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Abstract

Objectives. To evaluate the effect of cellular genes FLT4, Nup98, and Nup205 on the reproduction
of the influenza A virus in A549 human lung cancer cell line.

Methods. The work was carried out using the equipment of the center for collective use of the
LI Mechnikov Research Institute of Vaccines and Sera (Russia). The virus-containing fluid was
collected within three days from the moment of transfection and infection and the intensity of
viral reproduction was assessed by viral titration and hemagglutination reaction. The viral RNA
concentration was determined by real-time reverse-transcription polymerase chain reaction (RT-PCR).
To calculate statistically significant differences between groups, the nonparametric Mann-Whitney
test was used.

Results. In cells treated with small interfering RNAs (siRNAs) targeted at FLT4, Nup98, and
Nup205 genes, a significant decrease in their expression and indicators of viral reproduction
(virus titer, hemagglutinating activity, viral RNA concentration) was observed at a multiplicity of
infection (MOI) = 0.1. Additionally, it was found that a decrease in the expression of target genes
using siRNA does not lead to a significant decrease in cell survival. The viral titer in cells treated
with siRNA FLT4.2, Nup98.1, and Nup205 on the first day was lower by an average of 1.0 lg, and
on the second and third days, by 2.2-2.3 lg, compared to cells treated with nonspecific siRNA.
During real-time RT-PCR, a significant decrease in the concentration of viral RNA was observed
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with siRNA Nup98.1 (up to 190 times) and Nup205 (up to 30 times) on the first day, 26 and 29
times on the second day, and 6 and 30 times on the third day, respectively. For FLT4.2 siRNA,
the number of viral RNA copies decreased by 23, 18, and 16 times on the first, second, and third
days. Similar results were obtained when determining the hemagglutinating activity of the virus.
The hemagglutinating activity on the third day most strongly decreased in cells treated with
SiRNA Nup205 and FLT4.2 (16 times). In cells treated with siRNA FLT4.1, Nup98.1, and Nup98.2,
hemagglutinating activity decreased by 8 times.

Conclusions. In the present study, three cellular genes (FLT4, Nup98, and Nup205) were
identified—the decrease in the expression of which effectively suppresses viral reproduction—
and the original siRNA sequences were obtained. The results obtained are important for creating
therapeutic and prophylactic medication, whose action is based on the RNA interference
mechanism.
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AnHOomauus

ITenu. OyeHKka 8rusHUSL nOoOA8IeHUsL IKcnpeccuu KaemouHrslx 2eHoe FLT4, Nup98 u Nup205 Ha
ouHaAMUKYy penpodyKyuu supyca spunna A 8 Kysabmype Ae20uHblX Kaemok uenogeka A549.
Memoobst. Paboma 6blnonHeHa ¢ UCNOAb308aHUEM 060pYI08AHUS UEeHMPA KOANEKMUBHO20 NOJb-
308aHus HayuHo-uccnedosamensbcko2o uHcmumyma 8aKyuH u coleopomorx um HM.H. Meurnurxosa
(Poccusi). Bupyccodeprkauyro 2kudKocms omoéupaniu 8 meueHue mpex oHell ¢ MOMEeHMA MpaHcC-
pexyuu u 3aparKkerHust U OYeHUB8ANU UHMEHCUBHOCMb 8UPYCHOU penpodyKkyuu memooamu mu-
mpo8aHUs NO yumonamuueckomy oelicmsuio U 8 peakyuu 2emazeromurayuu. KoHyeHmpayuro
supycroii PHK onpedensinu memodom noaumepasroil yenHoti peaxyuu (I1L[P) 8 peansHom epe-
MeHu ¢ obpamroti mpaHckpunyueti (OT-IIL[P-PB). /[na gbluucieHus Cmamucmuiecku 3SHaUUMbLX
pazauuuil mexk0y 2pynnamu UCnoNbL308anu Henapamempuueckuil kpumepuii ManHa—-Yumru.
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Pesynoemamet. B kniemkax, o6pabomarHbix manvimu unHmepgepupyrowumu PHK (muPHK) K ze-
Ham FLT4, Nup98 u Nup205, ommeuanoce 0ocmogepHoe nodasieHue IKCNPeCcCUuU Yesiesblx 2eH08
u noxazameseil BUPYCHOU penpooyKyuUl (mump 8upyca, 2emaze/Il0mUHUPYOUAs. AKMUBHOCMb,
KoOHUeHmpayust supycHoti PHK) npu xoaghgpuuueHme MHOIKeCmeeHHOCMU 3aparKeHuUsl, PagHOM
0.1. ZTononHumenbHo 6bL10 YCMAHOBNEHO, WMo NOO0aeeHUe IKCNPECCUU Yee8blX 2eHO8 C NOMOULLIO
MUPHK He npugodum K 3HAQUUMENbHOMY CHUNEHUIO 8blkusaemocmu Kiemok. BupycHulii mump &
Knemrax, obpabomarHoix MuPHK FLT4.2, Nup98.1 u Nup205, Ha nepegble cymKru 6bil MeHbULe
8 cpeorem Ha 1.0 lg, a Ha emopble u mpembu — Ha 2.2-2.3 lg, no cpagHeHUI ¢ Kiemkamu, obpa-
6omaHHblIMU Hecheyuguueckoli MuPHK. I1pu nposederuu OT-IIL[P-PB ommeueHo docmogepHoe
ymenbvuweHue koHyeHmpayuu supycHoii PHK ¢ muPHK Nup98.1 (0o 190 pas) u Nup205 (0o 30 pas)
Ha nepevle cymru, 8 26 u 8 29 pas Ha emopele u 8 6 u 30 pa3 Ha mpembvbu CYmru, COOMBEMCMBEEH-
Ho. [Insa muPHK FLT4.2 xonuuecmeo konuil supycrHoii PHK ymeHbswiunoce 8 23, 18 u 16 pas Ha
nepewvle, amopble U mpemvbu cymru. Cxorxue pesysbmamel OblU NOAYUEHbL NPU onpedesieHuUU
cemazenromuHupyrowett akmusHocmu supyca. Haubonee cunvHo, 8 16 pas, zemazeitomuHupyro-
wasi aKMUBHOCMb HA MpembU CYMKU CHUSUNLACL 8 Kaiemikax, obpabomarHbix MuPHK Nup205 u
FLT4.2. B knemkax, obpabomarHbix MuPHK FLT4.1, Nup98.1 u Nup98.2, cemazentomuHupyro-
wasi aKmueHoCmb YMeHbUWUNACh 8 8 pas.

Bwteoout. B xode uccredogarus ObLiu ebisiesieHbl mpu kaemouHslx 2eHa (FLT4, Nup98 u Nup205),
nooaesieHue sIKCnpeccul KOmopblx no3gossiem 3¢pheKmueHo YmMeHbUUMb 8UPYCHYH penpooyK-
Uuro, a makrke nonyueHvl opusuHaIbHble nocrtedogeamenvHocmu muPHK. ITonyueHHble pe3yb-
mamaul UmMerm 8arskKHoe 3HaueHue 0151 CO30aHUSL mepanesmuueckux U npoguiaKkmuueckux npe-
napamos, ube oeticmeue 0CHO8AHO Ha mexaHusme PHK-unmepgeperyuu.

Knroueeste cnoea: supyc epunna A, PHK-unmepgeperuus, 2eH, mampuurHas PHK, manvle uH-
mepgepupyrowue PHK

JMna yumuposanusn: Iamxos E.A., @aiizynoes E.b., Kopuesas E.P., Prumes A.A., Yepenosuu b.C., Cunopos A.B.,

[onny6uxos A.B., beictpunkas E.I1., /lponnna O.E., beiko A.C., Ceutuu O.A., 3BepeB B.B. HokxnayH kiietounsix renos FLT4,
Nup98 u Nup205 xax cynpeccop BupycHoi akruBHocTH rpunma A/WSN/33 (HIN1) B kyasrype kinetok A549. Tonkue xumuyeckue
mexnonoauu. 2021;16(6):476—489. https://doi.org/10.32362/2410-6593-2021-16-6-476-489

INTRODUCTION

Influenza infection is one of the most significant
problems in global health today. According to the
World Health Organization, up to 1 billion new cases
of influenza are reported worldwide each year, with 3-5
million cases of severe illness and 0.5 million deaths
[1]. Influenza viruses of the genus Alphainfluenzavirus
(Influenza A virus, (HAV))—with high epidemiological
significance and capable of causing pandemics—are
of particular clinical significance [2]. In addition
to causing respiratory system failure, influenza can
cause complications in the cardiovascular system,
central nervous system, and urinary system [3—7]. The
risk of developing bacterial and fungal complications
post influenza is no exception [8—10].

Despite the currently available specific anti-
influenza drugs, their use is often unjustified since
new viral strains resistant to these drugs are detected
every year [11, 12]. The problem with the use of
influenza vaccines is acute, as it is necessary to create

vaccines adapted to new strains of the influenza virus
every year, and the development of a universal vaccine
is far from complete [13—15]. In addition, influenza
vaccination as prophylaxis is challenging for people
who are allergic to chicken eggs [16].

To date, several etiotropic, symptomatic, and
specific drugs are used to treat influenza. Currently,
many influenza virus strains have 95% resistance to
derivatives of the adamantane series [17]. Certain
circulating strains are also known to be resistant
to fusion inhibitors (umifenovir) [18]. In different
epidemic seasons, the sensitivity of influenza A
and B virus strains varied dramatically in relation
to neuraminidase inhibitors. In 2008-2009, all
circulating influenza A (H1N1) viruses were resistant
to oseltamivir, but in 2018 they were fully susceptible
to oseltamivir, peramivir, and zanamivir [19-21].
Thus, despite the widespread knowledge of biological
function, structural organization, and pathogenesis of
the influenza virus, no effective means of therapy and
prevention exist as of yet [11, 12].
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RNA interference (RNAI) is a sequential regulatory
reaction in eukaryotic cells caused by an exogenous
double-stranded RNA molecule [22]. A. Fire and
C. Mell discovered RNAIi in 1998 in the nematode
Caenorhabditis elegans. They put forward several
provisions on the properties of RNAi: mRNA degrades
with it; the efficiency of double-stranded RNA
(dsRNA) fragment, which determines the recognition
of the complementary region of the target messenger
RNA (mRNA), is higher than that of single-stranded
RNA (ssRNA); a short dSRNA fragment is required to
suppress gene expression [23].

The mechanism of RNAI is to cleave exogenous
double-stranded RNA into small sequences ranging in
size from 21 to 25 base pairs; small interfering RNAs
(siRNAs). The size of the resulting siRNAs is small
based on the fact that larger siRNAs increase the
chance of interferon production. After the formation
of siRNA, it binds to the RISC (RNA-induced
silencing complex) complex, which consists of three
proteins: AGO2, PACT, and TRBP. The resulting
complex recognizes and cleaves the target mRNA
[24-26].

Several antiviral drugs based on the RNAi
mechanism are currently known and are at different
stages of clinical trials, namely: Miravirsen, hepatitis
C (Santaris Pharma); ALN-RSV0I, respiratory
syncytial viral infection (4/nylam Pharmaceuticals);
and pHIV7-shITAR-CCR5RZ, HIV infection (City of
Hope Medical Center)[27,28]. Patisiran and Givosiran
(Alnylam Pharmaceuticals) were also approved for
clinical use to treat amyloid polyneuropathy and
acute hepatic porphyria, respectively' [29].

A critical factor that compromises the efficiency
of RNA interference might be the development
of resistance to the siRNAs directed against viral
genes [30]. To overcome the drug resistance ability
of the influenza virus, the search for novel antiviral
siRNAs with antiviral activity and targeted to host
cell components is required for the replication of the
virus.

This study has shown that using siRNAs directed
to the cellular FLT4, Nup98, and Nup205 genes can
inhibit the reproduction of the influenza A virus in
the A549 lung cancer cell line. Here the cellular gene
FLT4 plays a vital role in the process of endocytosis in
the virus. While Nup98 and Nup205 encode proteins
of the nuclear pore complex that are involved in the
import and export of viral RNA segments into the
nuclear cavity.

! Multi-Discipline Review. Center for Drug Evaluation and
Research. Appl. No. 2121940rigl1s000. 167 p. URL: https:/
www.accessdata.fda.gov/drugsatfda_docs/nda/2019/2121940
rigls000MultidisciplineR.pdf (Accessed August 24, 2021).

MATERIALS AND METHODS

Selecting target genes for suppressing
viral reproduction

In this study, the criteria used to select genes that
encode the expression of cellular factors necessary
for viral reproduction are as follows: (i) genes
reported as a potentially successful target for siRNA
in publications related to siRNA screening; (ii) genes
reported as effective in early independent studies;
and (iii) genes showing low cytopathic effect from
the temporary suppression their expression [26-28].

siRNA

The siRNA was selected from the web-based
software, siDirect 2.0%. All oligonucleotides were
synthesized by Syntol (Russia). Oligoribonucleotides
were diluted with water to a concentration of 100 pmol/uL.
Then, complementary oligonucleotides were mixed,
incubated in a thermostat at 60°C for 1 min, and then
cooled to room temperature. Prepared RNA duplexes
were stored at —80°C. All work with finished duplexes
was carried out using a cold tripod. The sequences of the
siRNAs are presented in Table 1. As a nonspecific control,
we used siRNA L2, specific to the firefly luciferase gene
and not affecting the life cycle of A549 cells.

Evaluation of the suppression of cellular gene
expression

The expression level of the target genes was
determined after siRNA transfection. The cells were
treated with a lysis solution, and then cellular RNA
was isolated using the MagnoSorb kit (/nterlabservice,
Russia), 24 h post-transfection. OT-1 reagent kit
(Syntol, Russia) was used to set up the reverse-
transcription reaction. Changes in gene expression
dynamics were monitored using quantitative real-
time PCR with a set of primers for the FLT4, Nup98,
Nup205, and GAPDH genes [32]. To assess the effect
of siRNAs on target genes, the relative expression
level of the FLT4, Nup98, and Nup205 genes was
calculated according to the standard 24T method.’
For each siRNA, primers were synthesized according
to the gene regions affected by siRNA. Primers were
selected using Integrated DNA Technologies website*
and synthesized by Syntol (Table 2).

Virus
The influenza virus used in this study is A/WSN/33
(HIN1) (St. Jude Children’s Research Hospital,
USA). Cultivation and determination of the virus titer
were carried out on the culture of canine kidney cells
(Madin-Darby Canine Kidney (MDCK)).

2 http://sidirect2.rnai.jp/ (Accessed February 02, 2021).

> Bradburn S. How to Perform the Delta-Delta Ct Method.
URL:  https://toptipbio.com/delta-delta-ct-pcr/  (Accessed
August 27, 2021).

4 https://eu.idtdna.com/ (Accessed March 02, 2021).
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Table 1. siRNA sequences

siRNA Sequence

— AAUGACAUCUGAAUCUCAGAGAG
: CUGAGAUUCAGAUGUCAUUdTdA
FIT4o UGAAGUUCUGUUGAAAAAGAAAC
: CUUUUUCAACAGAACUUCAdCAA
Nup9S. ] AGUCUUUGUUUCAGAAAGCAGAC
up=o. GCUUUCUGAAACAAAGACUACdA
Nup98.2 UCCAAAUGUUGAAGUUGUGACAC
pZO. CACAACUUCAACAUUUGGAdCdA
Nun205 UCAAAAUCUUAUCAAGAAGAGAT
P CUUCUUGAUAAGAUUUUGAdAAG
12 (nonspecific siRNA) UUUCCGUCAUCGUCUUUCCATAT

GGAAAGACGAUGACGGAAAATAT

Cell culture

MDCK cells (Institut Pasteur, France) and
A549 human lung adenocarcinoma cells were used
(ATCC®CCL-185, USA) in this study. MDCK cells
were grown in minimum essential medium (MEM)
(PanEco, Russia), supplemented with 5% fetal
bovine serum (Gibco) (ThermoFisher Scientific,
USA), 40 pg/mL gentamicin (PanEco), and 300 pug/mL
L-glutamine (PanEco) at 37°C in a CO,-incubator.
A549 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (PanEco), supplemented
with 5% fetal bovine serum (Gibco), 40 pg/mL
gentamicin (PanEco), and 300 pg/mL L-glutamine
(PanEco) at 37°C in a CO_-incubator.

MTT assay
The cell viability of A549 cells treated with siRNA
was assessed with the MTT (methylthiazolyltetrazolium
bromide) assay. On days 1, 2, 3 after transfection, 20 pL
of MTT solution, 5 mg/mL (PanEco), was added to
the wells containing cells in a 96-well plate and
incubated at 37°C in a 5% CO, incubator for 2 h.
Further, the supernatant and 100 pL of dimethyl
sulfoxide (Sigma-Aldrich, cat. # D4540-1L) was
added to each well. The optical density values were
determined at 530 nm using a microplate reader
Varioscan (Thermo Fisher Scientific, USA), with the

background values set at 620 nm.

Transfection of siRNA cells

with subsequent infection
For siRNA transfection, A549 cells were plated
on 12-well plates at a density of 1 x 10° cells/mL.
After achieving 80% confluence, the cells were
washed with phosphate-buffered saline and serum-free
Opti-MEM medium (Thermo Fisher Scientific, USA). Then

a mixture of 24 pL Lipofectamine 2000 (7hermo
Fisher Scientific) and 600 puL Opti-MEM (Thermo
Fisher Scientific) was added to a solution of siRNA in
Opti-MEM medium and incubated at room temperature
for 20 min. The siRNA concentration required for
gene knockdown was 40 pmol/uL per well. After
incubation, the complexes were added to the wells.
siRNA L2 was used as a nonspecific control. The cells
were then incubated at 37°C in a CO, incubator. Four
hours later, the culture medium was removed from all
wells, except for the negative control, and 1 mL of viral
liquid consisting of DMEM, 0.001% chymotrypsin
inhibitor (Tosyl phenylalanyl chloromethyl ketone
(TPCK)) (Sigma-Aldrich, Germany), and 40 pg/mL
gentamicin was added with a MOI of 0.1. After that,
the cells were again placed in the CO, incubator. Over
the next three days, supernatant samples were taken
for the subsequent staging of the hemagglutination,
titration, and Reverse Transcription Polymerase
Chain Reaction (RT-PCR).

Detection of viral RNA

Viral RNA (VRNA) was isolated from the selected
supernatants using the High Pure RNA Isolation Kit
(Roche, Germany). OT-1 reagent kit (Syntol, Russia)
was used to set up the reverse-transcription reaction.
The concentration of viral RNA in the culture was
measured using quantitative real-time RT-PCR with
a set of primers and probes for the hemagglutination
assay (HA) M-gene [33]. For real-time PCR, a reagent
kit containing EVA Green dye, a reference ROX dye
(Syntol), and a 2.5-fold reaction mixture (Syntol)
were used. The working concentration of primers and
probes was 10 and 5 pmol/uL, respectively. The real-
time PCR reaction was carried out in a DT-96 thermal
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cycler (DNA-Technology, Russia). The temperature-
time regime for real-time PCR was as follows: 95°C-5 min
(1 cycle); 62°C—-40 s; 95°C-15 s (40 cycles). Table 2
shows primers and probes synthesized by Syntol.
Determination of HAV hemagglutinating titer

Saline (50 pL) was added to each well of a 96-well
round-bottom plate. Then, 50 uL of samples were added
to the wells, and subsequent 2-fold dilutions were made.
After that, 50 uL of 0.5% erythrocyte mixture was added
to the wells and left at room temperature for 40 min. The
viral titer was expressed in agglutinating units.’

Virus titration at the endpoint
of the cytopathic effect
The viral titer was determined using the endpoint
assay to assess the cytopathic effect in the MDCK cells.
MDCK cells were seeded in 96-well plates at a density

of (1 x 10* cells/mL). After 2 days, the nutrient medium
was removed from the wells; 10-fold serial dilutions of
viral samples were added in a support medium without
trypsin and incubated for 4 days in a CO, incubator at
37°C. On the fourth day, the titration results were visually
recorded under a microscope for the presence of a
specific cytopathic effect for the influenza virus (change,
deformation, detachment of dead cells from the bottom
of the well). The viral titer was calculated according to
the method described in [34] and was expressed as the

logarithm of tissue cytotoxic doses—TCD,, .

Statistical data processing
The statistical significance of the results obtained
was assessed using the Mann-Whitney test. The
difference was considered significant if 0.01 < p < 0.05.
Reliability indicators were calculated using Psychol-ok®.

Table 2. Primers for real-time RT-PCR for the IAV M-gene

Primer Sequence
FLT4.1F AAUGACAUCUGAAUCUCAGAGdG
FLT4.1R CUGAGAUUCAGAUGUCAUUdTdA
FLT4.2F UGAAGUUCUGUUGAAAAAGAdAdC
FLT4.2R CUUUUUCAACAGAACUUCAdCdA
Nup98.1F UGAGUAUGUUAGACUAUUGdAdT
Nup98.1R CAAUAGUCUAACAUACUCAdCdC
Nup98.2F AUUAAGGUUCUUCAAAACCdAdA
Nup98.2R GGUUUUGAAGAACCUUAAUdJAdA
Nup205F UUAUUCACAUCAAUCUGUGdAdC
Nup205R CACAGAUUGAUGUGAAUAAATAG
IAV M F- GGAATGGCTAAAGACAAGACCAAT
1AV M R: GGGCATTTTGGACAAAGCGTCTAC
1AV M Pr: FAM AGTCCTCGCTCACTGGGCACGGTG-BHQI
GAPDH F AGCCACATCGCTCAGACAC
GAPDH R GCCCAATACG ACCAAATCC

*MU 3.3.2.1758-03 Methods for determining the quality indicators of immunobiological drugs for the prevention and diagnosis of
influenza. https://www.rospotrebnadzor.ru/documents/details.php?ELEMENT ID=4727 (Accessed August 27,2021).
¢ https://www.psychol-ok.ru/statistics/mann-whitney/ (Accessed August 05, 2021).
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RESULTS

Justification for the choice of siRNA targets

Three target genes were selected for siRNA
experiments. All three genes actively interact with the
influenza virus at several stages of its reproduction. The
FLT4 gene encodes the Epidermal Growth Factor (EGF)
receptor protein of the tyrosine kinase receptor. According
to Eierhoff, the EGF protein is actively involved in the
process of viral endocytosis [35]. Proteins Nup98 and
Nup205 (encoded by genes of the same name) import
and export viral mRNA from nucleoplasm [36, 37].

We tested the ability of the synthesized siRNAs to
suppress the expression of their target genes. Compared
to cells treated with nonspecific siRNA L2, gene
expression decreased by more than 80% on the first day
for each of the five siRNAs. Figure 1 shows the efficiency
of mRNA knockdown in A549 cells. Evaluation of the
suppression of gene expression was carried out using the
2-44¢T method.”

Influence of siRNA on the survival
of transfected cells

The survival rate of A549 cells transfected with
siRNA was measured within three days (Table 3). The
survival threshold was set at 70%, according to a similar
study [26]. After 24 h, the viability of cells treated
with siRNA remained practically unchanged. On the
second day, the survival rate of cells treated with all
siRNAs, except for Nup205 and siRNA L2, decreased
by 14-21%. The survival rate of untransfected cells
was taken as 100%. All values were normalized to the
mean optical density of untransfected cells at each time
interval following transfection. Treatment of cells with
siRNA did not decrease cell survival compared with the
negative control.

Influence of siRNA on hemagglutinating activity
Table 4 shows the changes in the hemagglutinating
titer of the influenza virus on day 3 in the
hemagglutination assay (HA). The hemagglutinating
activity in cells treated with siRNAs Nup205 and
FLT4.2 decreased 16 times compared to 8 times in cells

treated with siRNAs FLT4.1, Nup98.1, and Nup98.2.

Influence of siRNA on the titer of the virus

The next step was to determine whether the change
in the infectious titer of the virus was due to the siRNA’s
effect on the target genes. Within three days after
transfection, the supernatant was removed and then
titrated on a monolayer of MDCK cells in 96-well plates.
It was found that the use of all siRNAs at MOl = 0.1 led
to a significant decrease in viral reproduction compared
to siRNA L2. As seen in Fig. 1, virus titers increased

" Bradburn S. How to Perform the Delta-Delta Ct Method.
URL: https://toptipbio.com/delta-delta-ct-pcr/ (Accessed
August 27, 2021).

Gene knockdown, %
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FLT4.1 FLT4.2 Nup98.1 Nup98.2
siRNA

Fig. 1. Influence of siRNA on the expression
of genes FLT4, Nup98, and Nup205.

with time in nontransfected cell culture, reaching peak
values at 48 and 72 hours. The same was observed in cells
transfected with nonspecific siRNA L2. When the FLT4
gene expression was suppressed using FLT4.1 siRNA,
the viral titer decreased by about 0.9-1.0 1g TCD,,
compared to the control on the first, second, and
third day. With siRNA FLT4.2, there was a decrease
by 1.0 Ig TCD,,, , on the first day; however, there
was a decrease by 2.2 g TCD,,  on the second and
third day, compared to the control groups. Upon
transfection of siRNA to the Nup205 gene, the viral
titer decreased by 1.0 lg TCD, ~on the Ist day
and by 2.3 1g TCD,,  on the next day relative to
the control and nonspecific control. In cells treated
with Nup98.1 siRNA, a significant decrease in the
virus titer was observed (2.3 Ig TCD,, ) on the 2nd
day compared to the controls, while for Nup98.2, it
was 2.2 Ig TCD,, . on the 3rd day, compared to the
controls. The dynamics of changes in the viral titer
are shown in Fig. 2.

Influence of siRNA on the concentration
of viral RNA

The effect of siRNA on the concentration of viral
RNA is shown in Fig. 3. On the first day, a decrease
in the concentration of viral RNA was observed with
Nup98.1 siRNA (up to 190 times) and Nup205 siRNA
(up to 30 times) during real-time RT-PCR. A 29-fold
decrease in the VRNA concentration for Nup205 and
26-fold for Nup98.1 was noted on the second day.
While on the third day, the VRNA concentration
decreased by 6 and 30 times for Nup98./ siRNA and
Nup205 siRNA, respectively. For FLT4.2 siRNA,
the viral RNA concentration decreased by 23, 18,
and 16 times on the first, second, and third day,
respectively. In contrast, there was no significant
decrease in the concentration of viral RNA using
FLT4.1 siRNA on the first, second, and third days.
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Table 3. Cell survival after siRNA transfection in percentage, %

siRNA 1st day 2nd day 3rd day
FLT4.1 96 81 74
FLT4.2 94 80 81
Nup98.1 100 79 79
Nup98.2 97 86 87
Nup205 94 95 94
L2 94 99 99
K-(untranslated) 100 100 100

Table 4. Viral reproduction on the 3rd day according to HA data

Viral reproduction to HA (log,)

siRNA
A/WSN/33 (MOI = 0.1)
FLT4.1 1:8
FLT4.2 1:4
Nup98.1 1:8
Nup98.2 1:8
Nup205 1:4
K-(L2) 1:64
K-14V 1:64
DISCUSSION correlation between the expression of cellular genes and

Influenza is an acute infectious respiratory
disease caused by viruses of the Orthomyxoviridae
family. Diseases caused by the influenza virus are one
of the most pressing global public health problems
today. The search for new anti-influenza medication
is relevant because the influenza virus rapidly
develops resistance to known specific anti-influenza
drugs [38].

In this work, we performed a series of cell culture
experiments to assess the anti-influenza activity of
small interfering RNAs directed at FLT4, Nup98,
and Nup205 genes. A pronounced antiviral activity
of siRNAs directed to the mRNA of these genes was
observed, and consistent data were obtained on the

viral reproduction, assessed by different methods (virus
titration by cytopathic effect, real-time RT-PCR, HA).

An important factor for the successful use of
siRNA is that the knockdown of the target gene should
not affect the vital activity of cells. siRNAs targeting
the genes FLT4, Nup98, and Nup205 did not decrease
cell viability below the threshold level of 70%, by
analogy with the paper [26].

The use of siRNAs to suppress the expression
of cellular genes to reduce viral reproduction has an
advantage over siRNAs directed to the whole viral
genome. Thisis dueto the fact that influenza viruses have
a higher tendency for mutational variability that often
leads to substitutions of nucleotide sequences in their
genome [39]. This can cause siRNA to be ineffective
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toward the virus since even a single substitution in the
target RNA sequence can completely neutralize the
action of siRNA [43]. For example, the ability to elude
the action of siRNA was experimentally demonstrated
in a model of HIV-1 infection, where nucleotide
substitutions occurred in the tat, nef, int, and att genes
[41]. In view of this, A. Karlas and M. Lesch suggest
that using siRNAs directed at the cellular genome is
more justified since the possibility of an alternate viral
reproduction pathway is very low [30]. The promise of
this approach—based on the suppression of the activity
of cellular genes necessary for the reproduction of the
influenza virus—has been shown in several independent
studies [26, 30, 42, 43].

CONCLUSIONS

Currently, there remains a need to create highly
effective drugs to treat influenza and its complications.
The present study shows that siRNAs directed to cellular
genes that play essential roles in viral endocytosis and
nuclear import and export of VRNA significantly reduce
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