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Summary. - Interferons (IFNs) mediate innate antiviral activity against many types of viruses, in-
cluding influenza viruses. In light of their potential use as anti-influenza agents, we examined whether
resistance to these host antiviral proteins can develop. We generated IFN-B-resistant variants of the
A/California/04/09 (H1N1) virus by serial passage in a human airway epithelial cell line, Calu-3, under
IFN-B selective pressure. The combination of specific mutations (i.e., L3731 in PB1, K154E,, D222G, 156V,
and V1221, in HA, and M2691 in NA) correlated with decreased ability of the virus to induce expression of
IFN (IFNBI1, IFNL1, and IFNL2/3) and IFN-stimulated genes (IFIT1, IFIT3, OAS1, IRF7, and MXI) by target
respiratory epithelial cells. In addition, the IFN-induced mutations were associated with decreased HA
binding affinity to a2,6 sialyl receptors, reduced NA enzyme catalytic activity, and decreased polymerase
transcription activity. Our findings demonstrate that the mutations in the influenza HA, NA, and PB1
proteins induced by IFN-P selective pressure significantly increase viral ability to productively infect

and replicate in host cells.
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Introduction

Influenza A viruses are respiratory tract pathogens
that cocirculate in the human population and pose
major health burdens, especially for young children,
immunocompromised individuals, and the elderly.
Influenza A viruses cause annual outbreaks and occa-
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Abbreviations: EGFP = enhanced green fluorescent protein;
IFN(s) = interferon(s); ISG = IFN-stimulated gene; ISGF3 =
interferon-stimulated gene factor 3; JAK = janus-kinase; MAVS =
mitochondrial antiviral-signaling protein; MDA-5 = melanoma
differentiation-associated gene 5; MEM: minimal essential
medium; NAI = neuraminidase inhibitor; NS1 = nonstructural
protein1; PA = polymerase acidic, RIG-I = retinoic acid-inducible
gene I; RNP = ribonucleoprotein; STAT = signal transducer
and activator of transcription protein; SOCS = suppressor of
cytokine signaling

sional pandemics, which have a huge impact on public
health (Wright, 2013). Three classes of antiviral drugs
are currently approved for clinical use against influenza:
neuraminidase inhibitors (NAIs, oseltamivir, zanamivir,
laninamivir, and peramivir), M2 ion-channel inhibitors
(amantadine, rimantadine),and a polymerase acidic (PA)
endonuclease inhibitor (baloxavir marboxil) (Beigel et
al., 2019). Amajor challenge in the treatment of influenza
virus infections is the development of viral resistance to
antivirals through mutation (Hussain et al., 2017). Circula-
ting influenza viruses are now largely resistant to the M2
inhibitors and their use is currently not recommended
(Dong et al., 2015). Moreover, the antiviral potency of the
NAIs is relatively weak (Nicholson et al., 2000; Treanor
et al., 2000), and the emergence of influenza viruses re-
sistant to NAIs is a continuing public health concern. In
fact, an epidemic of NAI-resistant influenza strains was
experienced as recently as 2009 (Sheu et al.,2008; Hurt et
al.,2015) and NAI-resistant viruses were also observed in
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immunocompromised patients more recently (Kimetal.,
2020). Therefore, additional effective antiviral agents with
novel mechanisms of action are needed for the prevention
and treatment of influenza virus infection, particularly
in the event of widespread resistance to other classes of
antivirals.

The human type Iinterferon (IFN) system includes se-
veral different IFN-a subtypes and a single form of IFN-,
which mediate early innate host defense againstinfluenza
virus infections. During influenza virus infection, the
cytosolic retinoic acid-inducible gene I (RIG-I) and the
RIG-I-like receptor, melanoma differentiation-associated
gene 5 (MDA-5), detect influenza ribonucleoprotein (RNP)
complexes as a pathogen-associated molecular pattern
(Loo et al., 2008; Rehwinkel et al., 2010). Following detec-
tion of RNPs, RIG-linteracts with TRIM25 and is recruited
to mitochondria by the scaffold mitochondrial antiviral-
signaling protein (MAVS), finally leading to the activation
of the TBK-1/IRF-3 IFN-f induction pathway (Yoneyama
etal.,2002; Takaoka et al.,2006). As asecondary response,
released type IIFN bindstoits cognate receptor (IFN-a/BR)
to activate the Janus kinase (JAK)/signal transducer
and activator of transcription protein (STAT) signaling
pathway. This in turn leads to phosphorylation of STAT1
and STAT2 and formation of active IFN-stimulated gene
factor 3 (ISGF3) complexes, which then induce transcrip-
tional activation of a large set of IFN-stimulated genes
(ISGs) (Ehrhardt et al., 2010; Garcia-Sastre, 2011). These
ISGs amplify the host defense response and lead to the
establishment of an antiviral state (Durbin et al., 2013;
Xiao et al., 2013).

Numerous studies have shown that type I IFNs exert
antiviral activity against influenza virus infection (Wuet
al., 2020). Both seasonal and 2009 pandemic HIN1 influ-
enza A viruses were sensitive to the antiviral actions of
IFN-a/f in human monocyte-derived dendritic cells and
macrophages (Osterlund et al., 2010). Pretreatment with
IFN-a/p significantly inhibited influenza virus replica-
tion,including highly pathogenic H5N1avian influenza vi-
ruses,bothinvitro and in amouse animal model (Beilharz
et al., 2007; Szretter et al., 2009; Scagnolari et al., 2011). In
aguinea pig model, intranasal administration of human
recombinant IFN-a significantly reduced lung and nasal
wash titers of both reconstructed 1918 pandemic HIN1
virus and H5N1 strain (Van Hoeven et al., 2009). Prophy-
lactic use of IFN-a showed promise in preventing severe
influenza in humans (Bennett et al., 2013). Furthermore,
IFN-f alone or in combination with the neuraminidase
inhibitor, oseltamivir carboxylate, induced significant
antiviral activity against influenza A viruses in vitro
(Ilyushina et al., 2014).

In view of the critical antiviral action of type I IFNs
and their potential use as anti-influenza agents, it is

important to understand whether resistance to these
host proteins can develop. To date, no published stud-
ies have directly examined the potential emergence of
IFN-B-resistant influenza viruses. To gain insight into
the probability of emergence of IFN-f resistance, we gene-
rated an IFN-B-resistant variant of the A/California/04/09
(CA/04, HIN1) virus by serial passage in a human airway
epithelial cellline, Calu-3, under IFN-f selective pressure.
We then characterized the acquired viral genomic muta-
tions, growth potential, and levels of resistance to IFN-f
of the selected mutant. We observed that a combination
of mutations in the PBI1, HA, and NA proteins is associ-
ated with markedly increased resistance to the antiviral
activity of IFN-f.

Materials and Methods

Cells, viruses, and reagents. The Madin-Darby canine kidney
(MDCK) cell line, human embryonic kidney cell line (293T),
and the human lung epithelial cell line (Calu-3) were obtained
from the American Type Culture Collection (Manassas, VA)
and maintained as described previously (Ilyushina et al.,2014).
Human influenza CA/04 (H1IN1) virus was kindly provided by
Dr. Robert G. Webster (St. Jude Children's Research Hospital,
Memphis, TN). Stock virus was grown in the allantoic cavities
of 10-day-old embryonated chicken eggs for 48 h at 37°C, and
aliquots were stored at -80°C until use. All experimental work
was performed in abiosafety level-2 (BSL-2) laboratory approved
by the U.S. Department of Agriculture and the U.S. Centers for
Disease Control and Prevention. Human recombinant IFN-f pro-
tein was obtained from R&D Systems, Inc. (Minneapolis, MN),
and diluted in RPMI-1640 medium plus 10% fetal bovine serum
(Hyclone, Logan, UT). Oseltamivir carboxylate was provided by
Roche Diagnostics GmbH (Mannheim, Germany). Zanamivir
was obtained from Sigma-Aldrich (St. Louis, MO). Laninamivir
was purchased from Carbosynth (Compton, UK).

Infectivity of HIN1 influenza viruses. The infectivity of the
HIN1 viruses was determined by plaque assay (Hayden et al.,
1980). Briefly, MDCK cells were incubated at 37°C for 1h with 10-
fold serial dilutions of each virus. The cells were then overlaid
with minimal essential medium (MEM) containing 0.3% bovine
serum albumin, 0.9% Bacto agar, and 1 ug/ml 1-(tosylamido-
2-phenyl)ethylchloromethylketone (TPCK)-treated trypsin. Af-
ter 3days of incubation at 37°C, the cells were stained with 0.1%
crystal violet in 10% formaldehyde solution, and the number
of plaque-forming units (PFU) per milliliter and plaque size of
any 10 plaques were determined using a Finescale magnifying
comparator.

Virus yield reduction assay. The virus yield reduction as-
say was performed as described previously in 24-well plates
containing confluent Calu-3 cells (Ilyushina et al., 2014). The
concentrations of IFN-pranged from 0.001 to 10 ng/ml (the 50%
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cytotoxic concentration for IFN-f is >1000 ng/ml; (Ilyushinaet
al.,2014)) and IFN-B was added to the 24-well plates for 24 h. After
pretreatment, the cells were overlaid with 2x drug-containing
medium (100 ul/well),infected with influenza virus at a MOI of
0.01 PFU/cell, and incubated for 24 h at 37°C. Virus yields were
determined as the number of PFU/mlin MDCK cells. The drug
concentration that caused a 50% decrease in the PFU titer in
comparison to control wells without drug was defined as 50%
effective concentration (EC,,). The results of two independent
experiments were averaged.

Viral replication kinetics. To determine multistep growth
curves for each virus, Calu-3 cells were infected with the HIN1
viruses at the MOI of 0.001 PFU/cell. After incubation for 1h, the
cells were overlaid with MEM medium containing 0.3% bovine
serum albumin and 1ug/ml TPCK-treated trypsin. The superna-
tants were collected at 6, 24, 48,72, and 96 h post-infection and
stored at -80°C until titration.

Virus sequence analysis. Viral RNAs isolated from virus-
containing cell culture fluid were reverse transcribed and
analyzed by PCR using universal primers as described previ-
ously (Hoffmann et al., 2001). Sequencing was performed by
the Research Central Facility for Biotechnology Resources at
the U.S.Food and Drug Administration, Silver Spring, MD. DNA
sequences were completed and edited by using a Lasergene
sequence analysis software package (DNASTAR, Madison, WI).

Receptor-binding assay. The affinity for biotinylated 3'-and
6'-glycans (chemical structures are shown in Supplementary
Table 1) was measured in a direct binding assay as described
previously (Ilyushina et al., 2017). Briefly, plates pre-coated
with each virus were incubated with each biotinylated sialyl-
glycopolymer. Plates were then washed and incubated with
streptavidin-peroxidase (Sigma-Aldrich, St. Louis, MO). After
washing, tetramethylbenzidine (TMB) substrate solution (KPL,
Gaithersburg, MD) was added, and the reaction was stopped
with TMB stop solution (KPL). Optical density was determined
at450 nm with a Synergy 2 multimode microplate reader (BioTek
Instruments, Winooski, VT). The association constant (K, 1/uM
sialic acid) values were determined by fitting the data to the
“one site-total binding” equation by using nonlinear regression
in Prism 9.0 software (GraphPad Software Inc., San Diego, CA).
Thereported datarepresent the mean of at least four individual
and independent experiments for each virus.

NA enzyme inhibition assay and NA enzyme activity. Influ-
enza viruses were standardized to equivalent NA activity and
incubated for 30 min at 37°C with NAIs (oseltamivir carboxylate,
zanamivir, or laninamivir) at concentrations of 0.0001 to 5 uM
and with MUNANA (Sigma-Aldrich) as asubstrate for 1hat 37°C.
The reaction was then terminated by adding 14 mM NaOH and
fluorescence was quantified in a Synergy 2 multimode micro-
platereader (BioTek Instruments). The half maximal inhibitory
concentration (IC,) of each NA inhibitor was determined by
plotting the dose-response curve of inhibition of NA activity
as a function of the compound concentration.

The NA activity of influenza viruses standardized to an
equivalent NA protein content of 0.15 ng/ul was measured by
a fluorescence-based assay using MUNANA (Sigma-Aldrich)
as described previously (Adams et al., 2020). The kinetic para-
meters Michaelis-Menten constant (K,,), maximum velocity of
substrate conversion (V__ ), and catalytic efficiency (k_ /K,,) of
the NAs were calculated by fitting the data to the appropriate
Michaelis-Menten equations by using nonlinear regression
analysisin Prism 9.0 software (GraphPad Software Inc.). Values
represent the means of at least three individual and independ-
ent determinations.

Minigenome assay for polymerase activity. Subconfluent
monolayers of 293T cells were transfected with the luciferase
reporter plasmid (enhanced green fluorescent protein [EGFP]
open reading frame in pHW72-EGFP replaced with the firefly
luciferase gene) (Salomon et al., 2006) and a mix of PB2, PBI,
PA, and nucleoprotein (NP) expression plasmids (CA/04 or
mutated) in quantities of 1,1,1, and 2 pg, respectively. The plas-
mid pGL4.75(hRluc/CMV), which expresses Renilla luciferase
(Promega, Madison, USA), was used as an internal control for
a dual-luciferase assay. As a negative control, 293T cells were
transfected with the same plasmids, with the exception of the
NP expression plasmid. After 24 h of incubation at 33°C or 37°C,
cell extracts were harvested and lysed, and luciferase levels
were assayed with adual-luciferase assay system (Promega) and
aSynergy 2multimode microplate reader (BioTek Instruments).
Experiments were performed in triplicate.

Quantitative real-time polymerase-chain reaction (qPCR) of
IFN, IFN-stimulated, and viral matrix (M1) genes. Quantifica-
tion of changes in gene expression was carried out by gPCR
analyses of individual IFNs and ISGs using RT? qPCR primer
assays (Qiagen, Germantown, MD). Viral M1 gene copy num-
bers were assayed by using Tagman gene expression assay
primer/probe sets and master mix (Life Technologies, Carls-
bad, CA) and values were determined by running respective
standard curves. Total cellular RNA was isolated from virus-
infected Calu-3 cells (MOI = 1) pretreated with or without
IFN-B (1 ng/ml) for 8 h using RNeasy Minikit (Qiagen) and
150 ng of the purified RNA was reverse-transcribed to cDNA
with Quantiscript reverse transcriptase (Qiagen). The cDNA
was mixed with RT? SYBR® green qPCR Mastermix (Qiagen)
and qPCR was performed using the ViiA™7 system (Applied
Biosystems, Beverly, MA). The results expressed as the mean-
fold increase relative to the control gene expression levels of
the housekeeping gene, GAPDH, were further normalized to
viral M1 gene copies in each reaction. Graphing and statisti-
cal analysis of gPCR results were performed using Prism
9.0 (GraphPad Software Inc.). Values are the means of three
independent determinations.

Enzyme-linked immunosorbent assay (ELISA). The secreted
levels of IFN-f from Calu-3 cell culture supernatants were ana-
lyzed using ELISA kit supplied by PBL Biomedical Laboratories
(Piscataway Township, NJ). The IFN-p levels from cell culture

cat’
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supernatants isolated from cells infected with CA/04 and se-
lected variants were analyzed in one experiment.

Statistical analysis. The EC, values, virus yield, plaque size
and number, binding to sialyl receptors, NA enzyme kinetic
parameters (K,,V__,andk_/K, ), polymerase activities of RNP
complexes, secreted levels of IFN-B, and IFN and ISG gene ex-
pression values induced by CA/0O4 and selected variants were
compared by one-way analysis of variance (ANOVA) or unpaired
t-test. Probability values £ 0.05 indicate statistically significant

differences.

Results

Generation of IFN-B-resistant variants in Calu-3 cells
and assessment of IFN sensitivity and growth characte-
ristics of two selected variants

We first measured the sensitivity of influenza CA/04
virus to treatment with recombinant IFN-B by virus reduc-
tion assay in Calu-3 cells (Fig. 1a). The parental CA/O4 virus
was very sensitive to inhibition by IFN-B: mean EC, = 0.01
+ 0.004 ng/ml, which was consistent with our previous
findings (Ilyushinaetal.,,2014). The EC, value (i.e., 0.01ng/
ml) was selected as the initial passage concentration of
IFN-p to obtain drug-resistant HIN1 variants. We then
serially passaged the CA/O4 strain 30 times in Calu-3 cells
in the presence of increasing concentrations of IFN-p to
provide an opportunity for selection of an IFN-p-resistant
viral phenotype (Fig. 1b). Virus yields were measured
by plaque assay using MDCK cells after each passage.
Analysis of the CA/04 virus following culture in the pres-

ence of increasing concentrations of IFN-p showed the
largest decrease in plaque number at passage 27 (2.0 + 0.6
log,,PFU/ml). The plaque number rebounded at passage 28
(4.3 £ 0.41og, PFU/ml) and this increase could be associa-
ted with the acquisition of IFN-B-induced mutation(s).
Furthermore, a mixed viral population was detected by
plaque morphology analysis of culture supernatants at
passage 23 (data not shown).

After 30 serial passages in the presence of IFN-f, two
variants, CA/04'"™ -1 and CA/04* ™42, were isolated by
random selection of single plaques followed by plaque
purification in MDCK cells. We then tested their sensi-
tivities to the antiviral activity of IFN-p by virus yield
reduction assay. As shown in Fig. 1a, the CA/04*FN+-1
variant exhibited significantly reduced sensitivity to
IFN-B compared to the wild-type CA/04 virus (EC,, = 0.4
+ 0.2ng/ml). In contrast, CA/04*"™#-2 remained sensitive
to IFN-B (EC,, = 0.02 + 0.01 ng/ml). A similar pattern of
IFN-B dose-dependent reduction of viral M1 gene copies
was observed by qRT-PCR analysis (data not shown). Our
findingsindicated that the CA/04 '™ -1 variant may have
acquired one or more mutation(s) that decreased its sen-
sitivity to the antiviral activity of IFN-p.

We next examined plaque morphology and replication
of the wild-type, CA/04""™+-1, and CA/04 ™42 viruses in
MDCK cells. The two passaged variants formed significant-
lylarger plaques than the wild-type virus (P <0.01, Table1).
To evaluate the replicative ability of the selected variants,
we assayed their virus yield in comparison to that of the
parental strain after multiple replication cycles in Calu-3
cells. As shown in Fig. 1c,the CA/04*™+4-1and CA/Q4*FN+-2
viruses grew to significantly higher titers than the wild-
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Generation of IFN-P-resistant variants in Calu-3 cells and assessment of IFN sensitivity and growth characteristics of two selected
variants
(a) Antiviral effect of IFN- (ng/ml) against the CA/04, CA/04 ™ -1, and CA/04 '™ B-2 viruses in Calu-3 cells as measured by the virus
yield reduction assay. Mean EC, values and standard deviations are calculated from at least two independent experiments. (b) Ge-
neration of influenza A virus with decreased sensitivity to IFN-B. CA/0% virus was passaged in Calu-3 cells in the presence (red line)
of increasing concentrations of IFN- (brown line). (c) Replication of the CA/04, CA/04 "™ -1, and CA/04 "™ -2 viruses in Calu-3 cells.
The results are expressed as log [PFU/ml from three independent experiments. °P <0.01, compared to the values for the wild-type virus

by one-way ANOVA.
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Effects of HAl1 and PB1 mutations on receptor specificity and viral polymerase activity
(a) Receptor specificity of CA/04, CA/04"™-1, and CA/0L*™+-2 viruses. °P <0.01, compared to the values for the wild-type virus by one-
way ANOVA. (b) Polymerase activity of RNP complexes of wild-type and CA/04*'™+-1 containing PB1 L373I mutation at 33°C and 37°C. The
values represent the mean + standard deviation of activity of the mutated RNP complex relative to that of CA/04 virus. *P <0.01, compared

to the values for the CA/04 virus by unpaired t-test.

type CA/O4virus at 72 and 24 h post-infection, respectively
(T~1.71og, P<0.01). These findings indicated that sequential
passage of the parental HIN1influenza virus in Calu-3 cells
in the presence of IFN-B promoted selection of variants
with enhanced replication potential.

Sequence analysis of selected variants

To identify potential amino acid changes in the HIN1
influenza virus after culture in the presence of IFN-f, we
sequenced the complete genome of the selected variants,
CA/04 ™61 and CA/04"™+-2, at the end of the passaging
protocol. Sequence analysis revealed five substitutions
in HA (K153E,, K154E , D222G,, I56V,, and V122I,), one sub-
stitutionin NA (M2691), and one amino acid substitution
(L373I) in the PBI1 protein (Table 2, Supplementary Fig.1).
Notably, the two selected variants differed by only one
HA mutation (i.e., K153E, vs K154E ). To determine if the
amino acid changes identified in our CA/04*™+-1 and
CA/04 ™62 variants might also occur in other pandemic
2009 HINI1 isolates, we analyzed ~52,900 HIN1 genomic
sequences deposited in the Influenza Research Data-
base (data were obtained from the National Institute of
Allergy and Infectious Diseases (NIAID) database: www.
fludb.org). Two of the amino acid substitutions that we
identified in our study, D222G, and V1221, in HA, were also
present in ~1.0% of the related HIN1 strains in the Influ-
enza Research Database. The remaining five substitutions
(L373Iin PBI, K153E, K154E , and 156V, in HA, and M269I
in NA) were found in <0.2% of contemporary HIN1isolates
(Supplementary Table 2).

Effects of HA1, NA, and PB1 mutations on receptor
specificity, NA sensitivity/activity, and viral polymerase
activity

To determine if the HA1 mutations that we identified
affect the HA affinity for sialyl receptors, we examined the

Table 1. Growth characteristics of wild-type, CA/04* ™ -1, and
CA/04°"N+-2 influenza viruses

Viruses Virus yield (log ,PEU/ml)*  Plaque size (mm)®
CA/04 6.8+0.3 0.2+0.1
CA/04 1EN4-1 6.8+0.1 17+ 0.3°
CA/04 1EN4-2 6.4+ 0.3 2.0+ 0.2°

?Values represent the mean log PFU/ml + standard deviations
from three independent determinations. The number of PFU in
MDCK cells was measured by plaque assay after incubation at
37°C for 3 days with 10-fold serial dilutions of virus (Hayden et al.,
1980)."Values represent the mean plaque diameter (mm + standard
deviations) as measured by use of a Finescale comparator. P <0.01,
compared to the value for the wild-type virus by one-way ANOVA.

Table 2. Amino acid substitutions identified in CA/04**+-1 and

CA/04"™N+4-2 viruses
Proteins CA/04*EN-+-] CA/04EN-b-2
PB1 L3731 L3731
HAI® K154E, D222G K153E, D222G
HA2 156V, V1221 156V, V1221
NA® M2691 M2691

“HAl and NAl numbering.
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IFN and ISG gene expression and II-‘N-[3 protein expression induced by CA/04, CA/04+*N4-1 and CA/Q4*"*N-F-2

(a) Influenza-induced IFN and ISG gene expression levels in Calu-3 cells. Cells were pretreated with or without IFN-p (1 ng/ml) for 8 h,
infected with the indicated viruses (MOI = 1), and the levels of IFNs and ISGs were quantified by gPCR at 24 h post-infection. Results are
expressed as the mean-fold increase relative to the control gene expression levels of the housekeeping gene, GAPDH, which are further
normalized to the viral M1 gene copies in each reaction shown in Figure 3b. *P <0.05; °P <0.01, compared to the values for the CA/04 virus
(one-way ANOVA). (b) IFN-P protein production in Calu-3 cells. Cells were infected with the indicated viruses (MOI = 1). Supernatants were
collected at 24 h post-infection and the levels of secreted IFN-{ protein were determined by ELISA. *P <0.05, compared to the values for the
CA/O4 virus by one-way ANOVA. (c) Comparison of the viral M1 gene RNA copies in influenza-infected Calu-3 cells. Cells were pretreated
with and without of IFN-B (1 ng/ml) for 8 h, infected with the indicated viruses (MOI = 1), and the levels of M1 RNA copies were quantified
by gPCR at 24 h post-infection. Values were determined by comparison to standard curves for the influenza M1 gene and the results are
expressed as RNA copy numbers. °P <0.01, compared to the values for the CA/04 virus by one-way ANOVA.

receptor specificity of the selected variants, CA/04**N+4-1
and CA/04*™+4-2 in comparison to the wild-type virus.

namivir, using an enzyme-based NA inhibition assay.
The CA/04*"™+-1 and CA/04*'™N+4-2 variants remained

The binding level to the “avian-type” receptor (3'SL/N)
was negligible among all three viruses (data not shown).
However, based on their K, values (Fig. 2a), CA/04*F¥-1
and CA/04™+6-2 demonstrated a statistically significant
decrease in binding affinity to 6-Su-6'SLN and 6'SL/N
glycans as compared to the parental CA/04 virus (739.6-
fold, P< 0.01). Moreover, the CA/04" ™2 variant exhibited
a 2.7-fold lower binding to 6-Su-6'SLN as compared to
CA/04™+-1, Binding of both viruses to YDS glycan was
completely abolished (Fig. 2a).

We next examined the effect of the NA mutation found
in our selected variants on susceptibility to three NA
inhibitors: oseltamivir carboxylate, zanamivir, and lani-

susceptible to all three of the NA inhibitors despite the
presence of the M2691 NA mutation (Table 3). To further
evaluate the effect of the M2691 NA mutation on NA
enzymatic activity, a fluorescence-based assay based on
MUNANA catalyzation was used to measure changes in
therelative enzymaticactivity (V__ ), Michaelis-Menten
constant (K, ), and catalyticefficiency (k_/K,,) of the mu-
tant NA compared to wild-type CA/04 NA. We observed
that although the M2691 NA mutation had no effect
onthe K, or k_ /K, values, NA protein containing this
mutation exhibited significantly decreased NA enzyme
activity (V__ ratio relative to the wild-type virus = 0.6,
Table 3).

Table 3. NA inhibitor sensitivity? and NA enzyme kinetics properties of HIN1 viruses

Vises  Osclamiirenbowlate,  zenaml,  Lawnamiin oy o ke Kal
CA/04 1.3:0.2 09+01 02:0.1 1.0 214.3 + 74.9 0.1£0.05
CA/04 1FN4-1 1.8+0.2 12:0.2 02+0.1 0.6 163.7 + 32.0 0.1+0.04
CA/04 1FN4-2 16+0.2 10:0.2 0.1:0.1 0.6 182.1 + 44.0 0.1+0.02

aViral sensitivities were determined in NA inhibition assays. The values were fit to nonlinear regression curves with the variable slope
model to determine the IC,,, using GraphPad Prism. Values are means + standard deviation from two or more independent experi-
ments. "The V__ was calculated using a nonlinear regression of the curve according to the Michaelis-Menten equation and then the
ratio of the CA/04 ™ B virus' NAV,__ totheV__ of the wild-type CA/04 NA was determined. °The K|, represents the Michaelis-Menten
constant, at which the reactionrateishalfof V__ . The enzyme kinetic data were fit to the Michaelis-Menten equation using GraphPad
Prism. Values are the means + 95% confidence interval from 3 independent determinations.
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To determine if the observed amino acid substitution
L3731 in the PBI1 protein of the selected variants altered
their viral transcription activity, we analyzed reconsti-
tuted RNP complexes in 293T cells using a luciferase
mini-genome reporter assay (Fig. 2b). We found that the
single point mutation, PB1 L373], significantly decreased
polymerase activity of the CA/04 polymerase complex to
~77.2% at 37°C (P <0.05). To investigate whether the impact
of the PB1 L3731 substitution is temperature-dependent,
we measured the transcription activity of the RNPs at
33°C and we observed that this substitution did not alter
RNP activity at this temperature (Fig. 2b).

IFN and ISG gene expression and IFN-f protein expre-
ssion induced by CA/04, CA/04*"™N+-1 and CA/04*TN+4-2

We compared the ability of the wild-type, CA/04 TFN-+-1,
and CA/04 ™42 viruses toinduce IFN (IFNB1,IFNLI,and
IFNL2/3) and ISG (IFIT1,IFIT3,0AS1,IRF7,and MX1) gene
expression in Calu-3 cells with and without IFN-p pre-
treatment (1 ng/ml). As shown in Fig. 3a, the CA/Q4**N+4-1
virus induced significantly lower levels of IFNBI,
IFNL1,IFNL2/3, IFIT3, IRF7,and MXI gene expression at
24 h post-infection independent of IFN-p pretreatment
({~38.6-fold, P < 0.05). In contrast, infection of Calu-3 cells
with CA/04* ™42 induced levels of IFNs and ISGs similar
tothose induced after infection with the parental CA/04
strain. Moreover, the levels of IFN-f protein (Fig. 3b) co-
rrelated well with the levels of IFNBI gene expression (Fig.
3a) in the absence of IFN-f pretreatment.

We also examined if there is a difference in expression
of the viral M1 gene RNA copies after infection with the
CA/0L4, CA/0L*EN4-1, or CA/OL*™™N+4-2 viruses. We observed
higher expression levels of the M1 gene after infection
with either of the variants compared tothe parental CA/04
strain at 24 h post-infection independent of IFN-f Fig. 3C
pretreatment (73.2-fold, P < 0.01, Fig. 3c). These findings in-
dicate that the CA/04**¥+-1variant induced significantly
lower levels of IFN and ISG gene expression compared
to CA/04 and CA/04*'*™N+-2, The decreased levels of IFN
and ISG expression correlated with higher levels of viral
RNA expression suggesting that the CA/04*™-1 variant
was able toinhibit the IFN-B signaling as compared to the
wild-type and CA/04**¥+-2 variant.

Discussion

In the present study, we generated an IFN-B-resistant
mutant, CA/04**™¥4-1, by serially passaging the parental
virus in the presence of increasing IFN-f concentrations
for atotal of 30 passages. The selective pressure mediated
by IEN-Binduced the acquisition of several viral genomic

mutations in the PB1, HA, and NA proteins. The specific
combination of these selected mutations (i.e., L3731 in
PBI, K154E,, D222G,, 156V, and V1221, in HA, and M2691
in NA) correlated with decreased ability of the virus to
induce expression of IFN (IFNBI, IFNLI1, and IFNL2/3)
and ISG (IFIT1, IFIT3,0AS1,IRF7,and MX1) genes by target
respiratory epithelial cells. Moreover, the reduced levels
of IFN and ISG expression correlated well with decreased
expression of IFN-p protein in Calu-3 cells.

To ensure efficient replication and spread, influenza
viruses have evolved several strategies to suppress the
IFN antiviral response. The nonstructural protein 1
(NS1) inhibits induction of the type I IFN response via
its interaction with RIG-I (Guo et al., 2007; Mibayashi et
al., 2007) and TRIM25 (Gack et al., 2009). NS1 has been
shown to bind dsRNA and mask viral RNA species from
recognition by the host cells (Wang et al., 1999; Donelan et
al., 2003). NS1 can also interact with PKR and inhibit its
activation (Bergmann et al., 2000; Li et al., 2006). NS1 also
inhibits IFN-induced signaling by inhibiting expression
of the type I IFN receptor subunit IFNAR1 and inducing
expression of suppressor of cytokine (SOCS) 3 (Jia et al.,
2010). Moreover, NS1,PB2 and PB1-F2 were demonstrated
to be type IIFN antagonists that inhibit IFN-p induction
by interfering with the MAVS protein without affecting
viral replication (Graef et al., 2010; Iwai et al., 2010; Varga
et al., 2011). A specific motif within the influenza PB1 and
PA subunits (PB1 398E/5245/5631 and PA 351E - referred
as ESIE) was found to be sensed by RIG-I and to suppress
thetypeIIFN response (Liedmann et al., 2014). In addition,
Xia et al., 2015, demonstrated that the influenza surface
glycoprotein, HA, promotes IFNAR1 ubiquitination and
degradation (Xiaetal., 2015). This resultsin areduction of
thelevels of IFNARI1 expression and marked suppression
of cellular responsivenessto type IIFNs. A previous study
by Grimm et al., 2007, showed that influenza NA protein
contributes to high virulence of a A/Puerto Rico/8/34
(HIN1) variant, that allows the virus to evade innate immu-
ne control duetothe high speed of virus growth and early
viral gene expression (Grimm et al., 2007).

In two previous studies, we evaluated the potential
emergence of amino acid changes associated with adapta-
tion of the CA/04 virus to growth in Calu-3 cells by passa-
ging the parental virus without any selective pressure
(Ilyushina et al., 2017; Adams et al., 2020). We observed
that three substitutionsin the HA protein, G155E , S183P,,
and M2571, one amino acid substitution in the PA pro-
tein, V141, and one substitution in the M2 protein, E70K,
were associated with adaptation of the pandemic 2009
isolate to growth in Calu-3 cells (Ilyushina et al., 2017).
More recently, we found that two substitutionsin the HA
protein, D127E, and G155E,, and one substitutioninthe NA
protein, Y56C, are associated with adaptation of the paren-
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tal CA/0O4 virus to growth in respiratory epithelial cells
(Adams et al., 2020). Since the combination of mutations
selected without any selective pressure differed from that
seen in the present study, we believe that at least some
of the changes (most likely their combination) acquired
under IEN- selective pressure (i.e., PB1 L3731, HA K154E,,
D222G,, 156V, or V1221, or NA M269I) play a role not only
in Calu-3 cell adaptation butalsoininhibiting IFN-p signa-
ling. Additionally, since the two variants, CA/04**™4-1and
CA/04""N4-2, selected in the presence of IFN-f differed by
sensitivity to IFN-f and by one HAl mutation (i.e., K154E,
vs K153E, ), it appears that the K154E, must be presentinthe
combination of mutations for the CA/04 virus to acquire
significantly increased IFN-f resistance.

We found that passaging of the CA/04 strain in the
presence of IFN-f resulted in the development of five
mutationsin HA (K153E,, K154E , D222G,, 156V, and V122L,).
The D222G, mutation, located in the HA receptor binding
site and mapped to the antigenic site Ca (Xu et al., 2010),
was previously shown to be associated with higher viral
titers in Calu-3 cells (Ilyushina et al., 2019), adaptation to
mice (Ilyushina et al., 2010; Song et al., 2013), more pro-
longed hospitalization of infected patients, and a higher
frequency of severe and fatal human cases (Chan et al.,
2011). This HA1 substitution conferred enhanced viru-
lence to the parental virus both in vitro and in vivo via
increased binding affinity to a2,3 sialyl receptors while
maintaining a2,6 specificity (Chutinimitkul et al., 2010).
Since the HA D222G, mutation was previously shown to
arise after serial passaging in Calu-3 (Adams et al., 2020),
itislogical to conclude that this HAl change contributes
totheincreased ability of the parental virus to infect and
spread in mammalian respiratory epithelial cells.

Our characterization of the receptor specificity of
the CA/04'"+-1 and CA/04*'™4-2 variants revealed their
significant decrease in binding affinity to 6-Su-6'SLN and
6'SL/N glycans as compared to the CA/04 virus. It is very
likely that K153E, and K154E,, which are located near the
HA receptor-binding site and map to the antigenic site
Sa(Xu et al., 2010), contribute to the decreased binding to
the “human-type” receptors. Moreover, K153E, led to a sig-
nificant decrease in binding of the CA/04*'™+-2 variant to
6-Su-6'SLN as compared to the other viruses. Our findings
correlate with a previous study by others,in which alysine
residue at position 153 was shown to provide additional
and optimal contact with the a2,6 glycan and to affect
receptor binding specificity by decreasing affinity for a2,6
sialyl receptors (Soundararajan et al., 2009).

We found that one amino acid change located near the
active site of the NA protein, M269I, was selected in the
CA/04 virus after extended passaging in Calu-3 cells in
the presence of IFN-B. The CA/04"™-1 variant exhibited
reduced NA enzyme catalytic activity due to the M2691

substitution, but this change wasnot associated with are-
duction in viral replication in Calu-3 cells. Interestingly,
this finding correlates with our previously reported data
showing that decreased NA activity is necessary for the
adaptation of the CA/04 virus for growth in Calu-3 cells
under type III IFN-AL selective pressure (Ilyushina et al.,
2017). Taking into account the balance between the func-
tions of the HA and NA glycoproteins (Wagner et al., 2002),
we surmise that the NA M2691 substitution emerged to-
gether with concomitant HA mutations, including K153E,
and K154E, that modify virus receptor-binding affinity.
These HA1 changes result in increased efficiency of viral
release from infected cells and decreased dependence on
thereduced NA function. Indeed, the K153E, mutation was
previously shown to have a potential association with the
NA substitution that confers decreased NA enzymatic
activity. Namely, the K153E, mutation was associated with
the NA H274Y mutation in the CA/0O4 virus background in
amouse model and resulted in more rapid weight loss and
higher mortality than the parental virus (Song et al., 2013).
Moreover, the decrease in NA activity might involve the
acquisition of the compensating K154E, mutation by the
CA/04'™+-1 variant to modify both virus binding to its cog-
nate cell surface receptors and responsiveness to IFN-p.

In this study, we found that mutation at one site in
the RNP complex, namely PB1 L3731, evolved after se-
rial passaging of the parental virus in the presence of
increasing concentrations of IFN-f. This singleaminoacid
substitution was sufficient to significantly decrease the
transcription activity of the polymerase complex of the A/
California/04/09 virus at 37°C (P < 0.05), but not at 33°C. It
ispossible that the PB1 L373I mutation is associated with
the IFN-P antagonistic activity. However, this substitu-
tion might also be necessary for optimal interaction of
the viral polymerase with human host proteins to enable
the CA/04*"™ -1 and CA/04*™N+-2 variants to replicate eff-
iciently in Calu-3 cells in the presence of IFN-f.

To our knowledge, this is the first study to evaluate
the emergence of resistance by the CA/04 virus to the
anti-viral activity of IFN-B. We found that a combina-
tion of changes in the HA, NA, and/or PB1 proteins pro-
vided a structural and/or functional means by which the
CA/04™-1virus could acquire reduced anti-viral respon-
siveness to IFN-B. The observed mutations optimized HA
receptor specificity, NA enzyme catalytic activity, and
most likely, interaction of RNP with host cell factors.
Although the functions of the HA, NA, and PB1 proteins
in influenza virus replication have been widely studied,
only rudimentary knowledge exists regarding the func-
tions of these proteins in inhibiting IFN-p signaling. Our
current findings indicate that the IFN-f-induced muta-
tions in the HA, NA, and/or PB1 proteins mediate IFN-f
antagonistic functionstoenhance viral virulence. Further
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characterization of the effects of the acquired mutations
onresponsivenesstohosttype IIFN activity is warranted.
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Supplementary Fig. 1

Sequencing chromatograms for the nucleic acid changes observed in the CA/04*'™--1 and CA/04*'™ -2 variants
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