MOI
Gene SiRNA IMoxasarens camkenust BPHK Bupyca rpumnmna A (kparHOCTb 1o oTHowreHu o K siL.2) mpu mu.3. 0,01
Ten muPHK 1 day 2" day 34 day
1-e cyTkun 2-¢ CyTKH 3-U CYyTKH
A/California/7/09 (HIN1)
NXF1 NXF1.1 1088.0 633.4 423.9
PRPSI PRPS1.2 29171 5059.4 1771.1
NAAILO NAA10.1 8.6 455.1 141.3
siL2 21012 866 19 581 834 721 24 581 834 721
A/Brisbane/59/07
NXF1 NXF1.1 11.2 6.4 8.3
PRPSI PRPS1.2 10.8 25.2 15.5
NAAILO NAAI10.1 12.1 18.6 6.1
siL2 195 184 1837130 23156 335
A/WSN/1933 (HIN1)
NXF1 NXF1.1 33.4 33.6 30.2
PRPSI PRPSI1.2 10.4 17.4 40.3
NAAIO NAAI10.1 16.6 29.2 27.0
siL2 371038 2647 184 41 839 472

Note. The results were calculated relative to cells with nonspecific siRNA L2. Data for the nonspecific siL2 control are given as the number of vVRNA

units/mL. Values for which p < 0.05 are shown in bold.

Ipumeuanue. Pacyer pe3ynsTaToB IPOBOJHUICS OTHOCUTENBHO KIETOK ¢ Hecrenuduueckoir MuPHK L2. [laHHble A HECIEIU(PHUIECKOTO KOHTPOJIS
siL.2 nanp! B 3Ha4eHun kosmuecTBo enuHuL BPHK/Mit. JKupHbiM mipudgTom BeIIeNIeHBI 3HAYSHUS, 17151 KOTOpBIX p < 0,05.
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used in combination with other antiviral drugs to synergize
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Fig. 2. Antiviral effect of siRNAs specific
to the NXFI, PRPSI and NAA10 cell genes.

a — A/California/7/09 (HIN1); b — A/Brisbane/59/07

(HIN1); ¢ — A/WSN/1933 (HIN1); on the X-axis — siR-

NA and their target cellular genes of the same name; on

the Y-axis — the viral titer log10 TCID, /mL relative to the

viral and nonspecific control). * — p < 0.05 relative to the
nonspecific control silL.2.

Puc. 2. IIporuBoBupycHslii 3¢pdext muPHK,
cnenuUIHBIX K KJIETOYHBIM reHaM NXF'1,
PRPS1 n NAAIO.

a — A/California/7/09 (HIN1); 6 — A/Brisbane/59/07
(HIN1); 6 — A/WSN/1933 (HIN1). ITo ocu abeupce —
MuPHK ¥ BX OJHOMMECHHbIC I[E/ICBBIC KJICTOYHbIC ICHBI,
T0 OCH Op/IUHAT — MoKa3aTesb BupycHoro Tutpa lg T,
MJI OTHOCHTEJIBHO BUPYCHOTO M HECHEUU(PHUIECKOro KOH-
Tpoist. * — p < 0,05 OTHOCHTEIBHO Hecenu(UIECcKoro
KoHTpOs SiL2.

protein products key for the development of therapeutic
approaches. Based on these criteria, it is important to
search for cellular target genes whose knockdown will
inhibit the reproduction of viruses of closely or distantly
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related taxonomic groups. In the present study, the
antiviral effect of prophylactic transfection of siRNAs
targeting the cellular genes NXFI, PRPSI and NAAIO
was assessed. The results suggest that nuclear import
and export processes, phosphoribosylation of ribose-
5-phosphate  to  5-phosphoribosyl-1-pyrophosphate,
and posttranslational modification of proteins may play
important roles in influenza virus reproduction [37-39].
Inhibition of translation of the genes under consideration
leads to a decrease in viral reproduction according to the
results of such methods as CPE titration and qPCR. It
was shown that along with the decrease of the viral titer
index, starting from the moment of lipofection of the
studied siRNA, there was also a decrease in the amount
of viral RNA within 3 days. The most effective decrease
of viral reproduction was observed at suppression of
the NXFI gene in the 1st day from the moment of
transfection of all specifically inhibitory siRNA: decrease
of viral titer by 2.0-3.2 logl10 TCID, /mL and decrease
of VRNA amount by 11.2-1088.0 times. Temporary
disruption of influenza virus reproduction as a result
of siRNA-mediated blockage of nuclear import and
export as a result of NXF'/ gene silencing resulted in a
more pronounced antiviral effect compared with other
cellular genes investigated in this study. This result may
be mediated by the fact that during their reproduction,
influenza viruses carry out part of the replicative cycle in
the nucleoplasm, translocating through the nuclear pore
complex in the nucleus membrane, while ribosylation and
posttranslational modification of proteins may be carried
out by other pathways [40—42].

In parallel, a number of studies have noted the impor-
tance of the NXF'/ gene/protein in the reproductive cycle
of other viruses. Thus, the study by M. Mei et al. noted
the key importance of NXFI in nuclear export of mRNA
for SARS-CoV-2; however, structure-guided mutagen-
esis of the acidic site (D33, E36, E37 and E41) on the
surface of the N-terminal domain of Nspl, which medi-
ates interaction with NXFI, resulted in blockage of nu-
clear export [43]. A similar defect in the binding of NS1
of influenza A virus to the NXF1+NXT1 axis leads to the
release of mMRNAs encoding a number of immune factors
from the nucleus and, as a consequence, to a decrease in
viral activity, as presented in the study by K. Zhang et
al. [44]. No less important is the role of NXFI in the life
cycle of Ebola virus shown in a study by L. Wendt et al.
where the authors carried out co-immunoprecipitation re-
action and double immunofluorescence analysis to char-
acterize the interaction of NXF'/ with viral proteins and
vRNA. The NP viral protein was found to interact with
the RNA-binding domain of NXF/ and to compete with
RNA for this interaction. A minigenomic system was also
used in this study, where NXFI gene knockdown was ob-
served. Against the background that mRNA levels in cells
with NXFI dysfunction were comparable to control cells,
the authors suggested that NXF'I is important for nuclear
export of mRNA to ribosomes for efficient mRNA trans-
lation [45]. Unspliced HIV-1 RNA is used for the subse-
quent translation of viral proteins, but before that it must
be translocated from the nucleoplasm into the cytoplasm.

OPUTUHAJbHbBIE NCCNEAOBAHUA

In a study by J. Chen et al. which utilized in situ hybrid-
ization, it was found that NXF'/ is involved for nuclear
export used by HIV-1 [46].

Along with transcription and translation, mRNA trans-
location through the nuclear pore complex (NPC), of
which NXF1 is a structural component, appears to be an
important regulatory step in gene expression of a number
of viral families [47]. Based on the results obtained in the
study, as well as the literature sources reviewed above,
it can be concluded that the protein product of NXFI
gene expression plays an important role in the reproduc-
tion of viruses belonging to different taxonomic groups.
In addition to the NXFI gene, other genes that form NPCs
are also targets whose silencing can lead to decreased vi-
ral reproduction. For example, our earlier study showed
a correlation between reduced influenza A viral activity
and inhibition of expression of the Nup98 and Nup205
genes, which also encode the formation of NPC nucleo-
porin proteins [48]. Therefore, siRNA-mediated disrup-
tion of the functional activity of certain NPC components
can be considered as one of the promising options for the
development of antiviral drugs targeting a wide range of
viral infections.

The results obtained in the study clearly demonstrate
that the prophylactic regimen of siRNA use reduces sub-
sequent viral replication. The available data are consis-
tent with the concept that prophylactic blockade of host
cell factors important for viral replication by siRNA is
able to disrupt the infectious process [49]. At the same
time, it is important to understand that such an adminis-
tration regimen requires precise timing of administration
of the prophylactic drug. In view of this, it is also neces-
sary to conduct studies aimed at optimizing and selecting
the optimal conditions and timing for administration of
the prophylactic drug.

Conclusion

The obtained data confirm that the genes encoding
proteins forming the nuclear pore complex are promis-
ing targets for antiviral siRNAs. The knockdown of the
expression of these proteins leads to a decrease in the
reproduction of influenza viruses. Thus, the creation of
antiviral drugs based on RNA interference is a promising
vector for the development of anti-influenza drugs.
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