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BACKGROUND: The innate immune response, particularly the interferon system, plays a crucial role in defending the
host against viral pathogens. Interferon signaling induces the expression of specific antiviral proteins known as interferon-
stimulated genes, which inhibit viral replication through various mechanisms.

AIM: This study aimed to develop a quantitative PCR system to assess the molecular regulation of human inter-
feron-stimulated genes MxA, OASI, and PKR, and to determine their expression in blood leukocytes in response to
RNA-containing viruses.

MATERIALS AND METHODS: Leukocytes were isolated from patients with laboratory-confirmed influenza
and COVID-19 infections 3—4 days after symptom onset. Ex vivo viral infection was induced using influenza virus-
es A/California/07/09pdm (HIN1pdm09), B/Malaysia/2506/04 (Vic), strain A2 respiratory syncytial virus, and SARS-
CoV-2 HCoV-19/Russia/SPE-RI1-3524V/2020.

RESULTS: A multiplex qPCR assay was developed for analyzing human MxA, OAS1, and PKR gene expression, with
high amplification efficiency. The test system was used to study the molecular regulation of these genes in leukocytes
in influenza and COVID-19 patients. The expression levels of MxA, OAS1, and PKR genes were significantly increased
in blood leukocytes of hospitalized patients 3—4 days after symptom onset. Stimulation of leukocytes by influenza A,
influenza B, and respiratory syncytial virus led to increased mRNA levels of these genes, while stimulation by SARS-
CoV-2 did not result in changes in gene expression.

CONCLUSIONS: The multiplex test system can be used to characterize the expression of antiviral effector interferon-
stimulated genes, aiding in the study of virus evasion from the innate immune response.

Keywords: respiratory viruses; multiplex PCR; influenza; SARS-CoV-2; leukocytes; immune response; interferon-
stimulated genes, MxA, OAS1, PKR, antiviral effect.
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Obocnosanue. TlepBoii NVMHMENW 3alIUTHl XO3sIMHA TPOTUB WHBA3WU BUPYCHBIX IATOTEHOB CIYXUT BPOXICHHBIN
VMMYHHBII OTBET, HauMBaxKHelilllee 3BEHO KOTOporo — cucreMa mHTepdepoHoB. [lepemavya curHanioB nHTEphEPOHOM
WHIOYLUPYET B KJIETKe-MULIEHU KCIPECCUIO LIMPOKOTO CHeKTpa creluduuecKux MpOTUBOBUPYCHBIX OEIKOB, TaK Ha-
3bIBaEMbIX UHTEP(DEPOH-CTUMYIMpPYyeMbIX TeHOB. Haubosee abdekTuBHbIe MHTEPHEPOH-CTUMYIUPYEMbIE T€Hbl HAMPSIMYIO
UHTUOUPYIOT perukanuio BupycoB PHK-11eHTpuuHbiM 00pa3oM nocpenctsoM Aerpanaiuu BupycHoit PHK, HapymeHus
ee TpaHCIOpTa, MHTUOMPOBAHMSI BUPYCHOUN TPaHCISILIUM U T. T1.

Abbreviations

ISGs, interferon-stimulated genes; PCR, polymerase chain reaction; IVA, influenza virus A; IVB, influenza virus B; RSV, respiratory
syncytial virus.
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Ileav — pa3paboTKa KOJIMYECTBEHHOM TECT-CUCTEMbl Ha OCHOBE IMOJMMEPA3HOMN IIEMHOM peaklMy ISl OLEHKH MO-
JIEKYJISIPHOM peryassunu UHTepdepoH-cTUMyIupyeMbix reHoB MxA, OAST v PKR uyenoBeka, a TakxKe orpeaesieHue dKC-
TPECCUM 3TUX TEHOB B JIEHKOLIMTAaX KPOBM B OTBeT Ha MHbummpoBanue PHK-comepxkamumu Bupycamu.

Mamepuaavt u memoost. ViccnenoBaHvie IpOBOAMIN C UCTIONb30BaHUEM JIEMKOIIUTOB, BHIIEJIEHHBIX U3 KPOBU TMAIIM-
€HTOB C J1abopaTOpHO TOATBepxkaeHHbIMU 3aboneBaHusmMu rpunn 1 COVID-19 Ha 3—4-ii nenpb nocne manudbecTaum
oosie3Hu. st ex vivo MHAYKIIMKA BUPYCHOTO MHGUIIMPOBAHUS MCIOAb30Baau BUpychl rpunna A/California/07/09pdm
(H1N1pdm09), B/Malaysia/2506/04 (BukropraHCKOIl TeHeTUYeCKOU JIMHUM), TaMM A2 pecriMpaTopHO-CUHIIUTUATb-
Horo Bupyca u Bupyc SARS-CoV-2 hCoV-19/Russia/SPE-RII-3524V/2020.

Pesyavmampt. PazpabotaHa MyJIbTUILIEKCHAST TECT-CUCTEMAa HAa OCHOBE TTOJMMEPA3HON LIETTHOW peakuu ISl OL[EHKHU
skcrnpeccur reHoB MxA, OAS1 u PKR, sddekTuBHOCTh aMIiuduKanuu Kotopbix coctaBwiaa 101,9, 92,5 u 101,5 %
COOTBETCTBEHHO. Pa3paboTaHHasi TecT-crucTeMa OblIa TPeUIoXKeHa Il UCCAeNOBaHUS MOJEKYISIpHOM perynsiuu MxA,
OASI n PKR B JeiikoluTax Mpu COLIMAJIBHO 3HAYMMBIX 3abojieBaHUAX, Takux Kak rpurnm u COVID-19. CormacHo
MOJIyYeHHBIM HaMU De3yJibTaTaM y TOCTMTAIM3UPOBAHHBIX MAIIMEHTOB HAa 3—4-i1 neHb TMocie TOSIBIEHHS] CUMIITOMOB
3a00JieBaHUsl YPOBHU 3Kcrpeccun reHoB MxA, OAST u PKR OGbuiM 3HAaUYMMO TOBBIIIEHBl HA CUCTEMHOM YpOBHE B Jieii-
KoruTax KpoBu. [TokazaHO, YTO CTUMYJISILIMSI JIGMKOIIMTOB, BBIMEJIEHHBIX OT 3MOPOBBIX BOJOHTEPOB, BUPYCAaMU TPUIIIIA
A, B u pecniupaTopHO-CUHIUTUAIbHBIM BUPYCOM TIPUBOAMWIA K 3HAUMMOMY yBenudeHuto ypoBHeit MPHK renos MxA,
OAS1 v PKR uepe3 24 4 mocine nHpuUIMpoBaHus. B To ke BpeMs cTuMysiusa JieMkounutoB Bupycom SARS-CoV-2 He

npuBoauia K UBMEHEHUIO 3KCIIPECCUU 3TUX I'CHOB.

3axarouenue. Pa3paboTaHHYIO TECT-CUCTEMY MOXKHO MCIIOJIb30BATh JUISI XapaKTEePUCTUKU 3KCIPECCUU MPOTUBOBU-
PYCHBIX 3(hdeKTOPHBIX WHTEPHEPOH-CTUMYTUPYEMBIX T€HOB, UTO MOTEHIIMAIBHO TTOMOXET B M3YUYEHUM SBOJIOIIMOHHO
BBIOPAHHBIX MEXaHU3MOB YCKOJIb3aHUSI BUPYCOB OT BPOXIEHHOTO MMMYHHOTO OTBETA.

KiioueBbie cjioBa: pecriupaTopHble BUPYChI; MYJbTUILIEKCHAS MOJMMepasHas 1enHas peakuus; rpuni; SARS-CoV-2;
JIEHKOILIMTHI; UMMYHHBIN OTBET; MHTeP(hEPOH-CTUMYTNpYyeMble TeHbI; TeHbl MxA, OAS1, PKR; IpoTUBOBUPYCHOE IeCTBYE.

Background

Innate immune response is the host’s first line
of defense against viral pathogen invasion, the most
important link of which is the interferon system.
Interferon signaling induces the expression of a wide
range of specific antiviral proteins, called interferon-
stimulated genes (ISGs), in the target cell.

The most effective ISGs directly inhibit viral
replication in an RNA-centric manner by degrading
viral RNA, disrupting its transport, inhibiting viral
translation, etc. [1].

Various recent publications have provided new in-
sights on the diversity and complexity of the mecha-
nisms by which different ISGs inhibit viruses with
RNA genome [2].

The present study was conducted to design and
create a multiplex polymerase chain reaction (PCR)
to assess the expression of ISGs such as double-
stranded RNA-dependent protein kinase R (PKR),
2'-5"-oligoadenylate synthetase (OAS1), and myxo-
virus resistance protein (MxA) in human cells.

MxA expression is controlled by type 1 and III
interferons. MxA exhibits a direct antiviral effect
against various viruses [3], binding directly to the
viral ribonucleoprotein and blocking the nuclear im-
port of viral RNAs. PKR and OASI1 (in addition to
RIG-1 and MDAS) are sensors of foreign double-
stranded RNA (dsRNA). Binding to dsRNA acti-
vates OAS1, which causes 2'-5"-oligoadenylate syn-
thesis, which then activates RNase L involved in the
direct cleavage of cytoplasmic RNAs [4]. Similarly,
interaction with dsRNA (or other polyanions) leads
to PKR dimerization and activation. Activated PKR
suppresses translation initiation through eukaryotic
initiation factor 2 (EIF2AK2) phosphorylation [5]

and acts as a signal transducer for pro-inflammatory
gene expression [6].

Some viruses can manipulate the expression of
antiviral ISGs, suppressing the cellular innate im-
mune response. For example, suppression of PKR,
0AS1, and Mx2 expression by the porcine epidemic
diarrhea virus (family Coronaviridae) in the early
stages of reproduction causes an intense inflam-
matory response [7]. The presence of some poly-
morphisms in the PKR, OASI, and MxA genes is
associated with the progression and course of HIV
infection [8] and hepatitis C [9].

Hence, the identification and characterization of
direct antiviral effector ISGs can reveal evolution-
arily selected pathogen defense mechanisms that can
be imitated or manipulated to generate novel treat-
ment methods.

This study aimed to develop a quantitative PCR
system to assess the molecular regulation of ISGs
of human MxA, OASI, and PKR and determine the
expression of these genes in blood leukocytes in re-
sponse to RNA virus infection.

Materials and methods

The study involved 14 healthy donors, 14 pa-
tients with influenza A/H3N2 (epidemic season
2018/2019), and 14 patients with pneumonia caused
by the SARS-CoV-2 virus who were treated at the
S.P. Botkin Clinical Infectious Diseases Hospital
(St. Petersburg, Russia) in April—May 2020. The pa-
tients had various symptoms as the most obvious
clinical manifestations, namely, fever, intoxication
(weakness, headache, muscle pain), and/or ca-
tarrhal-respiratory syndrome (nasal stuffiness, rhi-
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norrhea, sore throat, cough, chest pain). Patients
were included in the A/H3N2 and SARS-CoV-2
groups based on positive reverse transcription PCR
diagnostic results for the corresponding pathogens
in nasopharyngeal smears using certified Amplisense
kits.

Blood for leukocyte isolation was collected from
patients on days 3—4 after the onset of the first
clinical symptoms into vacuum tubes with sodium
heparin. Then, 8 ml of blood diluted with DPBS to
a volume of 12 ml was added to a new tube, avoiding
mixing, and 9 ml of Lymphosep reagent (BioWest,
#1.05600-500, USA) was added and centrifuged at
400 g for 20 min. The opaque interphase with leu-
kocytes was selected and washed twice in a solution
of 2% fetal serum FBS (Gibco, USA) prepared in
RPMI-1640 nutrient medium (BioloT, Russia).

This study used viral strains from the collection
of viruses and cell cultures of A.A. Smorodintsev
Research Institute of Influenza, Russian Ministry
of Health. For infection, we used strains of influ-
enza virus A/California/07/09pdm (HINI1pdm09),
influenza virus B/Malaysia/2506/04 (Victorian line),
respiratory syncytial virus (RSV) strain A2, and
coronavirus hCoV-19/Russia/SPE-RII-3524V/2020
(GISAID ID EPI_ISL 415710). For stimulation,
influenza viruses were accumulated in 10—11-day
developing chicken embryos and RSV and SARS-
CoV-2 in Hep2 and Vero cell cultures, respective-
ly. SARS-CoV-2 was handled in a BSL-3 biosafety
laboratory. Virus titers were determined using per-
missive systems used for accumulation. Leukocytes
isolated from healthy donors were stimulated with
viruses in doses of 0.5 MOI (SARS-CoV-2), 1 MOI
for influenza A and B viruses (IVA and IVB), and
1.5 MOI (RSV), added in a volume of 100 ul of
viral suspension for 1.4 - 10° leukocytes in 100 ul of
RPMI-1640 medium. After incubation for 1 h (virus
contact was performed in a serum-free medium) at
37°C and 5% CO,, medium with FBS was added to
the cells to a final concentration of 10%. Analysis
of the expression patterns of ISGs was performed
after 24 h.

Total RNA was extracted from the cells using
TRIzol reagent (Invitrogen) according to manu-
facturer instructions. The quality and RNA con-
centration obtained were tested using a NanoDrop
ND-1000 spectrophotometer (Thermo  Fisher
Scientific). The degree of purity of the isolated
RNA was determined using the A260/A280 value
(norm > 1.9).

To remove genomic DNA, which may be con-
taminated with total RNA preparations after isola-
tion with TRIzol, DNase treatment was performed.
All incubation steps were performed using the RQI1
RNase-Free DNase kit (Promega, USA) according
to manufacturer instructions. Moreover, 1 ug of total
RNA was used in the reaction.

)

For the reverse transcription reaction, 1 ug of
RNA was used (immediately after DNase treat-
ment). Complementary DNA (cDNA) synthesis
required a reaction mixture with RNA-dependent
Moloney murine leukemia virus DNA polymerase
(M-MLYV reverse transcriptase). Additionally, 0.5 ug
of oligo (dT),, primers and water were added to
the RNA to a final volume of 10 ul. The result-
ing mixture was incubated for 5 min at 70°C to
anneal the primers and then transferred to ice for
2—3 min. Further, 15 uL of the mixture according
to the protocol for reverse transcription (M-MLYV,
1 uL; ANTP, 1.5 uL; 7.5 uL water) was added to
10 uL of sample. The prepared mixture was added
to each RNA sample and incubated for 1 h at 42°C;
inactivation occurred for 5 min at 65°C. Reagents
from Biolabmix (Novosibirsk) were used for reverse
transcription.

Real-time PCR was performed using a ready-
made BioMaster HS qPCR kit (2%X) (Biolabmix),
into which 1-2 ul of cDNA was added. Primers and
oligonucleotide probes were synthesized using DNA
Synthesis (Moscow). The reaction was performed in
a 25 ul preparation containing 6.25—12.5 pmol of
forward and reverse primers and TagMan probe.
A two-stage temperature profile was used for PCR,
namely, primary denaturation at 95°C for 5 min,
followed by 40 two-stage cycles with denaturation at
95°C for 10 s and primer annealing and chain elon-
gation at 61°C for 30 s. Amplification was performed
using a CFX96 Touch thermal cycler (Bio-Rad) and
detection by fluorescence growth; the presence of
nonspecific products was assessed by electrophoretic
separation of products in an agarose gel.

Gene amplification efficiency was calculated from
the slope of the standard curve. For each of the three
amplicons MxA, OAS1, and PKR, a series of tenfold
dilutions were prepared, and PCR was performed
using one set of specific primers and probes (mono-
plex format) or a mixture thereof (multiplex format).
For the obtained linear functions (y = a - x + b), re-
flecting the dependence of the PCR cycle on the
sample dilution logarithm, the slope angles o were
determined. Then, the efficiency was calculated using
the equation £(%) = (£ — 1) - 100%. By varying the
concentrations of primers and oligonucleotide probes
in PCR, the efficiency of amplification of genes of
interest in a multiplex format was maximally equal-
ized.

In performing multiplex PCR, the amplification
of MxA, OAS1, and PKR genes was performed simul-
taneously in one tube. Simultaneously, all selected
pairs of primers and oligonucleotide probes that de-
tect specifically the declared genes were added to
the PCR sample containing DNA-dependent DNA
polymerase and the buffer attached to it. The final
concentrations of primers and probes contained in
the sample during multiplex PCR were hMxA F
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250 nM, hMxA R 250 nM, hMxA O 100 nM,
hOAS1_F 500 nM, hOAS1_R 500 nM, hOAS1_O
200 nM, hPKR_F 500 nM, hPKR_R 500 nM, and
hPKR_O 200 nM.

Relative gene expression was calculated using the
AACt method, with GAPDH as a normalization gene.
The relative gene expression level was obtained us-
ing the inductive equation R = 2714A¢1_A]l calcula-
tions were performed using Microsoft Office Excel
software. The statistical significance of differences
was assessed using the GraphPadPrism 6 computer
program.

Results

Initially, primers and oligonucleotide probes were
designed, which detect specifically messenger RNA
(mRNA) of the human MxA, OASI, and PKR genes
(EIF2AK2 subunits). The original sequences (Table)
were selected for the protein-coding region of the
genes in that the primers were separated by an in-
tron region, their melting temperatures were similar,
and the length of the amplicons formed during the
PCR process was not >300 bp. The glyceraldehyde-
3-phosphate dehydrogenase gene GAPDH was pro-
posed as an endogenous control used for normaliza-
tion, and a PCR system used for its determination
was previously developed by the authors [10].

The selected primers detected all mRNA tran-
scriptional variants of the studied genes presented in
the NCBI database (3 MxA, 4 OAS1, and 3 PKR).

To implement the multiplex PCR format in the
test system being developed, TagMan probes contain-
ing various fluorescent tags (FAM, ROX, and CY5)
at the 5'-terminus. Using different fluorophores, the
amplification efficiency of specific products was fur-
ther investigated using a probe tailored to the hu-

man MxA gene. For this purpose, five oligonucle-
otide probes that specifically detect the human MxA
gene were ordered, identical in nucleotide sequence
and differing only in fluorescent tags and quenchers
contained at the 5'- and 3’-terminals, respectively.
According to the growth curves (results are presented
in the Appendix, Fig. 1), fluorophores had little ef-
fect on the accumulation rate of a specific product.
In the reactions considered, the specific product was
detected at the PCR threshold cycle 20—21, which
corresponds to a method error of *+ cycle.

As a template for optimizing the conditions of
multiplex PCR, we used cDNA samples obtained
by reverse transcription of total RNA prepara-
tions isolated from A549 cells infected with IVA.
The optimization criteria were the accumulation rate
of amplification products according to the fluores-
cence growth curve (Appendix, Fig. 2) and absence
of nonspecific amplicons when analyzing PCR prod-
ucts by electrophoretic separation in an agarose gel.

For multiplex PCR, temperature profile with pri-
mary denaturation at 95°C for 5 min was used, fol-
lowed by 40 two-stage cycles of denaturation at 95°C
for 10 s and primer annealing and chain elongation
at 61°C for 30 s.

To accurately perform relative quantitative anal-
ysis of the expression of ISGs in a multiplex format,
the amplification efficiencies of the corresponding
cDNAs should be identical or as close as possible to
each other. Therefore, under selected optimal condi-
tions, the efficiencies of PCR performed in monoplex
and multiplex formats were calculated (Fig. 1) using
the slope of a curve obtained by PCR with a series
of sequential dilutions of the prepared amplicons.

The calculated amplification efficiencies of the
MxA, OAS1, and PKR genes during multiplex PCR
were 101.9%, 92.5%, and 101.5% (Fig. 1a), respec-

Table / Tabamua

Selected primers and TagMan probes for MxA, OAS1, and PKR gene expression analysis
MoA06paHHbIe npanmepbl U TagMan-30HABI AAS OnNpeAeAeHus akcnpeccum reHoB MxA, OAS1 u PKR

Gene mRNA Primer name Selected primers (5’-3") przgﬁci
length, bp.
MxA | NM_001144925.2 | qH-MxA F | GAGACAATCGTGAAACAGCAAATCA
Eﬁ—ggﬁ%&j qH-MxA R | TATCGAAACATCTGTGAAAGCAAGC 105
- qH-MxA O | FAM-CACTGGAAGAGCCGGCTGTGGATATG-BHQ2
0ASI | NM _016816.4 qH-0ASI_F | CCAAGGTGGTAAAGGGTGGCT
Eﬁ:ggfég;‘fw} qH-OAS1_R | CTGGACCTCAAACTTCACGGAAA 200
NM_001320151.2 | qH-OAS1 O | ROX-AGGCCGATCTGACGCTGACCTGGTTGT-BHQ3
PKR | NM_002759.3 qH-PKR_F | GAAAGCGAACAAGGAGTAAGG
Eﬁ—ggﬂggggf% qH-PKR_R | CCATCCCGTAGGTCTGTGAAA 175
- qH-PKR_O | Cy5-AGCCCCAAAGCGTAGAGGTCCACTTCC-BHQI
e o S e 23 U3 2023 3 (O
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tively. These efficiencies were obtained by optimiz-
ing primer and probe concentrations (presented in
the Materials and Methods section). According to
the results of electrophoretic separation of multiplex
and monoplex PCR products in an agarose gel, no
unwanted nonspecific products were formed during
the reaction (Fig. 1b).

Using the developed test system, the expression
levels of the MxA, OAS1, and PKR genes were as-
sessed in leukocytes isolated from the blood of
patients diagnosed with influenza and COVID-19
and in leukocytes obtained from healthy donors.
Laboratory confirmation of diagnoses was previous-

[e]

Ct
35 1
30 4
25 4
20 4
15 +
10 ~
51 °
0 T T T T T T 1
-7 -6 -5 -4 -3 -2 - 0
log,, of DNA concentration, ng/ml
log,, koHueHTpaumu HK, Hr/mn

& MxA: y = =3.276x + 1164; R? = 0.9694
< 0ASI: y=-3515x + 5.271; R* = 0.9783
© PKR: y = -3.286x + b.44b; R? =0.9889

ly performed by identifying the relevant etiological
agents (their genetic material) in nasopharyngeal
smears using RT-PCR. Leukocytes were obtained
from the peripheral blood of hospitalized patients
on days 3—4 after disease onset.

According to the results presented in Fig. 2, the
mRNA expression of the MxA, OASI, and PKR
genes in white blood cells in infected people signifi-
cantly increased on days 3—4 after the disease mani-
festation compared with that in healthy volunteers.
Notably, the expression of the analyzed genes in
samples obtained from COVID-19 patients was more
dispersed. Thus, MxA and PKR expression levels of

(6]

1 2 3 A 5

—

—

s <— 300 b.p./ n.o.
W <— 200 b.p./ n.o.

/ .
— = =
B e < 00bp /10

[e]
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log,, KoHueHTpauwmm IHK MxA, Hr/mn

] 1 1 1 ] ]
-8 -7 -6 -5 -4 -3 -2-10
log,, of OAST DNA concentration, ng/ml
log,, KoHueHTpaumn IHK OAST, vr/mn

L} 1 I 1 | ] 1 ]
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log,, of PKR DNA concentration, ng/ml
log,, KoHueHTpaummn IHK PKR, Hr/mMn

Fig. 1. Determination of PCR efficiencies in monoplex and multiplex approaches: ¢ — multiplex amplification of MxA4, OAS1,
and PKR genes (simultancous detection in one tube); b — separation of PCR products using agarose gel electrophoresis:
1 — OAS1, 2 — PKR, 3 — MxA, 4 — simultaneous amplification of three genes in multiplex PCR, 5 — DNA Ladder,
100 bp (Fermentas); ¢ — standard curve for MxA gene in monoplex approach; d — standard curve for the OASI gene in
monoplex approach; d — standard curve for the PKR gene in monoplex approach

Puc. 1. Pacuer saddextuBHOCTel TP B MOHOIUIEKCHOM W MYJIBTHUILUIEKCHOM (opMaTax: a — MYJIbTUIUIEKCHAS aMIIIN-
¢ukanusa reHoB MxA, OASI u PKR (omHOBpeMeHHas NETeKIMs B ONHOW MpoOupke); b — pasneneHue npoayktos [1LI[P
B arapo3HoM Teje: 1 — OASI, 2 — PKR, 3 — MxA, 4 — omHOBpeMeHHas aMIUIM(UKALNAS TpeX TeHOB B MYJIbTUILIEKC-
Hoit TP, 5 — mapkep mmuH, 100 bp (Fermentas); ¢ — craHmapTHast KaIMOpOBOYHAsI KpWBasi, IMOJyIeHHas sl reHa MxA
B MoHoIiekcHOM ¢opMare T1LP; d — crangapTHas kainOpoBouyHasi KpuBasi, mojiydeHHas st reHa OAS] B MOHOIUIEKCHOM
¢opmare IILP; e — craHmapTHasi KaauOpoBOYHAsl KpuBasi, nmojiyueHHast misg reHa PKR B moHoruiekcHoM ¢opmare TTLP
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Fig. 2. Relative expression of MxA, OASI, and PKR genes in leukocytes of patients with influenza infection A (IVA), coro-
navirus disease (COVID-19), and in healthy volunteers (HV). Statistical significance was determined for groups of infected
people compared with a group of healthy volunteers by Kruskal—Wallis test (with pairwise Dunnett’s multiple comparisons
test): *p < 0.05; **p <0.01; ***p <0.001; ****p <0.0001

Puc. 2. OtHocurensHas skcrpeccusi reHoB MxA, OASI v PKR B nelikouMTax MaLUEHTOB ¢ MHQEKLUMENR BUPYCOM TIPUII-
na A (BI'A), HoBoii KopoHaBupycHoii uHbpekuueit (COVID-19) u y 3mopoBbix goopoBobleB (3/1). JJocroBepHOCTb pa3-
JIMYUI OKCTIPECCUU y TPYII WHGUIIMPOBAHHBIX JIIOAEH 1O CPaBHEHUIO C TPYMION 3MOPOBHIX MOOPOBOJIBIIEB OIMpPENeIIsn
C UCITIOJIb30BaHMEM HemapameTpuueckoro kpurepust Kpackena — Yoyunca ¢ mornpaBkoii JlaHHeTTa ISl MHOXKECTBEHHOTO
cpaBHeHus: *p < 0,05; **p <0,01; ***p <0,001; ****p <0,0001

approximately 4—5 of 14 patients were comparable virus did not differ from the levels in control unstim-
to those of controls. ulated cells. Simultaneously, in vitro cell stimulation

Additionally, we investigated the mRNA levels with IVA, IVB, and RSV resulted in a significant in-
of the MxA, OASI, and PKR genes upon leukocyte crease in MxA and OAS1 expression and an increase
stimulation with RNA viruses (Fig. 3). Remarkably, in PKR (in the case of RSV, despite the insignificant
24 h after infection, the expression levels of the stud-  differences, a tendency to increased expression was
ied genes when stimulated with the SARS-CoV-2 also registered).
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Fig. 3. Patterns expression of MxA (a), OASI (b) and PKR (c) genes in leukocytes (from healthy volunteers) in response to
in vitro stimulation of leukocytes by influenza viruses A (IVA), B (IVB), SARS-CoV-2, and respiratory syncytial virus (RSV)
compared to uninfected cells (CC). Statistical significance was determined using single-factor analysis of variance (ANOVA)
for paired samples with Holm—Sidak correction for groups stimulated by viruses relative to control cells group: *p < 0.05;
*p <0.01; ¥**p <0.001; ****p <0.0001; NS is non-significant, the differences are not reliable

Puc. 3. Usmenenne skcrpeccun reHoB MxA (a), OASI (b) u PKR (¢) B JneiKoUWTaX, MOJYYEHHBIX OT 3IOPOBHIX I0OPO-
BOJIBLIEB, B OTBET Ha in Vitro CTUMYJISILIMIO JielikonuToB Bupycamu rpunmna A (BI'A), B (BI'B), koponaBupycom SARS-CoV-2
U peCIUPaTOPHO-CUHIMTHATBHBIM BUpycoM (PCB) 1o cpaBHeHMIo ¢ HemHbumpoBaHHbIMU KieTkaMu (KK). loctoBepHOCTh
pasNuuMil B TPYIAax, CTUMYJIMPOBAHHBIX BUPYCAMU, OTHOCUTEIBHO TPYIMIIBl KOHTPOJIBHBIX KJIETOK OMPENENSTN C WCIIONb-
30BaHUEM OTHOMAKTOPHOro mucrepcuoHHoro aHanusza (ANOVA) mig mapHbIX o0pas3lioB ¢ Koppekuueit Xoama — [llunaka:
*p <0,05; **p <0,01; ***p<0,001;****p <0,0001; NS — non-significant, paznuuusi HeTOCTOBEPHbI
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Discussion

Combined determination of the expression level
of the MxA, OAS1, and PKR genes enables deter-
mination of the activation level of the body’s innate
immune system and assessment of the productivity
of the interferon-mediated antiviral response. This
assessment becomes relevant in analyzing the patho-
genesis of acute respiratory viral infections that are
capable of exploiting the immune response. The most
sensitive and specific method for determining the
level of gene expression is real-time PCR. In the
present study, a multiplex test system was proposed,
developed, and validated, which allows the expres-
sion of three ISGs with a direct antiviral effect to
be measured simultaneously in one sample.

The developed test system was recommended for
examining the molecular regulation of MxA, OAS1I,
and PKR in leukocytes in cases of socially signifi-
cant infections such as influenza and COVID-19.
According to our results, in hospitalized patients on
days 3—4 after the onset of symptoms of the disease,
the expression levels of the MxA, OASI, and PKR
genes significantly increased at the systemic level in
blood leukocytes. The induction of these genes is
due to the JAK/STAT intracellular signal transduc-
tion system activated by the type I and III inter-
feron systems, which form the first line of defense
against viral infections in mammals [11, 12]. Thus,
numerous clinical studies have confirmed that MxA
protein expression in peripheral blood is a sensitive
and specific marker of viral infections [13]. However,
we were interested in the fact that in COVID-19
patients, the expression values of the PKR and MxA
genes were distributed relatively widely. In approxi-
mately 4—6 patients with COVID-19 (about a third
of those examined), the measured mRNA levels of
these genes were comparable to levels in uninfected
volunteers. Virus-mediated suppression of the early
interferon response at the infection site and unbal-
anced activation of immune signaling networks are
known to regulate the excessive inflammatory im-
mune response in severe COVID-19 [14, 15]. All the
study patients were hospitalized in a state of mod-
erate severity; no lethal outcomes were registered;
however, they received appropriate therapy, which
may have influenced the dispersion of our results.

The next stage of our work was to analyze the
virus-induced expression of the MxA, OASI, and
PKR genes in leukocytes in response to respiratory
virus stimulation. The leukocytes used in this study
were isolated and obtained from healthy volunteers
before 2018, i.e., the samples used were naive to
the new coronavirus infection that appeared in 2019
(not influenza). Our results indicated that 24 h af-
ter infection, SARS-CoV-2 did not induce MxA,
0AS1, and PKR expression in leukocytes, whereas
IVA, 1VB, and RSV naturally caused an increase in

the mRNA levels of these genes. Our initial assump-
tion was that the SARS-CoV-2 virus we used was
not capable of infecting leukocytes. We proved virus
infectivity using a back titration method (data not
presented) on a permissive cell culture.

Kazmierski et al. [16] reported the inability of
productive infection of SARS-CoV and SARS-
CoV-2 in human leukocytes due to the absence of
the ACE2 receptor on the surface of the latter, which
coronaviruses use for invasion [17—19]. However,
direct stimulation of monocytes by SARS-CoV-2 is
accompanied by a strong induction of ISGs, despite
the absence of detectable productive infection [16].
Moreover, the literature shows that SARS-CoV-2
infection in Calu-3 cells is accompanied by dy-
namic activation of the transcription of cytokines
IL6, CXCL8, CXCL10, TNF-a, and IL1B and
interferon-induced viral restriction factors, such as
OASI1 and Mx1 [20]. In the first 24 hours, the ex-
pression values of OAS1 and Mx1 mRNA did not
differ from the control values and reached maximum
values 56—60 hours after infection.

SARS-CoV-2, when directly infecting leukocytes,
potentially induces an aberrant interferon response
in cells, which is reflected in reduced expression of
key antiviral ISGs, such as MxA, OASI, and PKR,
in the early stages of viral infection. It is possible
that the expression of these genes increases during
the later stages of infection. This delayed antiviral
response may provide a window for viral replication,
prompting the SARS-CoV-2 manipulation strategy to
target the innate immune response. Unfortunately,
in our study, it was not possible to evaluate expres-
sion at later stages because the experimental design
was a comparison of different viruses (IVA, IVB,
RSV, and SARS-CoV-2), and the virus-mediated
cytopathic effect during infection with influenza
and RSV viruses at late terms results in inadequate
measurement of gene expression in cells.

Thus, the developed multiplex system for deter-
mining the expression of the MxA, OAS1, and PKR
genes, which have antiviral activity, may be crucial
for determining the initiation of the immune sys-
tem in response to viral infection, which enables the
assessment of immune regulatory signaling pathway
involvement in the cell antiviral state.
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AOMNOAHUTEABHAS MHDOPMALMS

Hcrounuk punancupoBanus. MccienoBaHve BbI-
MOJIHeHO TMpy (hMHAHCOBOI MoanepxkKe Poccuiickoro
Hay4dHoro ¢oHAa, TpoekT Ne 23-25-00433: «M3yueHune
npoTtuBoBUpycHoro neiicteus MPHK, kogupytomeit
MxA 6enok yenoBeka» (M.A. [TnotHukoBa), https://
rscf.ru/project/23-25-00433/

Kondumukr wuHTEpecoB. ABTOpHI 3asBISIIOT 00
OTCYTCTBUM KOH(JMKTa MHTepecoB. Bce pe3ynb-
TaThl U BBIBOMBI, MPENCTaBICHHBIE B IMyOJIMKAIIUU,
BBIMIOJIHEHBI JIMYHO aBTOPaMU CTaThM.

Cobmoaenne sTnyeckux HOpM. K ccaenoBaHusi ¢ vic-
MOJIb30BaHKUEM JIEUKOLIMTOB MOJYYWIN 0O100peHe J0-
KaJIbHOM aTdeckoii Komuccnu @I'BY «HUU rpunma
M. A.A. CmopoauHuieBa» Mun3apaBa Poccum (3ace-
nganust Ne 108 ot 03.09.2018 u Ne 164 ot 12.02.2021).
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