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Abstract

Objectives. To evaluate the dynamics of the expression level of IL-18 and IL-28f3 (IFN-A3) genes
as a result of complex knockdown of some cellular genes, whose expression products play an
important role in the reproduction of the influenza virus.

Methods. Following the collection of virus-containing liquid and cell lysate within three days
from the moment of transfection and infection, the intensity of viral reproduction was assessed
using the cytopathic effect titration method. The concentration of viral ribonucleic acid (VRNA)
and change in the expression of IL-1f3 and IL-28f3 (IFN-A3) were determined by real-time reverse
transcription quantitative polymerase chain reaction (real-time RT-qPCR). The nonparametric
Mann-Whitney test was used to statistically calculate significant differences between groups.
Results. The use of each small interfering ribonucleic acid (siRNA) complex led to a decrease
in viral reproduction on the first day at the multiplicity of infection (MOI) of 0.001. The use of
complex A (FLT4.2 + Nup98.1) and D (FLT4.2 + Nup98.1 + Nup205) led to a decrease in viral titer
by 2.8 lgTCID,,/mL and by 2.1 lgTCID,,/mL relative to the use of nonspecific L2 siRNA and viral
control (p < 0.05). Transfection of complexes B (Nup98.1 + Nup205) and C (FLT4.2 + Nup205) also
reduced the viral titer by 1.5 lgTCID,,/mL and 1.8 IgTCID, /mL relative to nonspecific L2 siRNA
and viral control (p < 0.05). When conducting real-time RT-qPCR, a significant decrease in the
concentration of viral RNA was also noted. When using complexes B, C, and D, the concentration
of vURNA decreased on the first day by 14.5, 4.1, and 15 times, respectively. On the second
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day, a decrease in URNA was observed in cells with B and D complexes by 17.1 and 18.3 times
(p < 0.05). Along with a decrease in the viral titer and vRNA, an increase in the expression of the
IL-1f3 and IL-283 genes was observed on the first day when using all sSiRNA complexes relative
to nonspecific and viral controls (p < 0.05). On the second day, an increase was also observed in
cells with A and D complexes, while on the third day, there was an increase in the expression of
these genes in cells with complex D (p < 0.05).

Conclusions. The use of siRNA complexes is shown to have a pronounced antiviral effect while
simultaneously suppressing the activity of cellular genes (FLT4, Nup98 and Nup205). In parallel,
the transfection of complexes that block the formation of expression products necessary for viral
reproduction is demonstrated to lead to an increase in the level of expression of the IL-13 and
IL-28p genes. These results indicate not only that the use of siRNA has antiviral activity, but also
immunomodulatory activity, which can contribute to a more effective immune response of the
body.

Keywords: RNA interference, IL-1f3, influenza A virus, IFN-A3, gene expression, siRNA,
pro-inflammatory cytokines, IL-284, viral RNA
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AHHOMaAyus

Ienu. OyeHumb OuHAMUKY YposHs sKcnpeccuu 2eHos IL-13 u IL-28f3 (IFN-A3) e pesynsmame
KOMNLEKCHO20 HOKOAYHA HEKOMOPbLX KAEMOUHbLX 2eH08, Ubl NPOOYKmMblL IKCNPeccuu uzparom
BAIKHYIO POSb 8 penpoOyKUUU supyca 2punnd.

MemooutL. Bupyccodeprkauiyto HKU0KoCms U KAeMOUHbL Au3am ombupanu 8 meueHue 3-x oHell
C MOMeHMAa MpaHCheKUUU U 3aparKeHust U OUeHUBANIU UHMEeHCUBHOCMb 8UPYCHOT penpodyKyuu
Mmemodamu mumpoeaHus no yumonamuueckomy oeticmsuro. KoHyeHmpayuro eupycHoii pubo-
HyKkeurosoll kucnomut (6PHK) u usmenerue sxcnpeccuu IL-13 u IL-28 (IFN-A3) onpedensiiu
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MemoooMm 06pamHOU MPAHCKPUNUUU U NOAUMEPA3HOT UEeNnHOU peakyuu 8 pexume peaibHo20
epemeHu (OT-IIL[P-PB). /Ins 8bluUC/eHUSL CMAMUCMUUECKU 3HAUUMBIX PA3AUUUT MeXK0Y 2pynna-
MU UCNONB308ANU Henapamempuueckuii kpumepuii MaHHa-YumHu.

Pesynemameot. HcnonwsosaHue Ka2K0020 Komnaekca manblx uHmepgepupyrowux PHK (mMuPHK)
Nnpueoouno K CHUIKEHUN BUPYCHOU penpodykuuu Ha l-e cymrku npu MHOI)KEcmeeHHOCmu
3aparxerust 0.001. IIpumereHue komnnexcog A (FLT4.2 + Nup98.1) u D (FLT4.2 + Nup98.1 +
Nup205) npugoouso kK cHusxKeruo gupycrozo mumpa Ha 2.8 lgTL/,,/ ma u na 2.1 lgTL/, ,/ ma
omHocumenbHo npumeHeHust Hecheyuguueckoii MmuPHK L2 u eupycHozo konmposas (p < 0.05).
Bpesynemame mparcgeryuu komnnekcos B(Nup98. 1+ Nup205)u C(FLT4.2+Nup205)supycHulii
mump marxoke cHuxancs Ha 1.5 gTH/A, / mau 1.8 lgTL/, / ma coomeemcmeeHHO OMHOCUMENbHO
Hecneyuguueckoli MmuPHK L2 u eupycHozo koHmpoxas (p < 0.05). IIpu nposederuu OT-IIL[P-PB
maxoke 6blL1o ommeueHo docmogepHoe YymeHbuleHue koHuenmpayuu ePHK. ITpu ucnosws3ogaHuu
romnnercos B, C u D koHuenmpayust 8PHK cHuxxanace Ha 1-e cymrxu 8 14.5, 4.1 u 15.0 pa3 coom-
eemcmeeHHo. Ha 2-e cymku 8 knemkax ¢ komnaiekcamu B u D Habnrodanocs ymeHvuleHUe KOH-
ueHmpayuu 6PHK 6 17.1 u 18.3 pas (p < 0.05). Hapsidy co cHuxkeHuem supycHozo mumpa u ePHK
Habnrooanoce nosvluleHue sxenpeccuu 2eHos IL-13 u IL-28f Ha 1-e cymiku npu UCnosb308AHUU 8CEX
romnnerxcoe MuPHK omHocumenvHO Hecneyuguueckozo u eupycHozo konmpoas (p < 0.05). Ha
2-e cymru maroke Hab00ANI0Cb NO8bLULEHUE FIKCNPECCUU 8 KIemKax ¢ Komnaerxcamu A u D, a Ha
mpemuu — 8 Kiemkax ¢ komnnexcom D (p <0.05).

Boreoodst. HccnedosaHue nokasasio, umo npumeHeHue rkommnueikcoe MuPHK npueodum K &bl-
PAIKEHHOMY NPOMUBOSUPYCHOMY 3hhexmy npu 00HOBPEeMEHHOM No0aeNeHUU OKMUBHOCMU
rKnemouHwblx 2eHo8 (FLT4, Nup98 u Nup205). IlapannenbHo ¢ amum 6bL10 8blsi8leHOo, umo npu
mpaHcheryul Komniexcos, b1oKupyrouux obpaszosarue npooyKkmoe IKCnpeccuul, Heobxooumblx
0151 8UPYCHOUL penpodyKyuu, nogsvluiaemest YypogeHs sxcnpeccuu eeHos IL-13 u IL-28f3. /laHHble
pesyabvmamel ceudemenbCcmayrom o mom, umo ucnosavsyemoie MuPHK obradarom He mosbKo
NnpomugosuUpPYCHOU, HO MaKIKe U UMMYHOMOOYAuUpyrouell akmusHocmysio, umo cnocobcmayem
b6osiee a¢pheKkmueHOMY UMMYHHOMY Oomeemy OpeaHU3IMA.

Knroueevle cnoea: PHK-unmepgeperyus, IL-1f3, supyc epunna A, IFN-A3, skchpeccus 2eHos,
MuPHK, npoeocnanumenvHule yumorkuHwl, IL-2883, supycras PHK
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INTRODUCTION problems, having severe social and economic

consequences. For example, the COVID-19 pandemic

present work continues research on caused by the SARS-CoV-2 virus has claimed

the creation of a wuniversal platform for the the lives of more than 6.3 min people worldwide

rapid development of cost-effective and safe since 2019', and influenza ended almost 650000

treatments for viral infections, which was launched lives in 2021 alone? Viral infections affect not

in 2021 by a group of scientists from the

I.I. Mechnikov Research Institute of Vaccines and ! https://coronavirus-graph.ru/mir, accessed June 20, 2022.

Serums (Russia) [1, 2]. 2 https://www.euro.who.int/ru/media-centre/

Today, respiratory viral infections have events/events/2021/10/flu-awareness-campaign-2021,
become one of the most pressing global accessed June 20, 2022.
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only the respiratory, but also central nervous,
genitourinary, cardiovascular and immune systems,
as well as leading to the development of bacterial
and fungal complications [3-6].

Influenza  viruses have  proteins  with
immunomodulatory properties, which can trigger
secondary immunodeficiencies. Among these,
the best-studied protein is NS-1 (nonstructural
protein-1), one of whose main functions is to
disrupt the functioning of interferon-mediated
defense mechanisms of the body, reducing the
production of pro-inflammatory cytokines known
as interleukins, which in turn leads to a lack of
immune response [7].

To date, there are a number of etiotropic,
pathogenetic, symptomatic, and immunomodulatory
drugs wused for the treatment of influenza.
However, achieving a full therapeutic effect
from the use of these drugs is prevented by
the emergence of new resistant forms of the
influenza virus, the development of allergic
reactions to drugs, and the need for their
individual selection [8—11]. The question of the
use of immunomodulatory drugs also remains
open, since the effect of their use is limited,
and in some cases can lead to serious
consequences for the patient himself [12-14].
The use of anti-influenza drugs also has certain
limitations [15]. To overcome these problems, the
design and development of fundamentally new
antiviral drugs is required. One of the promising
new technologies for creating specific antiviral
drugs is based on the mechanism of RNA
interference [16—18].

Previously, =~ we  have  demonstrated a
pronounced antiviral effect from the use of
small interfering RNAs (siRNAs) directed to
one, two, or more cellular genes simultaneously,
whose expression products are important in
viral reproduction. However, in earlier works,
we did not evaluate changes in the expression
of some pro-inflammatory  cytokines role
in the formation of antiviral immunity [1, 2, 19].
IL-1p is involved in increased expression of the
MCP-1 and MCP-3 genes and functional
maturation of tissue macrophages and dendritic
cells [20, 21]. This leads to increased
inflammatory response and activation of an efficient
antigen presentation system. [FN-13, which are
formed earlier than other types of interferons,
demonstrate a powerful protective function at
early stages of infection. The use of siRNAs
in relation to cellular genes involved in the
reproduction of the influenza virus can reduce
viral activity in vitro and promote a more
effective immune response [18].

Based on the foregoing, the aim of the
present study is to evaluate the dynamics of
the expression level of IL-1§ and IL-28f (IFN-13)
genes as a result of complex knockdown of
some cellular genes, whose expression products
play an important role in the reproduction of the
influenza virus.

MATERIALS AND METHODS

Methods used in the present work included
selection of siRNAs, oligonucleotides, sequences
of siRNAs used, information about the influenza
A/WSN/33 (HIN1) virus used, cell cultures, method
for assessing the cytotoxicity of siRNA complexes,
method for transfection of siRNA cells with
subsequent infection, siRNA complexes used. The
used virus titration method on the end point of
cytopathic action was as presented in our earlier
studies [1, 2, 19]. The expression of /L-1 and IFN-13
genes was studied by real-time reverse transcription
polymerase chain reaction (real-time RT-PCR).

Detection of viral RNA

Total RNA was isolated from the cell lysate
using the ExtractRNA kit (Evrogen, Russia). The
OT-1 reagent kit (Synfol, Russia) was used to set
up the reverse transcription reaction. Changes in
the concentration of viral RNA (VRNA) were
monitored using quantitative real-time RT-PCR with
a set of primers and probes for the influenza A M
gene [22]. To assess the expression of [/L-If and
IFN-23, real-time RT-PCR and the expression
evaluation criterion 224 were used.

For real-time PCR, a set of reagents in the
presence of EVA Green dye and reference dye
ROX (Syntol) and a 2.5-fold reaction mixture
for real-time PCR (Syntol) were wused. The
working concentration of primers and probes was
10 pmol/uL and 5 pmol/uL, respectively. The
real-time PCR reaction was carried out in a DT-96
amplifier (DNA-technology, Russia). The temperature-
time regime was 95°C and 5 min (1 cycle), 62°C and
40 s, 95°C and 15 s (40 cycles). Primers and probes
were synthesized by Syntol and presented in [2].

Statistical data processing

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

indicators were calculated using the Minitab software’.

3 https://www.minitab.com/en-us/, accessed June 08, 2022.
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RESULTS

Assessment of cytotoxicity

Previously, similar siRNA sequences were used
in a study to evaluate the antiviral effect against
the influenza virus. Detailed results of the
cytotoxicity evaluation are presented in the study [2].

Influence of siRNA complexes on virus titer

To assess the effectiveness of the antiviral
action of siRNA in reducing viral activity,
titration of the virus-containing liquid was
performed on a Madin-Darby Canine Kidney
cell culture, which was taken at 24, 48, and 72 h
from the moment of transfection of the siRNA
complexes into the A549 cell culture. In contrast

to our previous study [1], in this work, the
multiplicity of infection (MOI) was 0.001.
It was found that the wuse of all siRNA

complexes at a given MOI directed to cellular
genes leads to a significant decrease in viral
reproduction on the first day after infection.
The obtained data shown in Fig. 1 indicate the
ability of siRNA to reduce viral activity in vitro.
Upon transfection of the A complex directed
to the FLT4 + Nup98 genes, a significant
decrease in the viral titer was observed compared
to the nonspecific control by 2.8 IgTCID,/mL
(p < 0.05). Upon transfection of the B complex

0.001)

IgTCID 5o /mL (MOI

siRNA complex
M 2nd day (center) M 3rd day (right)

M 1st day (left)

Fig. 1. Influence of siRNAs complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) directed to the FLT4, Nup98,
and Nup205 genes on the reproduction of the influenza
virus (p < 0.05). IAV—influenza A virus. The ordinate
indicates the change in virus titer in IgTCD, /mL.
The abscissa shows siRNA complexes.

Ig copies RNA/mL

(Nup98 + Nup205 genes), the corresponding
increase was 1.5 IgTCID,/mL (p < 0.05). The use
of complexes C (FLT4 + Nup205 genes) and D
(FLT4 + Nup98 + Nup205 genes) led to a significant
decrease in viral titer compared with nonspecific
control by 1.8 and 2.1 1gTCID,/mL, respectively
(» <0.09).

Influence of sSiRNA on vRNA concentration

Figure 2 shows the change in in vitro VRNA
concentration resulting from siRNA transfection
as assessed using real-time RT-PCR. At MOI = 0.001,
the use of B, C, and D complexes led to a significant
decrease in VRNA on the first day as compared
with nonspecific control by 14.5, 4.1, and 15 times,
respectively (p < 0.05). On the second day, a decrease
in VRNA was observed when using B and D
complexes by 17.1 and 18.3 times, respectively
(p <0.05).

Expression dynamics of IL-1§ and IFN-13

Expression of [L-1f and IFN-13  was
assessed using real-time RT-PCR and the expression
evaluation criterion 2722, Figure 3 shows the
results of the evaluation of the expression of /L-1p.
At MOI = 0.001, a significant increase in [L-I1f
expression by 18% relative to mnonspecific control
was observed on day 1 when complex A was
used. When transfecting B, C, and D complexes, a
significant increase in [L-1f expression was also

1.00E+10

1.00E+09

* X
1.00E+08 L 1
1.00E+07
1.00E+06
X

1.00E+05 . * I
1.00E+04 . ' s

A B [¢] D

siRNA complex
W 2nd day (center) W 3rd day (right)

L2 1AV

W 1st day (left)

Fig. 2. Effect of siRNA complexes (A: FLT4 + Nup98;
B: Nup98 + Nup205; C: FLT4 + Nup205;

D: FLT4 + Nup98 + Nup205) on the concentration of viral
RNA. (On the graph, the data are given in log, , in the text
the decrease is indicated in the number of times)

(p £0.05). IAV—influenza A virus. The ordinate indicates
the change for vRNA in log, . The abscissa shows
siRNA complexes.
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noted on days 10, 17, and 25%, respectively
(p < 0.05). On the second day, the expression level of
IL-1p increased in cells transfected with A and D
complexes by 118 and 90% (p < 0.05) as compared
with the nonspecific control, which also exceeded
the expression level in uninfected cells by 45 and
17%, respectively. On the third day, an increase in
IL-1f expression by 47% was noted in cells
transfected with complex D (p < 0.05). Figure 4
shows data on the change in the expression of
IFN-A3 within three days from the moment of
transfection and infection. A significant increase
inexpression relative to mnonspecific control was
noted only on the second day when using A and C
complexes by 10 and 24%, respectively (p < 0.05).

DISCUSSION

The present work evaluates the effect of
siRNAs on the induction of [L-1f and [FN-13
production and the concomitant decrease in viral
activity. A series of experiments was carried out
to assess changes in the expression of the level
of IL-1p and IFN-13 during suppression of the
expression of cellular genes FLT4, Nup98 and
Nup205, which are important for the reproduction
of the influenza virus using siRNA. To evaluate
the effectiveness of cytokine expression and
decrease in viral activity, two mutually-compatible
methodological approaches were used: virus
titration by cytopathic effect and real-time

%
200

180
160

140

IL-1B expression level, %

120

100
x

80

60 I

X * "
40 - ]
. ' i | I
A B [} D L2 1AV Control

siRNA complex

W 1st day (left) W 2nd day (center) M 3rd day (right)

Fig. 3. Effect of siRNA complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) on changes in IL-1f
expression (p < 0.05). IAV—influenza A virus.
The ordinate shows the change in the expression level
of IL-1p. The abscissa shows siRNA complexes.

%
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100 !
I | |'
il

1AV Control

IL-28pB expression level, %
D
o

o

siRNA complex

W 1st day (left) M 2nd day (center) M 3rd day (right)

Fig. 4. Effect of siRNA complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) on changes in /FFN-13
expression (p < 0.05). IAV—influenza A virus.
The ordinate shows the change in the expression level
of IFN-43. The abscissa shows siRNA complexes.

RT-PCR. The use of siRNA was shown to lead to
a pronounced antiviral effect: the obtained data
indicated a dependent relationship between a
decrease in viral titer, a change in the amount
of vRNA, and increased levels of IL-If and
IFN-A3. Earlier results demonstrated the low
cytotoxicity of siRNA complexes, allowing
significant disturbances in cell vital activity
following knockdown of one or several genes
to be avoided [2].

When the wvirus was titrated against
cytopathic effect, each siRNA complex was
shown to lead to a decrease in viral activity on
the first day following infection. Table 1 shows
that at MOI = 0.001, the wviral titer in cells
treated with A and D complexes decreased by
2.8 1gTCID,/mL and by 2.1 IgTCID,/mL,
respectively, relative to nonspecific L2 siRNA
(p < 0.05). Upon transfection of B and C
complexes, the respective decreases in viral
titer were 1.5 1gTCID,/mL and 1.8 IgTCID, /mL
as compared with the nonspecific control L2
(» <£0.05).

According to the results of RT-PCR, there
was a decrease in the amount of VRNA in the
cells treated with the complexes as compared
to nonspecific and viral controls. The use of
complexes B, C, and D led to a significant
decrease in VRNA on the first day compared to
siL2 siRNA by factors of 14.5, 4.1, and 15,
respectively (p < 0.05). When using the B and
D complexes, the VRNA concentration on the
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second day was observed to decrease by 17.1 and
18.3 times, respectively (p < 0.05). It is significant
that, when using complex A, despite a pronounced
observed decrease in viral titer, there was no
decrease in the concentration of VRNA. This result
is likely due to the combination of complex A
directed to the FLT4 and Nup98 genes leading
to partial synthesis of VRNA. Nevertheless, there
was limited assembly and release of the virion
from the cell, while the remaining complexes,
apparently, completely blocked the synthesis
of VRNA, the assembly and release of the
virion. Similar results are noted in the work of
J. Piasecka et al., where the antiviral effect of
siRNAs is also assessed [23].

Expression of /L-1f and IFN-A3 was assessed
using real-time RT-PCR and the expression
evaluation criterion 2. Figures 3 and 4
show data on the dynamics of /L-/f and IFN-i3
expression within three days from the moment
of transfection and infection. The most effective
increase in [L-1f expression is observed when
using A and D complexes. In relation to the
nonspecific control L2 (p < 0.05), the increase
in expression on the first and second days
following transfection was 18/118% for complex A
and 25/90% for complex D, respectively, as
well as exceeding the expression level in
uninfected cells by 45% and 17% on the
second day. On the third day, an increased
expression was also noted when the complex D
was used by 47%. When using B and C complexes,
an increase in expression was noted only on
the first day by 10% and 17%, respectively
(p < 0.05). When assessing the increase in
the expression level of [FN-A3, an increase
was observed only on the second day when
using A and C complexes by 10% and 24%,
respectively, relative to the nonspecific control
(» < 0.05). This result of a heterogeneous
increase in the expression of [L-If and
IFN-A3 is apparently due to different siRNA
nucleotide  sequences differently inducing the
production of pro-inflammatory  cytokines and
interferons through Toll-like receptors.

CONCLUSIONS

The challenge of developing medicines
for the prevention and treatment of highly
contagious respiratory infections is currently

of particular relevance. It is necessary that
such medicinal substances be safe, non-toxic
for the patient, as well as having a low spectrum
of contraindications. In addition, such drugs
should offer a clear therapeutic and prophylactic
effect despite the drug resistance of the pathogen.
The present study provides evidence that the
simultaneous knockdown of several cellular
genes that play an important role in viral reproduction
by means of siRNA complexes significantly
reduced influenza viral activity in vitro. Despite
the ability of the influenza virus to exert an
immunosuppressive effect, a pronounced decrease
in VRNA and increase in the expression level of
IL-1 and IFN-A3 was observed. The results
indicate that siRNAs wused in the work have
not only antiviral but also immunomodulatory
activity, which contributes to a more effective
immune response. Additionally, these results
represent the development of principles for the
rapid design and creation of specific antiviral
agents designed to protect against existing
and emerging pathogenic viruses, ensure the
anti-epidemic safety of various population groups,
and effectively respond to the emergence of
pandemics and possible cases of bioterrorism.
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