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Summary. - The major protective immune response against viruses is the production of type [ and
Ilinterferons (IFNs). IFNs induce the expression of hundreds of IFN-stimulated genes (ISGs) that block
viral replication and further viral spread. In this report, we analyzed the expression of IFNs and some
ISGs (MxA, PKR, OAS-1, IFIT-1, RIG-1, MDA5, SOCS-1) in alveolar epithelial cells (A549) in response to
infection with influenza A viruses (A/California/07/09 (HIN1pdm); A/Texas/50/12 (H3N2)); influenza
Bvirus (B/Phuket/3073/13); adenovirus type 5 and 6; or respiratory syncytial virus (strain A2). Influenza
Bvirushad the ability to most rapidly induce IFNs and ISGs as well as to stimulate excessive IFN-a, [FN-f3
and IFN-\ secretion. It seems curious that IAV HIN1pdm did not induce IFN-\ secretion, but enhanced
type I IFN and interleukin (IL)-6 production. We emphasized the importance of the negative regula-
tion of virus-triggered signaling and cellular IFN response. We showed a decrease in IFNLRI mRNA
in the case of IBV infection. The attenuation of SOCS-1 expression in IAV HIN1pdm can be considered
as the inability of the system to restore the immune status. Presumably, the lack of negative feedback
loop regulation of proinflammatory immune response may be a factor contributing to the particular

pathogenicity of several strains of influenza.
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Introduction

Components of the innate immune response are acti-
vated in response to viral infection (Cole and Ho, 2017).
The most important components of the innate immune
response aretype Iand Il interferons (IFNs) (Cole and Ho,
2017).IFNs induce the activation of defense mechanisms
and prepare cells for possible viral invasion. While the an-
tiviral properties of type I IFNs have been widely studied
(Randall and Goodbourn,2008), much less is known about
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Abbreviations: AdV = adenovirus; [AV = influenza A virus;
IBV =influenza Bvirus;IFN(s) = interferon(s); IFNAR = interferon-A
receptor; hour(s) post-infection = hpi; IL = interleukin; ISG(s) = in-
terferon stimulated gene(s); RLR = RIG-I-like receptor(s);
RSV =respiratory syncytial virus

the features of type II1 IFNs (IFN-A). In humans, four IFN-A
subtypes have been found: IEN-A, (IL-29); IEN-A, (IL-28A);
IEN-A, (IL-28B); and IFN-A,. IFN-A are encoded by inter-
feronlambda1-4 genes (IFNL1-4). Among IEN-A ,, thereis
high conservation of amino acid sequence (Miknis et al.,
2010). The actions of IFN-\ on the cell are carried out by
binding tothe heterodimeric receptor (IFNAR). IFN-A func-
tions significantly overlap with those of type I IFNs and
induce the expression of analogous interferon-stimulated
genes (ISGs) (Crotta et al., 2013). Expression of both type
Iand type III IFNsis induced by the activation of the two
mostimportant cytosolic sensors, retinoic acid-inducible
gene I (RIG-I) and melanoma differentiation-associated
protein 5 (MDAS5). RIG-I and MDAS5 appear to differen-
tially stimulate IFNs in response to different virus-derived
structures, with RIG-I generally responding most potently
to5'diand tri-phosphate double-stranded RNAs (dsRNA);
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MDAS preferentially associates with long dsRNA (Brisse
and Ly, 2019).

Despite obvious similarities in mechanisms of induc-
tion and downstream signaling, there are obviously some
differences in the functioning of type I and type III IFNs.
Presumably, type I IFNs have the potential to induce in-
flammation in addition to antiviral function, while type
III IFNs promote the production of antiviral ISGs without
inducing inflammation (Sun Y et al., 2018).

The selectivity of type III IFNs is due to peculiarities
of receptor subunit expression. IFN-A actions are carried
out through the heterodimeric IFN-A receptor (IFNAR),
consisting of the IFNAR1 and IL10R2 subunits. The ILIOR2
subunit is also part of the receptor complexes for IL-10,
IL-22, and IL-26; it is expressed in cells of various tissues
(Miknis et al., 2010). Expression of the IFNAR1 subunit
demonstrates a more limited cellular distribution and
is present in epithelial cells (Sommereyns et al., 2008),
keratinocytes (Zahn et al., 2011) differentiated dendritic
cells (Yin et al., 2012; Zhang et al., 2013) and hepatocytes
(Dickensheets et al., 2013).

Consequently, the mucous membranes of the respira-
tory and gastrointestinal tracts are tissues that are mainly
targeted by IFN-A (Sommereyns et al., 2008). This tissue
specificity correlates with IFN-\ antiviral activity, which
manifests itself mainly in relation to viruses with high
tropism for epithelial tissues (Hermant and Michiels,
2014; Lozhkov et al., 2020). This class of viruses includes
respiratory viruses such as influenza A and B virus (IAV,
IBV), respiratory syncytial virus (RSV), and some types
of adenovirus (AdV).

IFN-a/p and IFN-\ action stimulates the expression
of hundreds of ISGs. Myxovirus resistance proteins
(MxA) are localized in the cytoplasm and exhibit pro-
nounced antiviral activity against a wide range of viral
pathogens (Haller, 2015). Mx proteins are GTPases; they
are required to inhibit IAV replication by blocking the
transport of viral nucleocapsid complexes into the cell
nucleus (Haller, 2015). 2'-5'-oligoadenylate synthetase
(OAS) promotes the oligomerization of ATP by forming
2'5'-phosphodiester bonds. 2'5'-oligoadenylate activates
RNase L, which isresponsible for the degradation of both
viral and host mRNA (Randall and Goodbourn, 2008).
One of the protein kinase R (PKR) substrates is elF2a
(Eukaryotic translational initiation factor 2a). This kinase
actionleadstotheinhibition of translation initiation and
activation of autophagy. PKR also participates in various
antiviral mechanisms (induction of apoptosis, cell cycle
arrest) (Randall and Goodbourn, 2008). The Suppressor
of Cytokine Signaling 1 (SOCS-1) is a negative regulator
of IFN-dependent signaling cascades. SOCS-1 directly
interacts with the kinase inhibitory region of JAK1 and
attenuates its activity, which leads to the suppression of

JAK/STAT-dependent signaling. Also, SOCS-1 is able to
direct JAKI to proteasomal degradation (Wei and others
2014). Interferon-induced protein with tetratricopeptide
repeats 1(IFIT-1)is able to inhibit the initiation of protein
synthesis at several stages. It has been shown that IFIT-1
is able to interact with eukaryotic translation initiation
factor 3 subunit e (eIF3e) to block translation. Retinoic
acid-inducible gene I (RIG-1) and melanoma differentia-
tion-associated protein 5 (MDAS5) are RNA helicases that
detect viral RNA and induce IFNs expression (Randall and
Goodbourn, 2008).

It is well known that respiratory viruses induce IFNs
and ISGs production. However,a vast majority of research
is focused on features of one or several viral strains;
however, matching the data from unrelated research
that was carried out in different cell lines should be
approached with caution. The number of works that
are devoted to a direct comparison of the kinetics of
IFNs expression stimulated by a wide panel of respira-
tory viruses is limited. In the present research paper,
we evaluated the dynamics of IFNL expression using
A549 cells infected with RNA viruses (IAV, 1BV, RSV)
and a DNA virus (AdV). AdV and RNA viruses are quite
different in pathogenesis, thus we observed distinct
IFNL expression.

Materials and Methods

Viruses. All viral strains were obtained from the Virus and
Cell Culture Collection of the Smorodintsev Research Institute
of Influenza (St. Petersburg, Russia). Influenza viruses were
grown in 11-day-old embryonated eggs, purified by sucrose
gradient, and stored at -80°C. The infectivity values of the viral
stocks in MDCK cells were: 3.2x107 TCID, /ml for A/Califor-
nia/07/09 ((A)HIN1pdmO09); 3.2x10” TCID, /ml for A/Texas/50/12
((A)H3N2); and 3.2x10° TCID, /ml for B/Phuket/3073/13 (Yama-
gata lineage). Adenovirus working stocks were generated by
infecting A549 cells at amultiplicity of infection (MOI) of 0.001
for 72 h. The supernatant was then clarified by centrifugation,
aliquoted, and stored at -80°C. The infectivity of the viral
stocks in A549 cells was 3.2x10° TCID, /ml for both serotype 5
(AdV-5) and serotype 6 (AdV-6). The RSV A2 strain was grown
in HEp-2 cells. The infectivity of the RSV stocks in HEp-2 cells
was 3.2x107 TCID, /ml.

Infection of cells. The A549 (CCL-185) cell line was obtained
from the American Type Culture Collection (ATCC, USA). A549
cells (human type Il alveolar epithelial line) were cultured in
F12K medium (Gibco, USA) supplemented with 10% fetal bo-
vine serum (Gibco, USA). For infection, cells were seeded onto
12-well plates (Thermo Scientific Nunc, USA) at 5x10° cells per
well. Around 100% confluent monolayers were washed with
DPBS (Gibco, USA) and infected at a MOI of 1. After 60 min
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of adsorption at 37°C, the virus-containing inoculum was
removed, and 1 ml of fresh medium was added. Every plate
contained at least three replicates of uninfected cells. The
infected cells and non-infected controls were incubated at

37°C (5% CO, with humidification) and harvested at &, 8, and
24 h after infection.

Primer and probe design. Primers and fluorescent oligonu-

Table 1. Primers and probes

cleotide probes, containing fluorescent reporter dyes at the

Target

Position

Sequence 5'-3'

poly IEFNA

NM_024013.3*
NM_000605.4; NM_021068.4
NM_002169.3; NM_021002.2
NM_021057.2; NM_002170.4
NM_002171.2; NM_006900.4
NM_002172.3; NM_002173.3
NM_021268.2; NM_002175.2

qH_IFNA_F294
qH_IFNA_R580

AGCCATCTCTGTCCTCCATGAG
TTTCTGCTCTGACAACCTCCC

IENB qH_IFNB1_F227 TGCCTCAAGGACAGGATGAACT
NM_002176.4 qH-IENBI_R405 TTAGCCAGGAGGTTCTCAACAATAG
qH_IFNBL_0285 (HEX)-TCCAGAAGGAGGACGCCGCATTGAC-(BHQL)
IENL1 gH_IFNL1_F192 GTCACTCAAGCTGAAAAACTGGA
NM_172140.2
gH_IFNL1_R580 GGTTCCCATCGGCCACATATT
gH_IFNL1_0277 (FAM) TTCTCCAGGTGAGGGAGCGCC-(BHQL)
IFNL2/3 QH_IENL2/3_F347 GAGGGCCAAAGATGCCTTAGAA
NM_172138.2*
17258 qH_IENL2/3_R518 AGTGTCAGCGGTGGCCT
B gH_IFNL2/3_0453 (HEX)-GCAGCTGCAGGTGAGGGAGC-(BHQL)
IL10R2 qH_IL10R2_F691 CGGAACAAAGCTGGGGAATG
NM_000628.5 qH_ILI0R2_RO11 CCCAAAAACTCTTTCAGGTGCT
gH_IL10R2_0833 (TAMRA)-CTCGGCTGCTTCGCCTTGCT-(BHQ2)
IENLR1 gH_IFNLR1_F3481 AACAAACTACGGAGCTGGGG
NM_173065.3 qH_IFNLR1_R3593 AGTTACCTCCACGAAGCAGC
gH_IFNLRI_03531 (JOE)-AAATTCCCAGACCTGTACCGATGTTCT-(BHQL)
IFIT-1 qH_IFIT-1_F1376 AAACTTCGGAGAAAGGCATTAGAT

NM_001548.5*
NM_001270927.2; NM_001270928.2
NM_001270929.2; NM_001270930.2

qH_IFIT-1_R1540
qH_IFIT-1_01479

TGAAATGAAATGTGAAAGTGGCTG

(HEX)-CCTGAGACTGGCTGCTGACTTTGAGAAC-(BHQI)

MxA
NM_001144925.2*
NM_002462.5; NM_001178046.3

qH_MxA_F2345
qH_MxA_R2449
qH_MxA_02373

GAGACAATCGTGAAACAGCAAATCA
TATCGAAACTCTGTGAAAGCAAGC
(HEX)- CACTGGAAGAGCCGGCTGGGATATG-(BHQL)

RIG-1

NM_014314.4*

NM_001385907.1; NM_001385910.1
NM_001385912.1; NM_001385913.1
NM_001385914.1

qH_RIG1_F1940
qH_RIG1_R2053
qH_RIG1_02002

GAGCACTTGTGGACGCTTTA
ATACACTTCTGTGCCGGGAG
(ROX)-CCTGGCATATTGACTGGACGTGGC-(BHQ2)

MDA5
NM_022168.4

qH_IFIH-1_F2667
qH_IFIH-1_R2864
qH_IFIH-1_02744

AAACCCATGACACAGAATGAACA
TGTGAGCAACCAGGACGTAG
(Cy5.5)-CACAGTGGCAGAAGAAGGTCTGGA-(BHQ3)

SOCS-1
NM_003745.2

qH_SOCS-1_F1030
qH_SOCS-1_R1132
qH_S0CS-1_01093

CCTGGTTGTTGTAGCAGCTTA
CCTGGTTTGTGCAAAGATACTG
(ROX)-CCTGGTTGTTGTAGCAGCTTA-(BHQ2)

GAPDH
NM_002046.7*; NM_001289745.3
NM_001289746.2; NM_001357943.2

qH_GAPDH_F23
qH_GAPDH_RI152
gqH_GAPDH_78

CAGTCAGCCGCATCTTCTTTTGCGTCG
CAGAGTTAAAAGCAGCCCTGGTGACCAG

(FAM)-TGGGGAAGGTGAAGGTCGGAGTCAACGG
ATTTGGTC-(BHQ1)

* = primers and probe are specified in the sequence of this mRNA-transcript.
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5'-end and aquencher at the 3-end (Table 1), were commercially
synthesized and HPLC-purified (Evrogen, Russia).

RNA isolation. Total RNA was isolated from A549 cells using
TRIZol reagent (Invitrogen, USA) according to the manufac-
turer's instructions. RNA concentrations and integrity were
analyzed using a NanoDrop ND-1000 spectrophotometer (Na-
noDrop Technologies, USA).

Reverse transcription reaction. Two micrograms of total
RNA were treated by DNase (Promega) and then directly re-
verse transcribed using oligo-dT , primers and MMLV reverse
transcriptase (Promega). Complementary DNA synthesis was
carried out at 42°C for 60 min; products were stored at -20°C
until use.

PCR analysis. Real-time PCR assays were performed using
the CFX96 Real-Time PCR System (Bio-Rad, USA). Evaluation
of IFNL1, IFNL2-3, IL10RB, IFNARI1, MxA, IFIT-1, RIG-1, MDAS5,
IFNB, SOCS-1, and GAPDH genes expression was performed in
25 pl reaction solutions containing 12.5 pl BioMaster HS-gPCR
mix (2x) (BioLabMix, Russia), 2 ul cDNA (synthesized from 1 g
of total RNA). The reaction mixtures contained 500 nM of each
primer and 200 nM of each probe. Conditions of the two-step
PCR were 95°C for 5 min, followed by 40 amplification cycles
(95°Cfor15s,61°Cfor30s). For viral RNA gene expression analy-
ses, the CDC Influenza A/B Typing Kit (# FluIVDO03-1, Centers
for Disease Control and Prevention, USA) and the Real-time
RT-PCR Assay for RSV (Centers for Disease Control and Preven-
tion, USA) were used. Relative expression values of genes of
interest were calculated via AACt method using GAPDH as
ahousekeeping gene.

ELISA.HumanIEN-A, ,,
culture supernatants were measured by enzyme-linked immu-
nosorbent assay (ELISA) using commercial kits or antibodies.
Lambda IFN levels were evaluated by human IL-29/1L-28B
(IEN-lambda 1/3) DuoSet ELISA (DY1598B, R&D Systems, USA).
IL-6 was measured by human IL-6 DuoSet ELISA (DY206, R&D
Systems, USA). Measurement of IL-10 was performed using Rat
Anti-Human IL-10 Capture Antibodies (554705, BD Biosciences,
USA); Biotin Anti-Human and Viral IL-10 Detection Antibodies
(554499, BD Biosciences, USA); and Recombinant Human IL-10
(1064-1L-010, R&D Systems, USA). Viral loads were evaluated
using in-house antibodies (Plotnikova et al., 2020).

Statistical data processing. Data processing was carried out
in Microsoft Excel. GraphPad Prism was used to evaluate the
statistical significance of differences.

IL-6,and IL-10 concentrationsin cell

Results

Respiratory viruses induce IFN genes expression with
different kinetics in A549 cells

To assess the impact of respiratory viruses on IFN ex-
pression, A549 cells were infected with RNA viruses (IBV,

IAV HIN1pdmO09, IAV H3N2, RSV) and a DNA virus (AdV
serotype 5 and 6) at the same MOI and were incubated 4,
8, and 24 hours post-infection (hpi).

The replicative cycle of influenza is about 8 h. The
production of mRNA and proteins of RSV reaches its
peakat 15-20 hpi, while the AdV life cycle is a bit longer.
Cells were infected without trypsin to exclude the pos-
sibility of infection with viral offspring. Thus, IFNs
and ISGs production refer to a single replicative cycle
of any virus. At first, we showed that the viral genomes
are capable of effectively replicating in the A549 cell
(Supplementary Fig. Sla). Hence, all investigated viruses
exhibited the ability to replicate and to form new viral
particles in A549 cells (Supplementary Fig. S1b). Also,
it should be noted that infection with IBV is associated
with a cytopathic effect (destruction of cells monolayer),
while infection with other viruses did not result in any
visible changes.

Changes in IFN expression were virus-specific. The
results obtained by RT-PCR revealed that IBV is the
fastest inducer of type I and type III IFNs compared to
other viruses (Fig. 1). In response to IBV infection, the
expression IFNB and IFNL mRNA increased more than
1000-and 10000-fold already at 4 hpi,and then it had been
maintained at a stable high level at 8 hpi and 24 hpi. It is
noteworthy that AdV infection of both types led to the
suppression of IFN mRNA. At 24 hpi all viruses induced
excessive IFNL2/3 and IFNA levels augmentation, while
the expression of IFNLI and IFNB was elevated only in
RNA viruses.

Surprisingly, the IFN-\ level was significantly in-
creased onlyinthe RSV and IBV cell culture supernatants
(Fig. 2a). The levels of IFN-a and IFN-P (Fig. 2bc) were
increased in response to influenza virus infection (both
IAV and IBV).

Despite IFNs being the primary, universal activators
of the innate immune response, we have noted that the
production of type Iand type III IFN in response to infec-
tion is virus-specific.

[BVis a faster and stronger ISGs inducer than other
RNA viruses

We also evaluated changes in the expression of several
ISGsinresponse to viral infection. In both virus-infected
and uninfected cells, IFNs induce the expression of MxA,
which makes MxA an excellent marker for detecting the
activation of an IFN-dependent response (Haller et al.,
2015).

We evaluated MxA expression kinetics at 4, 8,and 24 hpi
(Fig.3a).In general, MxA expression at 24 hpi was elevated
uponinfection with all viruses. However, the MxA mRNA
level in AdV-infected cells was significantly lower than
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Respiratory viruses stimulate IFNs expression with different kinetics
Expression levels of IFNLI (a); IFNL2/3 (b); IFNA (c); and IFNB (d) were measured at 4, 8, and 24 hpi. Gene expression was analyzed via
AACt method (relative to GAPDH). Statistical significance (p-value) was determined by ordinary two-way ANOVA, followed by a pairwise
Dunnett's multiple comparisons test: **** — Adjusted p-value < 0.0001; *** — < 0.001; ** — < 0.01; * — < 0.05 compared to Cntr. Cntr - intact
cells that were cultured in the same conditions and were not infected (instead, sterile medium F12K was added). At least three biological
replicates were used for each experimental data point. Data are represented as mean + SD.

in those with RNA virus infections. At 4 hpi, an increase
in MxA expression (about two orders of magnitude) was
noted in cells infected with IBV. By 8 hpi, IBV-induced
MxA expression had reached its maximum and was also
significantly increased compared to all other groups. For
all viruses with the exception of the IBV, MxA expression
dynamics correlated with viral genome replication (Supp-
lementary Table S1).

The expression of interferon-induced protein with
tetratricopeptide repeats 1 (IFIT-1) at 24 hpi looked simi-
lar to MxA (Fig. 3b). However, AdV did not induce IFIT-1
expression. Therefore, it can be assumed that an increase
IFIT-1expression was largely synchronized with changes
in IFNL1and IFNB mRNAs levels.

We also evaluated the expression of OAS-1 and PKR
(Fig. 3cd). In general, we noted time-delayed OAS-1 and
PKR mRNA induction. At 4 hpi the level of OAS-1 and
PKR mRNA did not change compared to the control (not
shown), and at 8 hpi it was augmented in the case of IBV.
By 24 hpi, the expression of these genes increased in case
of all RNA viruses.

Thelevels of IL-6 and IL-10 in cell culture supernatants
were analyzed (Supplementary Fig. S2). IL-6 and IL-10
were significantly increased in case of IBV and (A)HIN-
1pdmO09. The IL-6 level for RSV and (A)H3N2 also exceeded
control values. Thus, secretion of IL-6 and IL-10 generally
correlated with type I IFN.

Expression of IFNAR subunits and the cytosolic sensors
MDAS5 and RIG-1is associated with the ability to induce
ISGs

Possible regulation of IFN-\-dependent signaling ac-
tivation by variation in IFNAR subunit expression was
evaluated. The expression levels of IFNARI and IL1I0R2
were assessed (Fig. 4). A significant decrease in the expres-
sion of IFNARI subunit (more than 5-fold compared to
the control) was noted one day after IBV infection (Fig. 4).
Presumably, the decrease in IFNARI1 level was associated
with arapid increase in IFNL and ISGs expression. There
were no significant changes in the expression levels of
ILI0OR2, anonspecific IFNAR subunit.
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IAV H1stimulates IFN-a/f, but not IFN-A secretion

Levels of IFN-A (a); IEN-a (b); and IFN-{ (c) were measured in cells supernatants by ELISA at 24 hpi. Statistical significance (p-value) was
determined by ordinary one-way ANOVA, followed by a pairwise Dunnett's multiple comparisons test: **** — Adjusted p-value < 0.0001;
*** — < 0.001 compared to Cntr. Cntr - intact cells that were cultured in the same conditions and were not infected (instead, sterile me-
dium F12K was added). At least three biological replicates were used for each experimental data point. Data are represented as mean + SD.

MDAS5 and RIG-1 expression is induced by autocrine  tion. Already by 4 hpi, IBV infection led to an increase in
or paracrine action of IFNs, so that an increase in the theexpressionof both RIG-1and MDA5 (Fig.5a,b). RIG-1ex-
expression of these genes can be considered as a positive  pression was enhanced inresponse to infection with IBV,
feedback loop that could further augment IFNs produc- A/H3N2, and RSV at 24 hpi. Nevertheless, we noted that
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Respiratory viruses induce the expression of canonical ISGs: MxA (a); IFIT1 (b); 0AS-1(c); and PKR (d)
Gene expression was analyzed via AACt method (relative to GAPDH). Statistical significance (p-value) was determined by ordinary two-way
ANOVA, followed by a pairwise Dunnett's multiple comparisons test: **** — Adjusted p-value < 0.0001; *** — < 0.001; ** — < 0.01; * — < 0.05
compared to Cntr. Cntr - intact cells that were cultured in the same conditions and were not infected (instead, sterile medium F12K was
added). At least three biological replicates were used for each experimental data point. Data are represented as mean + SD.
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IBV lowers IFNLR1 expression at 24 hpi
The expression of specific IFNLR1 (a); and non-specific ILIORB (b) IFN-A receptor subunits were assessed by RT-PCR. Gene expression was
analyzed via AACt method (relative to GAPDH). Statistical significance (p-value) was determined by ordinary two-way ANOVA, followed
by a pairwise Dunnett's multiple comparisons test: ** — Adjusted p-value < 0.01 compared to Cntr. Cntr - intact cells that were cultured
in the same conditions and were not infected (instead, sterile medium F12K was added). At least three biological replicates were used for

each experimental data point. Data are represented as mean + SD.

RNA-sensors expression decreased from 4 hpito24 hpiin
the case of IBV. In addition, an increase in MDA5 expre-
ssion was observed for all RNA viruses, except IAV/H1.
We also measured the expression of SOCS-1 (Fig. 5¢),
which takes part in anegative feedback loop to attenuate
cytokine signaling. By 4 hpi, we did not find any signifi-
cant changes in SOCS-1 expression. By 24 hpi, SOCS-1 ex-
pression was significantly increased in cells infected with
IAV/H3, IBV and RSV. Interestingly, IAV/H1 did not cause
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an increase in the expression of SOCS-1 or RNA-sensors
(RIG-1and MDA5).

Discussion
In our previous work (Plotnikova et al.,2021) we showed

that IFN-A1 exhibits antiviral activity against various
RNA viruses (IAV, SARS-CoV-2, CHIKV). IFNs are a major
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IAV H1 did not induce RIG-1 (a); MDAS5 (b); and SOCS-1
(c) expression

Statistical significance (p-value) was determined by ordinary two-
way ANOVA, followed by a pairwise Dunnett's multiple comparisons
test: *** — Adjusted p-value < 0.001; ** — < 0.01; * — < 0.05 compared
to Cntr. Cntr - intact cells that were cultured in the same conditions
and were not infected (instead, sterile medium F12K was added). At
least three biological replicates were used for each experimental
data point. Data are represented as mean + SD.



106

LOZHKOV, A. A. et al.. IFN-A AND IFN\R EXPRESSION IN RESPONSE TO RESPIRATORY VIRUSES

component of innate defense against viruses. The produc-
tion of endogenous IFN-A by epithelial cells is a natural
defense mechanism that limits the growth and spread of
RNA viruses. In this work, we assessed the dynamics of
IFNL and the expression of several ISGs inresponse to the
infection of A549 cells with respiratory viruses (HlpdmO9,
H3, IBV, RSV, AdV types 5 and 6).

It is known that the induction of IFNs, proinflamma-
tory cytokines,and chemokines is associated with strain
pathogenicity (Cole and Ho,2017). When studying the IFN
status of A549 cells, we showed that infection with RNA
viruses (especially IBV) led to a significant increase in
IFNL and IFNB mRNA levels, meanwhile, AdV infection
elicited only a weak increase of IFNL and IFNB mRNA. It
is noteworthy that in the early stages of AdV infection,
IFN mRNA was completely suppressed. In our work, we
used AdVs (types 5 and 6), which belong to the serotype
Cand exhibit high tropism for respiratory epithelial cells.
It has been shown that AdV E1B 55K plays a major role in
the repression of ISGs transcription in the early stage of
adenoviral infection (Chahal et al., 2012; Hidalgo et al.,
2019). At 24 hpi, the pattern of IFNA was similar to IFNL2/3
and the pattern of IFNB was similar to IFNLI. So, neither
AdV strain upregulated IFNB and IFNLI mRNA levels.

It is noteworthy that 24 hours after infection, the
production of type I and III IFNs was stimulated only by
RNA viruses. However, despite a significant increase in
mRNA level, IAV did not induce IFN-A production at the
protein level. A statistically significant increase of IFN-\A
secretion was observed only in the case of RSV and IBV
infections. Suppression of IFN-A-dependent signaling is
one of the strategies used by the IAV to escape the host
immune response (Wei et al., 2014). Weak IFN-A secretion
upon IAV infection may be associated with the activity
of the viral proteins PA-X or NS1 (Chaimayo et al., 2018).

Only infection with IBV led to the production of both
type I and type III IFNs. According to Sun's assumptions
(Sun et al.,2018), type I IFNs have the potential to induce
inflammationin addition to the antiviral response, while
lambda IFNs promote antiviral ISGs expression without
excessive inflammation. In our study, IBV infection was
associated with a cytopathic effect and led toincreasesin
the pro-inflammatory factors IFN-a, IFN-f, IFN-A, IL-6,and
IL-10.It should be noted that although IL-10 itself cannot
be attributed to mediators that promote inflammation, it
can be amarker of uncontrolled immunopathology (Guo
and Thomas, 2017).

It has been shown that IAV infection induces IFNL
expression mainly through the RIG-I-dependent path-
way (Wei et al.,2014). Induction of IFN expression occurs
already in response to IBV penetration into the cell; and
RIG-I cytosolic RNA sensors play a key role in virus re-
cognition (Médkela et al., 2015). Assuming that both viral

genomereplication and the production of IFNs can lead to
achangeinthe expression of cytosolic sensors by positive
feedback mechanisms (RIG-Iand MDADbS are also ISGs), we
evaluated the expression of both RLRs at an early stage
(4hpi) and alate stage (24 hpi) of infection. Infection with
RNA viruses resulted in an increase in MDA5 and RIG-1
expression by 24 hpi, with the exception of IAV/HL1. It has
been observed that IBVinduces early expression of IFNLI
and IFNB mRNA (as early as 2 hpi) in monocyte-derived
dendritic cells. IAV causes noticeable activation of these
genes much later (only starting from 8-12 hpi) (Strengell
etal.,2012; Sun Y et al., 2018).

Type I and III IENs can up-regulate SOCS proteins,
which negatively regulate IFN signaling by inhibiting
the JAK-STAT signaling pathway (Schneider et al., 2014).
Here, we found that SOCS-1 expression was elevated in
IAV H3N2, IBV, or RSV-infected cells 24 hpi. In general,
these observations are consistent with the changes in
RNA-sensors expression. Importantly, SOCS-I mRNA level
was not elevated at &4 hpi following IBV infection, whereas
expression of other ISGs (MxA, IFIT1, RIG-I, MDA5, OAS-
1, PKR) and IFNL was clearly elevated at this timepoint.
A similar pattern is observed for IAV/HI at later stage of
infection. It has been shown that the physiological role of
SOCS1 proteinsis to prevent tissue damage caused by the
potent pro-inflammatory effects of type I IFNs (Blumer
et al.,2017).

It seems curious that infection with IAV/H1 (HIN1
pdmO09) did not increase SOCS-1, MDAS5, and RIG-1 expre-
ssion, while we observed that upregulation of MxA, OAS-],
IFIT-1, PKR was correlated with reproduction of viral
genome. It is well known that SOCS can suppress IFN-
mediated antiviral immunity, promoting virus infection
and replication (Huanget al.,2020). Also, it was shown that
the non-structural protein 1 of RSV inhibits the antiviral
IFN-mediated response by inducing the up-regulation
of SOCS-1 and SOCS-3 (Zheng et al., 2015). However, the
key role of SOCS is the negative feedback regulation
of cytokine production, and violation of this function
ultimately results in the disturbance of homeostasis
restoration. We assume that SOCS-1 suppression plays
aprominent role inthe pathogenesis of highly pathogenic
IAV strains that is associated with excessive cytokine and
chemokine secretion. Along these lines, attenuation of
SOCS-1 expression can serve as a marker indicating an
increased potential of IAV/H1to cause hypercytokinemia.
This remains to be further determined. In the future, we
intend to study this issue in more detail by evaluating
the expression, production and phosphorylation of IRFs
during infection of A549 cells with an IAV strain with
deletions in NSI gene.

Modulation of IFN signaling can be accomplished by
alteration of receptor subunit expression (Stanifer et al.,
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2019). Forinstance, it was discovered that in nasopharyn-
geal swabs of children with a severe course of rhinovirus,
IFNLRI1 expression was elevated compared to samples of
children infected with RSV (Pierangeli et al., 2018). Eva-
luation of IFNLR subunit expression showed that only
with IBV was there a slight decrease in IFNLR1I mRNA
level, while non-specific subunit ILIOR2 mRNA level did
not change (Fig. 5). At the moment, there is not much
information available regarding molecular mechanisms
of the negative regulation of IFNLRI1 expression (Stanifer
etal.,2019). In any case, decreased IFNLRI expression ap-
pears to be anatural compensatory mechanism realized
in response to excessive activation of IFNAR-mediated
signaling.

Conclusion

Inthe present study we emphasized the importance of
the negative regulation of virus-triggered signaling and
cellular IFN response. We showed a decrease in IFNLR1
mRNA in the case of IBV infection, in which very rapid
and early activation of IFNs and ISGs occurred. It's curious
that IAV did not induce IFN-A secretion, but enhanced type
I IFN and IL-6. The attenuation of SOCS-1 expression in
H1N1pdm canbe considered as the inability of the system
to restore the immune status.

Supplementary information is available in the online version
of the paper.
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The investigated viruses are capable of replication in A549 cells
(a) Comparison of relative replication rates. The y-axis is the viral
genomereplication. Gene expression was calculated using the AACt
method (relative to GAPDH). When calculating expression, the viral
genome expression level at 2 h post-infection (hpi) was used for the
normalization of viral replication at later time points. For example,
IAV expression at 4 hpi or later was normalized to IAV expression at
2hpi, etc. The x-axis shows the time after infection. Cntr - intact cells
that were cultured in the same conditions and were not infected
(instead, sterile medium F12K was added). At least three biological
replicates were used for each experimental data point. (b) Viral
load in cell culture supernatants at 24 hpi. Recombinant proteins
(nucleoprotein of IAV, nucleoprotein of IBV, hexon of AdV, F-protein
of RSV) were used as standards. The levels of IAV, 1BV, AdV,and RSV
were measured immediately after infection in fresh medium (after
60 min of viral adsorption at 37°C, virus-containing inoculum was
washed away and fresh medium was added) and 24 hpi.
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Fig.S2

IAV H1 and IBV stimulate cytokine secretion
IL-6 (a) and IL-10 (b) levels were measured by ELISA in cell supernatants at 24 hpi. Statistical significance (p-value) was determined by
ordinary one-way ANOVA, followed by a pairwise Dunnett's multiple comparisons test: ** — Adjusted p-value < 0.01 compared to Cntr.
Cntr-intact cells that were cultured in the same conditions and were not infected (instead, sterile medium F12K was added). At least three
biological replicates were used for each experimental data point. Data are represented as mean + SD.

Table S1. Correlation between the accumulation of viral mRNA and the expression of IFNL or
MxA upon infection of A549 cells with various respiratory viruses

Virus MxA IFNLI IFNL2/3
T 0,7 0,4762 0,85
H1 P-value summary * ns *
(two-tailed) 0,0433 0,2431 0,0061
T 0,9667 0,8619 1
H3 P-value summary e w* A
(two-tailed) 0,0002 0,0047 <0,0001
r 0,5476 -0,1667 0,119
IBV
P-value summary 0,171 ns ns
(two-tailed) 0,7033 0,793
r 0,8833 0,8167 0,9167
RSV P-value summary ** * **
(two-tailed) 0,0031 0,0108 0,0013
T 0.75 -0.4 0.8
Adv
P-value summary * ns ns
(two-tailed) 0.0255 0.75 0.3333
T 0.9 0.5 0.6
Adv P-value summary * ns ns

(two-tailed) 0.002 >0.9999 0.4167




