Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(2):140-151

BIOCHEMISTRY AND BIOTECHNOLOGY

BHOXHMMHSI ©H BHOTEXHOAOTI'US

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2022-17-2-140-151 [®)sy |
UDC 615.275.2

RESEARCH ARTICLE

Investigation of the anti-influenza activity of siRNA complexes
against the cellular genes FLT4, Nup98, and Nup205 in vitro

Evgeny A. Pashkov!%*/, Maria O. Korotysheva!, Anastasia V. Pak!,

Evgeny B. Faizuloev?, Alexander V. Sidorov?, Alexander V. Poddubikov?,
Elizaveta P. Bystritskaya?, Yuliya E. Dronina’3, Viktoriia K. Solntseva’,

Tatiana A. Zaiceva', Evgeny P. Pashkov!, Anatoly S. Bykov!, Oxana A. Svitich'?,
Vitaliy V. Zverev'2

!I.M. Sechenov First Moscow State Medical University (Sechenov University), Moscow, 119991 Russia
2I. Mechnikov Research Institute of Vaccines and Sera, Moscow, 105064 Russia

3N.F. Gamaleya National Research Center for Epidemiology and Microbiology, Moscow, 123098 Russia
“Corresponding author, e-mail: pashckov.j@yandex.ru

Abstract

Objectives. Evaluation of changes in the viral activity of influenza A/ WSN/33 after complex
knockdown of combinations of cellular genes FLT4, Nup98 and Nup205 in human lung cell
culture A549.

Methods. The work was carried out using the equipment of the Center for Collective Use of the
I Mechnikov Research Institute of Vaccines and Sera, Russia. The authors performed transfection
of combinations of small interfering ribonucleic acid (siRNA) complexes that cause simultaneous
disruption of the expression of cellular genes FLT4, Nup98, and Nup205. Within three days from
the moment of transfection and infection, the supernatant fluid and cell lysate were taken for
subsequent viral reproduction intensity determination using the titration method for cytopathic
action. The dynamics of changes in the concentration of viral ribonucleic acid (VRNA) was
determined by real-time reverse transcription polymerase chain reaction (real-time RT-PCR). The
nonparametric Mann-Whitney test was used to calculate statistically significant differences
between groups.

Results. Using all of the combinations of siRNA complexes, cell viability did not decrease below
the threshold level of 70%. In cells treated with complex FLT4.2 + Nup98.1 + Nup205 at the
multiplicity of infection (MOI) equal to 0. 1, a significant decrease in viral reproduction by 1.5 lg was
noted on the first day in relation to nonspecific and viral controls. The use of sSiRNA complexes at
MOI 0.01 resulted in a more pronounced antiviral effect. The viral titer in cells treated with siRNA
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complexes FLT4.2 + Nup98.1 and Nup98.1 + Nup205 decreased by 1.5 lg on the first day. In
cells treated with complexes FLT4.2 + Nup205 and FLT4.2 + Nup98.1 + Nup20S5, it decreased by
1.8 and 2.0 lg on the first day and by 1.8 and 2.5 lg on the second day, respectively, in relation
to nonspecific and viral controls. When conducting real-time RT-PCR, a significant decrease in
the concentration of VRNA was noted. At MOI 0.1, a 295, 55, and 63-fold decrease in the viral
load was observed with the use of siRNA complexes FLT4.2 + Nup98.1, Nup98.1 + Nup205, and
FLT4.2 + Nup98.1 + Nup205, respectively. On the second day, a decrease in vRNA was also
observed in cells treated with complex A. A 415-fold decrease in URNA on the third day was noted
in cells treated with complex FLT4.2 + Nup205. At MOI 0.01, the concentration of URNA decreased
9.5 times when using complex B relative to nonspecific and viral control.

Conclusions. The study showed a pronounced antiviral effect of siRNA combinations while
simultaneously suppressing the activity of cellular genes (FLT4, Nup98, and Nup205), whose
expression products are playing important role in the viral reproduction process, and obtained
original designs of siRNA complexes. The results obtained are of great importance for the creation
of emergence prophylactic and therapeutic drugs, whose action is based on the mechanism of
RNA interference.
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AnHOomauyus

ITenu. OuyeHka usmeHeHusl supycHoli axmusHocmu epunna A/ WSN/33 nocne komnnexcHoz2o
HOKOayHa KombuHayull kiemouHblx 2eHo8 FLT4, Nup98 u Nup205 e Kysnbmype Jie20uHblX Kie-
mox uenosexa A549.
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Memoowst. Paboma 8blnoIHEeHA C UCNONb308aHUEM 000PYO08AHUSL UEeHMPA KOJLEKMUBHO20 NOJlb-
308aHust HayuHro-uccnedosamenbckozo uHcmumyma 8aKyuH U celeopomor um M.H. Meururxosa
(Poccust). Aemopamu 8btnonHanace mpaHcgekyus kombuHayuii komnnexcoe mMuPHK, evi3biea-
rouWUX 00HOBpPEeMEeHHOe HapyuleHue sKecnpeccuu kaemourvlx 2eHog FLT4, Nup98 u Nup205. B
meueHue mpex OHell ¢ MOMEeHMA MPAHCPEKYUU U 3aparxeHust NPoeoouscst ombop Haodocaoou-
HOU JKuoKoCcmu U K/lemouHo20 Au3ama Ot nociedyrouiezo onpedeseHuss UHMeHCU8HOCMmU 8U-
PYCHOU penpodyKyuu no memody mumpoeaHus no yumonamuueckomy oeticmauro. JJuHamury
U3MeHeHUsT KOHUeHmMpayuu eupycHoili puboHyrreurogoll kuciomel (6PHK) onpedensnu memo-
dom 06pamHOU MPAHCKPUNYUUU U NOAUMEPA3HOU UenHol peakyuu 8 peskume peaibH0o20 epe-
MmeHu (OT-IIL[P-PB). /Ins ebluucaeHuss cCmamucmuuecku 3HAQUUMbLX PAs3iudull Meskoy spynnamu
ucnoswv3osanu Henapamempuueckuii kpumepuii MaHHa-YumHu.

Pesynoemamet. [Ipu ucnonv308aHUU 8CeX KOMOUHAUUL KOMNIEKCO8 MAbLX UHMepgepupyro-
wux PHK (MmuPHK) >ku3HecnocobHocms Kiemok He CHUXKALACL HU Ke Nopo208020 YyposHst 8 70%.
B knemxax, obpabomaHHblx Komnaekcom FLT4.2 + Nup98.1 + Nup205 npu mHoxKecmaeHHOCMU
sapaxenust (Multiplicity of infection, MOI) 0.1 docmogepHoe CHUXKeHUe 8UPYCHOU penpodyKyuu
Ha 1.5 lg ommeuanocs Ha nepeble CYymrKuU NO OMHOUWEHUIO K Hecneyuguueckomy u 8UpycHomMy
Konmpoasm. Mcnoavzoearue komnaerxcos muPHK npu MOI 0.01 npugoduno K 6osee 8blparkeH-
HOMY NPOMUBOBUPYCHOMY d¢pperxmy. BupycHolli mump 8 Kiemkax, o6pabomaHHblX KOMNIEeK-
camu muPHK FLT4.2 + Nup98.1 u Nup98.1 + Nup205 cHurkancst Ha nepsvle cymrku Ha 1.5 Ig.
B rniemkax, obpabomaHHblx kKomnaekcamu FLT4.2 + Nup205 u FLT4.2 + Nup98.1 + Nup205
cHwkancst Ha 1.8 u 2 lg Ha nepeble cymku u Ha 1.8 u 2.5 lg Ha emopble cymKu coomeemcmeeH-
HO NO OMHOWEHUIO K Hecneyuguueckomy u eupycHomy rkoHmpoasm. Ilpu nposederuu OT-TIL[P-PB
omwmeueHo docmogepHoe CHU KeHue KoHyeHmpayuu supycHoti PHK. ITpu MOI 0.1 cHukeHue 8u-
pycHotii 8 295, 55 u 63 pasa ommeuancst npu ucnosbzosaruu Komnaerxcos MuPHK FLT4.2 + Nup98.1,
Nup98.1 + Nup205 u FLT4.2 + Nup98.1 + Nup205 coomeemcmeeHHo. Ha emopsle cymru cHuxe-
Hue supycHotli PHK maxike ommeuaniocs 8 Kiemrkax, 0opadomaHHblx komnaexcom FLT4.2 + Nup98.1.
Cruwxenue ePHK Ha mpemvbu cymku 8 415 paz ommeuanoce 8 kiemkax, 06pabomaHHbLX KOM-
nnexkcom FLT4.2 + Nup205. IIpu MOI 0.01 korHuermpayusi ePHK crHusunace 8 9.5 pas npu uc-
noanvsoearuu komnnerxca Nup98.1 + Nup205 omHocumenvbHO Hecheyuguueckozo U 8UpPYCHO20
KOHMPOSL.

Bwteooust. B xode uccredosarust 6bll NOKA3AH 8bPAsKEeHHbLI NPOMUBOSUPYCHBLIL aghpexm Kom-
6urayuii MuPHK npu 00HO8BpemeHHOM nooasleHuUu aKmueHocmu kaemouHvlx 2eHos (FLT4,
Nup98 u Nup205), ubu npodyKmsl sKCnpeccul uzparm ea’kKHoe yuacmue 8 npoyecce 8UPYCcHOU
penpooyKyuu, a makrke NoAYyueHbl OPpULUHAIbHbLE KOHCcmpykyuu komnaekxcoe MuPHK. ITony-
UEeHHble pe3ylbmambl UMerm 8ArKHOe 3HaueHUe 05t CO30AHUSL Npenapamog 0Nk SKCMpPeHHO
npogunaKkmuku u mepanuu, ube oeticmeue 0cHO8aHO Ha mexaHusme PHK-unmepgeperyuu.

Knroueewle cnoea: PHK-unmepgeperyusi, supyc spunna A, skcnpeccus eeHos, mampuuHas PHK,
Mmanele uHmepgepupyrowue PHK, supycras PHK
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INTRODUCTION

The influenza virus is the cause of the most
common anthroponotic infections affecting the
upper respiratory tract. According to the World
Health Organization, in 2021, up to 1.2 billion of
new cases of influenza infection, up to 5 million
cases of severe illness, and up to 650000 deaths were

observed worldwide'. Influenza A virus, which has
high clinical significance and significant pandemic
potential, poses an increased threat to global health
[1]. Additionally, influenza complications can affect
organ systems such as the central nervous,

' https://www.euro.who.int/ru/media-centre/events/
events/2021/10/flu-awareness-campaign-2021
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genitourinary, and cardiovascular systems. The risk
of developing bacterial and fungal post-influenza
complications is also no exception [2-5].

The continued threat of new epidemics and
pandemics demonstrates that the progress made in the
development of health infrastructure, even in the most
developed countries, does not guarantee the protection
of the population from newly emerging infections
[6]. It is known that during outbreaks of bacterial
infections, the answer to such challenges is sought
in the development of new variants of antibacterial
drugs. In the case of viral infections, today there
are practically no approaches for the emergency
development and creation of drugs. Some examples
of the successful solution of this problem (human
immunodeficiency virus protease inhibitor Lopinavir
for the treatment of human immunodeficiency virus
(HIV) infection; inhibitors of non-structural protein
5B—Sofosbuvir, Dasabuvir—for the treatment of
infection caused by the virus hepatitis C) show that
the development of emergency targeted antiviral
drugs takes a long time, and the high cost of
development makes them inaccessible for widespread
use [7-9].

In parallel with this, the use of many
anti-influenza drugs aimed at the therapy and
prevention of this infection does not bring the
desired result due to the fact that new viral strains
resistant to these drugs are detected annually [10].
Modern vaccines also do not guarantee complete
disease protection, since they do not always cause
a sufficient immune response, against which
the acquired immunity lasts only 6 months [11].
It should be borne in mind that influenza vaccines
must be recycled every year, since new influenza
virus strains appear every year, which reduces
the effectiveness of previously created vaccines.
In addition, vaccination is difficult for people who
are allergic to egg white, as well as for people with
immunodeficiency [12—15]. In summary, the creation
of a universal platform for the rapid development
of cost-effective and safe therapies for viral
infections is of obvious relevance for ensuring
human safety since this will allow creating approaches
to control the circulation of influenza viruses
pathogenic to humans.

Ribonucleic acid (RNA) interference (RNAI,
RNAi) is a sequence of regulatory reactions
in eukaryotic cells caused by a foreign double-
stranded RNA molecule. The mechanism of
RNA interference is the separation of exogenous
double-stranded RNA into small sequences by
Dicer endonuclease, which are small interfering
RNAs (siRNAs). After that, siRNA binds to
the RNA-induced gene shutdown complex
(RNA-induced silencing complex or RISO),

which  includes three proteins:  Argonaut-2
(Ago2), the cellular protein activator of protein
kinase R or protein activator of the interferon-
induced protein kinase (PACT), and the transactivation
response element RNA-binding protein (TRBP).
The resulting complex degrades the target matrix
RNA (mRNA) [16, 17].

To date, there is a trend towards the creation
of drugs based on the RNA interference mechanism.
Patisiran and Givosiran, which are used in the
treatment of genetically determined diseases—
amyloid polyneuropathy and acute hepatic
porphyria—have already received approval for
clinical use [18, 19]. There are also a number of
antiviral drugs in various stages of clinical trials
for the treatment of hepatitis C, respiratory syncytial
virus (RSV) infection, and HIV infection [20, 22].

It should be kept in mind that one of the main
factors that reduces the antiviral activity of RNA
interference is the ability to “escape” from siRNAs
specific to viral genes [23]. In view of this, the most
important feature of the applied approach based on
RNA interference inducers, which makes it possible
to avoid the emergence of resistance of the virus
to therapy, is the simultaneity of the therapeutic
effect and the multiple targets of the destructive
effect of synthetic oligonucleotides on the host cell
transcripts, which are vital for the reproduction
of the virus.

Since the antiviral effect of a single knockdown
of cellular genes using siRNA was previously shown
[24, 25], the purpose of this study is to experimentally
substantiate and evaluate the effectiveness of the
simultaneous knockdown of two or more cellular
genes (FLT4, Nup98, and Nup205) in order to reduce
the reproduction of the influenza A/WSN/33 virus
(HINT) in A549 cell culture.

MATERIALS AND METHODS

siRNA
The selection of siRNAs was carried out using
the siDirect 2.0 resource. Oligoribonucleotides

(Syntol, Russia) were diluted with water to a
concentration of 100 pmol/uL. Next, complementary
oligonucleotides (Syntol, Russia) were mixed,
incubated in a thermostat at 60°C for 1 min, then
cooled to room temperature. The 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 used are
presented in Table 1. As a nonspecific control, siL2
siRNA was used, which is specific to the firefly
luciferase gene and does not affect the life cycle of
A549 cells.
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Table 1. siRNA sequences used in the work

siRNA

Sequence

FLT4.2

UGAAGUUCUGUUGAAAAAGdAdC
CUUUUUCAACAGAACUUCAdCdA

Nup98.1

AGUCUUUGUUUCAGAAAGCAGdC
GCUUUCUGAAACAAAGACUdCdA

Nup205

UCAAAAUCUUAUCAAGAAGAGAT
CUUCUUGAUAAGAUUUUGAdAAG

siL2 (nonspecific siRNA)

UUUCCGUCAUCGUCUUUCCATAT
GGAAAGACGAUGACGGAAAATAT

Virus

Influenza A/WSN/33 (HIN1) virus (St. Jude's
Children’s Research Hospital, USA) was used in the
work. Cultivation and determination of the virus titer
was carried out on a cell culture Madin-Darby Canine
Kidney (MDCK).

Cell culture

Cocker spaniel kidney cells MDCK (/nstitut
Pasteur, France) and human lung adenocarcinoma
cells A549 (ATCC, USA) were used in the work.
MDCK cells were grown in MEM medium (PanEco,
Russia) containing 5% Gibco fetal bovine serum
(ESC) (Fisher Scientific, New Zealand), 40 upg/mL
gentamicin (PanEco, Russia), and 300 pg/mL
L-glutamine (PanEco, Russia) at 37°C in a CO,
incubator. A549 cells were grown in DMEM medium
(PanEco, Russia) containing 5% ESC, gentamicin
40 pg/mL, and L-glutamine 300 pg/mL at 37°C in a
CO, incubator.

MTT test

The survival of A549 cells treated with
siRNA complexes was assessed using the
methylthiazolyltetrazolium bromide (MTT) test. On
days 1, 2, and 3 after transfection, 20 pL of MTT
solution at a concentration of 5 mg/mL (PanEco,
Russia) was added to the wells with cells of a
96-well plate and incubated at 37°C in an atmosphere
of 5% CO, for 2 h. Next, the culture liquid was
taken and added to the wells, 100 pL of isopropanol
(Sigma-Aldrich, USA) in each well. Using a plate
spectrophotometer  (Varioscan, Thermo  Fisher
Scientific, USA), the optical density of each well was
determined at 530 nm, considering the background
values at 620 nm.

Transfection of siRNA cells followed by infection

For transfection of siRNA complexes, A549
cells were seeded in 24-well plates at a seeding
concentration of 1:3. After the formation of 80% cell
monolayer, the cells were washed with phosphate-
buffered saline and serum-free Opti-MEM medium
(Thermo Fisher Scientific). Next, a mixture of
Lipofectamin 2000 (Thermo Fisher Scientific) and
Opti-MEM was added to the siRNA solution in
Opti-MEM medium and incubated at room temperature
for 20 min. The total concentration of each of the
four siRNA complexes required for gene knockdown
was 20 pmol/uL per well. The compositions of
siRNA complexes and their sequences are listed in
Tables 1, 2, and 3, respectively. After incubation, the
complexes were added to the cells. siL2 siRNA was
used as a nonspecific control. The cells were then
incubated at 37°C in a CO, incubator. After 4 h, the
culture medium was removed from all wells, except
for the negative control. Then, 0.5 mL of virus-
containing liquid with a multiplicity of infection
(MOI) of 0.1 and 0.01, consisting of DMEM medium,
0.001% tosyl phenylalanyl chloromethyl ketone
(TPCK) (Sigma-Aldrich, Germany), and 40 pg/mL
gentamicin was added. After that, the cells were
again placed in a CO, incubator. Over the next three
days, supernatant samples were taken for subsequent
titration and a cell lysate was taken to assess the viral
RNA (VRNA) concentration dynamics by real-time
reverse transcription polymerase chain reaction (real-
time RT-PCR).

VRNA detection

VvRNA was isolated from the cell lysate using
a Ribosorb kit (Helicon, Russia). The OT-1 reagent
kit (Syntol, Russia) was used to set up the reverse
transcription reaction. Changes in the concentration
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Table 2. Complex siRNA used in the work

Complex siRNA Composition of complex siRNA
Complex A FLT4.2 + Nup98.1
Complex B Nup98.1 + Nup205
Complex C FLT4.2 + Nup205
Complex D FLT4.2 + Nup98.1 + Nup205

Table 3. Primers for real-time RT-PCR of the influenza A virus (IAV) M-gene

Primer Sequence
IAV M F: GGAATGGCTAAAGACAAGACCAAT
TAV M R: GGGCATTTTGGACAAAGCGTCTAC
TIAV M Pr: FAM AGTCCTCGCTCACTGGGCACGGTG-BHQI

of VRNA were monitored by quantitative real-time
RT-PCR with a set of primers and probes for the
M gene of the influenza A virus (IAV) [26]. Real-
time polymerase chain reaction (PCR was performed
using a set of reagents for real-time PCR in the
presence of EVA Green dye and ROX reference
dye (Syntol, Russia). The working concentration of
primers and probes was 10 pmol/puL and 5 pmol/pL,
respectively. The real-time PCR reaction was carried
out in a DT-96 amplifier (DNA technology, Russia).
The temperature-time regime was 95°C—5 min
(1 cycle); 62°C—40 s, 95°C—15 s (40 cycles).
Primers and probes (Synthol, Russia) are presented
in Table 3.

Virus titration at the endpoint
of the cytopathic effect

The viral titer was determined by the extreme
point of the visual manifestation of the cytopathic
effect in the MDCK cell culture. MDCK cells
were seeded into 96-well plates at an inoculum
concentration of 1-10%cm? Two days later, the
nutrient medium was removed from the wells,
10-fold serial dilutions of the viral material were
added in a maintenance medium without trypsin, and
incubated for four 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). Viral titer was calculated
from [27] and expressed as the decimal logarithm of
50% tissue cytopathic doses in mL (IgTCD

SO/mL)'

Statistical data processing

The statistical significance of the results obtained
was determined using the Mann—Whitney test. The
difference was considered significant at p < 0.01 and
p <0.05.

RESULTS

Effect of siRNA complexes on the survival
of transfected cells

The survival rate of A549 cells transfected with
siRNA was assessed for three days. By analogy
with [28], the survival threshold was set at 70%.
After 24 h, the viability of cells treated with
complexes C and D decreased by 15%—17%. On the
second day, the survival rate of cells treated with the
same complexes did not practically change, however,
the toxicity of complexes A and B for cells was
24% and 21%, respectively. On the third day,
cell survival rates practically did not change. The
survival rate of nontransfected cells was taken as
100%. Survival values were normalized to the mean
absorbance of nontransfected cells at each respective
time interval after transfection. The data obtained
is presented in Table 4.

Effect of siRNA complexes on virus titer

In order to assess the viral activity dynamics,
titration of the virus-containing liquid was carried
out on MDCK cells, which was taken within three
days from the moment the siRNA complexes were
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introduced into the A549 cell cultures. The data shown
in Fig. 1 indicates the ability of siRNA complexes
to reduce the reproduction of the influenza virus
in vitro. Figure 1a shows the decrease in viral titer at
MOI = 0.1. It was found that at this MOI value, the
use of the siRNA complex directed to the FLT4,
Nup98, and Nup205 genes led to a significant
decrease in viral reproduction by 1.5 1gTCD,, ~on
the firstday compared tosiL2 siRNA. Innontransfected
cell culture, virus titers increased over time, reaching
peak values at 48 and 72 h. The same was noted
in cells transfected with nonspecific siL2 siRNA.
Figure 1b shows that at MOI = 0.01, the viral titer in
cells treated with the A and B complexes significantly
decreased on the first day by 1.5 IgTCD,, = relative to
control (p < 0.05). The use of the C and D complexes
led to a significant decrease in viral titer by 1.8
and 2.0 IgTCD,,, ~on the first day and by 1.8 and
2.5 1gTCD,,,  on the second day (p < 0.05),
respectively, according to the controls compared.

Influence of siRINAs on the vRNA concentration

Figure 2 shows the effect of siRNA on vVRNA
concentration in vitro. To assess the change in the
concentration of VvRNA, real-time RT-PCR was
performed. Figure 2a shows that at MOI = 0.1, the
use of the A, B, and D complexes led to a significant
decrease in VRNA on the first day compared to
siL2 siRNA at 295, 55 and 63 times, respectively
(» < 0.05). On the second day, a 205-fold decrease
in VRNA was observed in cells transfected with the
A complex (p < 0.05). When using the C complex,

Table 4. Cell survival after siRNA transfection in %

a 415-fold decrease in VRNA was noted on the third
day (p <0.05). Figure 2b shows that the concentration
of VRNA in cells with MOI = 0.01 decreased by
9.5 times on the first day when using the B complex
(p < 0.05) compared with nonspecific control.

DISCUSSION

This work is a continuation of studies on
the evaluation of the antiviral activity of single
knockdowns of the above cellular genes by means
of siRNA, carried out by the authors earlier [21, 22].
A series of experiments was carried out to evaluate
the efficiency of simultaneous knockdown of several
cellular genes using siRNA complexes directed to
the FLT4, Nup98, and Nup205 genes. A pronounced
antiviral effect of siRNAs directed simultaneously
to several mRNAs of these genes was shown, and
data were obtained indicating a correlation between
a decrease in cellular gene expression and a decrease
in viral reproduction. To assess the effectiveness of
siRNA complexes, two methodological approaches
were used: virus titration by the cytopathic effect and
real-time RT-PCR, which were consistent with each
other. In addition to the effective gene expression
reduction, an important criterion for the use of
siRNAs or their complexes is their low effect on the
vital activity of cells as a result of knockdown of one
or more target genes.

It was found that siRNA compositions directed
simultaneously to the FLT4, Nup98, and Nup205
genes did not reduce cell viability below the

siRNA complex 1% day 2" day 3 day
Complex A 98 76 75
Complex B 97 79 73
Complex C 85 84 86
Complex D 83 78 81
siL2 (nonspecific) 98 84 95
K-(nontransfect.) 100 100 100
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Fig. 1. (a) Multiplicity of infection (MOI) = 0.1; (b) MOI = 0.01. Influence of siRNAs complexes
(A —FLT4.2+ Nup98.1; B— Nup98.1 + Nup205; C — FLT4.2 + Nup205; D — FLT4.1 + Nup98.1 + Nup205)
directed to the FLT4, Nup98, and Nup205 genes on the reproduction of the influenza virus
(on the graph, the data are given in log, ).
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Fig. 2. (a) Multiplicity of infection (MOI) = 0.1; (b) MOI = 0.01. The effect of siRNA complexes (A, B, C, and D)
on the concentration of VRNA (on the graph, the data are given in log, ).

threshold level of 70%, similarly to [28]. When
titrating the virus by the cytopathic effect, the
following decrease in viral activity was noted. At
MOI=0.1, a significant decrease in viral reproduction
by 1.5 1gTCD,, , was noted only when the D
complex was used on the first day with respect to
nonspecific siL2 siRNA. The best result was noted at a
multiplicity of infection of 0.01. Table 2 shows that at
MOI = 0.01, the viral titer in cells treated with the
A and B complexes significantly decreased on the
first day by 1.5 1gTCD,, relative to the control
(p < 0.05). The use of the C and D complexes led
to the significant decrease in viral titer by 1.8 and
2.0 IgTCD,,,  on the first day and by 1.8 and
2.5 1gTCD,,,  on the second day (p < 0.05),
respectively, compared with controls. According to
the results of real-time RT-PCR, there was a decrease
in the amount of VRNA in the cells treated with

complexes compared to controls. At MOI = 0.1, the
use of the A, B, and D complexes led to a significant
decrease in VRNA on the first day compared to
siL2 siRNA by factors of 295, 55, and 63,
respectively (p < 0.05). On the second day, a similar
effect was noted in cells treated with the A complex.
When using the B complex, a 415-fold decrease
in VRNA was noted on the third day. Table 4
shows that the concentration of vVRNA in cells with
MOI = 0.01 decreased on the first day by 9.5 times
when the B complex was used (p < 0.05) compared
with the nonspecific control. It should be noted
that the accumulation of VRNA is apparently
associated with the fact that a partial synthesis
of VRNA was carried out, but there was no assembly
of the virion. Against this background, the
accumulation of VRNA occurred in vitro. Similar
results were shown in the paper [29].
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CONCLUSIONS

Today, the issue of creating safe and effective
drugs for the treatment and prevention of influenza
and its complications is of great importance. In
the present study, the data were obtained that the
simultaneous knockdown of several cellular genes
that play important roles in the process of viral
endocytosis and nuclear import/export of VRNA using
the siRNA complexes significantly and effectively
reduced the reproduction of the influenza virus
in vitro. Effective suppression of viral reproduction
was noted when using the siRNA complex directed
to all three genes at once. This indicates that the
violation of viral reproduction simultaneously at
different stages leads to the great effect and, as
a result, to a decrease in viral activity. The results
obtained make it possible to recommend siRNAs
directed to cellular genes for research as potential
drugs for emergency prevention and treatment of
influenza in an animal model of infection. In parallel,
the results obtained contribute to the development
of principles for the rapid design and development
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