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ABSTRACT In 2009, a pandemic HIN1 influenza A virus (IAV) (pH1N1) emerged in the
human population from swine causing a pandemic. Importantly, this virus is still circulat-
ing in humans seasonally. To analyze the evolution of pHIN1 in humans, we sequenced
viral genes encoding proteins inhibiting general gene expression (nonstructural protein
1 [NS1] and PA-X) from circulating seasonal viruses and compared them to the viruses
isolated at the origin of the pandemic. Recent pH1N1 viruses contain amino acid
changes in the NS1 protein (E55K, L90I, 1123V, E125D, K131E, and N205S), as previously
described (A. M. Clark, A. Nogales, L. Martinez-Sobrido, D. J. Topham, and M. L. DeDiego,
J Virol 91:¢00721-17, 2017, https://doi.org/10.1128/JV1.00721-17), and amino acid changes
in the PA-X protein (V100Il, N204S, R221Q, and L229S). These amino acid differences
between early and more recent pH1N1 isolates are responsible for increased NS1-
mediated inhibition of host gene expression and decreased PA-X-mediated shutoff,
including innate immune response genes. In addition, currently circulating pH1N1
viruses have acquired amino acid changes in the PA protein (V100l, P224S, N321K,
1330V, and R362K). A recombinant pH1N1 virus containing PA, PA-X, and NS1 genes
from currently circulating viruses is fitter in replication in cultured cells and in mice and
is slightly more pathogenic than the original ancestor pH1N1 virus. These results
demonstrate the need to monitor the evolution of pH1N1 in humans for mutations in
the viral genome that could result in enhanced virulence. Importantly, these results
further support our previous findings suggesting that inhibition of global gene expres-
sion mediated by NS1 and PA-X proteins is subject to a balance which can determine
virus pathogenesis and fitness.

IMPORTANCE IAVs emerge in humans from animal reservoirs, causing unpredictable
pandemics. One of these pandemics was caused by an H1N1 virus in 2009, and this
virus is still circulating seasonally. To analyze host-virus adaptations likely affecting
influenza virus pathogenesis, protein amino acid sequences from viruses circulating
at the beginning of the pandemic and those circulating currently were compared.
Currently circulating viruses have incorporated amino acid changes in two viral pro-
teins (NS1 and PA-X), affecting innate immune responses, and in the PA gene. These
amino acid differences led to increased NS1-mediated and decreased PA-X-mediated
inhibition of host gene expression. A recombinant pH1N1 virus containing PA, PA-X,
and NS1 genes from recently circulating viruses is fitter in replication in tissue cul-
ture cells and in mice, and the virus is more pathogenic in vivo. Importantly, these
results suggest that a balance in the abilities of NS1 and PA-X to induce host shutoff
is beneficial for IAVs.
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nfluenza A viruses (IAVs) are members of the Orthomyxoviridae family of eight-

segmented, single-stranded, negative-sense RNA viruses. |IAVs are one of the main
causes of respiratory infections in humans and are responsible for seasonal epidemics
each year and occasional pandemics of great consequences. The first IAV pandemic in
the 21st century started in 2009 with the emergence of a quadruple-reassortant
swine-origin HIN1 IAV (pH1N1) (1, 2). Importantly, this virus is still circulating season-
ally. Despite comprehensive vaccination programs, the WHO estimates that the global
disease burden from seasonal influenza results in 1 billion infections, 3 million to 5
million cases of severe disease, and between 250,000 and 500,000 deaths annually (3).

The interferon (IFN) responses induced by the host after IAV infection limit virus
replication (4). Therefore, to efficiently replicate within the host, IAVs encode at least 2
viral proteins (PA-X and nonstructural protein 1 [NS1]) displaying IFN antagonism
activities (5).

IAV segment 3 encodes the PA and the PA-X proteins. PA is translated directly from
the PA mRNA and required for virus replication and transcription (6). PA-X is translated
as a +1 frameshift open reading frame (ORF) within the PA viral segment (7). PA-X
shares the same first N-terminal 191 amino acids with the PA protein. However, PA-X
contains a short C-terminal sequence (either 61 or 41 amino acids) produced by
ribosomal frameshifting of the +1 reading frame of PA (7). PA-X shuts off host protein
expression, contributing to blocking the cellular antiviral responses (7-12). This host
shutoff activity of IAV PA-X is mediated by an endonucleolytic domain involved in
degradation of host mRNAs, as mutations in the endonuclease active site render the
protein inactive in inducing host shutoff (13). The host cellular shutoff activity of PA-X
is stronger than that of PA or the N-terminal PA domain, indicating that the C-terminal
region of PA-X contributes to the inhibition of host protein expression (13-15). More-
over, the PA-X protein has also been shown to be involved in modulating host
inflammation, immune responses, apoptosis, and virus pathogenesis (7, 8, 16-19).
Segment 3 of the pH1N1 AV, encoding the PA and PA-X proteins, most likely originated
from an avian virus (1).

IAV NS1 protein is encoded by segment 8 (or NS), a segment in human pH1N1
viruses likely derived from swine HIN1 viruses (1). IAV NS1 protein is the main protein
responsible for counteracting innate immune responses induced by the host during
infection (20). Accordingly, an IAV lacking NS1 (deINS1) or viruses containing deletions
or mutations affecting NS1 functions have been shown to be attenuated and replica-
tion defective in IFN-competent systems, compared to wild-type (WT) viruses (21-27).
Mechanisms involved in the ability of NS1 to counteract innate immune responses
include inhibiting cellular transcription elongation, blocking posttranscriptional RNA
processing and nuclear export, decreasing retinoic acid-inducible gene | (RIG-I) activa-
tion (28-31), interfering with IFN signaling, and directly inhibiting specific IFN-
stimulated genes (ISGs) (20). In addition, NS1 proteins from some |AVs bind to cleavage-
and polyadenylation-specific factor 30 (CPSF30), blocking pre-mRNA processing and
the nuclear export of mRNAs (32-35), and to poly(A)-binding protein Il (PABPII),
inhibiting the ability of PABPII to stimulate the synthesis of long poly(A) tails (36).

Interestingly, the PA-X protein from pH1N1 viruses circulating at the beginning of
the 2009 pandemic displayed host shutoff activity, inhibiting general gene expression
(8), whereas the NS1 protein from the same viruses did not inhibit general host gene
expression (37). In addition, using a live attenuated influenza virus backbone, we have
shown that recombinant pH1N1 viruses encoding both NS1 and PA-X inhibiting or not
general gene expression are impaired in viral growth in cultured cells and attenuated
in vivo compared to recombinant pH1N1 viruses in which only one of the viral proteins
(NS1 or PA-X) inhibited host gene expression (19), suggesting that inhibition of host
protein expression by pH1N1 is subject to a strict balance which can determine the
successful progression of viral infection (19). However, it is unknown whether the
relationship between NS1 and PA-X host cell-inhibitory activities still exists in pH1N1
viruses currently circulating in humans, more notably since the gain of inhibition of
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TABLE 1 Amino acid changes in PA-X proteins from influenza pH1N1 viruses circulating in
the Rochester, NY, area during the 2015-2016 season

Amino acid at position:

Virus 100 204 221 229

A/California/04/2009 " N R L

Isolate from patient:
001 | S Q S
004 | S Q S
005 | S Q S
007 | S Q S
008 | S Q S
009 | S Q S
012 | S Q S
017 | S Q S
022 | S Q S

host gene expression in NS1 of currently circulating pHIN1 viruses in recent viral
human isolates (38).

We found that compared to the pH1N1 viruses infecting humans at the beginning
of the 2009 pandemic, currently circulating pH1N1 viruses contain 4 amino acid
changes in the PA-X protein (V100I, N204S, R221Q, and L229S) as well as 5 amino acid
changes in the PA protein (V100I, P224S, N321K, 1330V, and R362K). Interestingly, our
data indicate that the PA-X protein from currently circulating pH1N1 viruses possesses
decreased host shutoff activity. Moreover, we previously showed that currently circu-
lating pH1N1 viruses contain 6 amino acid changes in NS1 (E55K, L90I, 1123V, E125D,
K131E, and N205S) that restored the ability of NS1 to inhibit host gene expression (38).
In this study, we have analyzed the interplay between PA-X and NS1 of pHTNT1 viruses
from the beginning of the pandemic and those that are currently circulating in humans.
To evaluate the effect of both the NS1 and PA genes on virus fitness and virulence,
recombinant pH1N1 viruses encoding NS1 and PA genes from the original or currently
circulating pH1N1 viruses were generated. We show that a recombinant pHT1N1 virus
containing both PA and NS1 genes from currently circulating viruses is fitter in
replication in tissue culture cells and in vivo. In addition, this virus is slightly more
pathogenic in mice than the pH1NT virus at the start of the pandemic. The data
presented here are consistent with our previous findings and suggest that optimal
control of gene expression by NS1 and PA-X is important for pH1N1 pathogenesis.
Moreover, our data highlight the fact that studying more than one gene at a time is a
fruitful exercise that provides important insights into host-virus adaptations affecting
viral pathogenesis and evolution.

RESULTS

Identification of amino acid changes in the PA gene from currently circulating
pH1N1 viruses. To analyze whether the PA segment from currently circulating human
pHIN1 viruses has incorporated mutations since the virus emerged in 2009, we
sequenced the PA segments of human clinical viruses circulating during the 2015-2016
season in the Rochester, NY, area (subjects ACU001, ACU004, ACU005, ACU007,
ACU008, ACU009, ACU012, ACU017, and ACU022, named with the last three numbers).
The amino acid sequences from the 9 human clinical isolates were identical and
showed 4 amino acid changes (V100I, N204S, R221Q, and L229S) in the PA-X protein
(Table 1) and 5 amino acid changes (V100I, P224S, N321K, 1330V, and R362K) in the PA
protein (Table 2), compared to the A/California/04/2009 pH1N1 strain, circulating at the
origin of the pandemic.

To analyze whether these amino acid changes in the PA and PA-X proteins of the
2015-2016 circulating pHTN1 virus are also found in viruses circulating globally,
sequences available in the Influenza Research Database (https://www.fludb.org/) were
analyzed. Notably, since October 2016, almost 100% of the pH1N1 viruses circulating
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TABLE 2 Amino acid changes in PA proteins from influenza pH1N1 viruses circulating in
the Rochester, NY, area during the 2015-2016 season

Amino acid at position:

Virus 100 224 321 330 362
A/California/04/2009 \ S N | R

Isolate from patient:

001 | P K \ K
004 | P K \ K
005 | P K Vv K
007 | P K \% K
008 | P K \ K
009 | P K \ K
012 | P K \ K
017 | P K \ K
022 | P K \% K

worldwide encode these amino acid changes in both the PA (Fig. 1A) and PA-X (Fig. 1B)
proteins. We plotted the prevalence of these mutations over time, showing the
percentage of sequences encoding the different amino acids at each particular position
in the PA-X (Fig. 1A) and PA (Fig. 1B) proteins. The first mutation selected in PA-X led
to the R221Q amino acid change, and during the 2011-2012 season, more than 90% of
the pHIN1 virus circulating contained this mutation (Fig. TA). Mutations V100l and
L229S were then selected, with more than 90% of the sequences encoding these amino
acid changes during the 2013-2014 season (Fig. TA). Finally, mutation N204S was
selected, and during the 2013-2014 season, more than 90% of the circulating pH1N1
viruses contained this mutation (Fig. 1A). For the PA protein (Fig. 1B), mutation P224S
appeared right after the pandemic started, with more than 98% of the sequences
encoding this mutation in as early as April to September 2009 (Fig. 1B). At the origin of
the pandemic, just taking into account sequences from people infected during April
2009, the percentage of sequences containing the P224S mutation increased to 92%
(285 sequences [data not shown]), suggesting that this is an adaptive mutation that
was selected very quickly. Next, the amino acid change N321K was selected, with more
than 90% of the sequences encoding this amino acid change in PA during the
2011-2012 season (Fig. 1B). Finally, amino acid changes V100l (shared with the PA-X
protein) (Fig. 1A), 1330V, and R362K were selected, with more than 90% of the pHTN1
PA sequences containing these amino acid changes during the 2013-2014 season (Fig.
1B). Our data suggest that these changes in the pHTN1 PA and PA-X proteins are likely
beneficial for the virus as they became fixed at the global level.

Increased NS1 and decreased PA-X shutoff activity in currently circulating
PH1N1 viruses. PA-X proteins from currently circulating pH1N1 viruses have an intact
frameshift sequence but contain 4 amino acid changes (3 of them in the C-terminal
end, after the frameshifting sequence, not affecting the PA protein amino acid se-
quence) compared to the 2009 pH1N1 strain A/California/04/2009 (Table 1 and Fig. 1A;
see also Fig. 4). The NS1 protein from currently circulating pH1N1 viruses encodes 6
amino acid changes increasing the ability of the NS1 protein to block host gene
expression, as we previously described (38). In addition, we have recently reported that
pH1N1 viruses encoding PA-X and NS1 proteins that simultaneously inhibit or do not
inhibit host gene expression are less fit in vitro and more attenuated in vivo than pH1N1
viruses encoding only one of the viral proteins (either NS1 or PA-X) able to inhibit host
gene expression (19). In light of those previous data, we hypothesized that since the
NS1 proteins of currently circulating human pH1N1 viruses have restored their ability to
inhibit host gene expression, the mutations found in the PA-X proteins of recent pH1N1
isolates would result in decreased cellular host shutoff activity. To analyze whether this
was the case, HEK293T cells were cotransfected with pCAGGS expression plasmids
encoding green fluorescent protein (GFP) and Gaussia luciferase (Gluc) together with
plasmids encoding hemagglutinin (HA) epitope-tagged WT (NS1,,; and PA-X,,) or
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FIG 1 Frequencies of identified mutations in currently circulating pH1N1 viruses over time. Publicly available
sequences in the Influenza Research Database were downloaded, and the frequencies of PA-X (A) and PA (B)
sequences containing the original amino acids present in A/California/04/2009 (black) and the mutant amino acids
(white) are represented according to the month and season of virus isolation. Mutation V100l affecting both PA-X
and PA amino acid sequences is represented only in panel A for simplicity. The numbers of sequences available in
the Influenza Research Database (https://www.fludb.org/) for the periods April to September 2009, October 2009
to September 2010, October 2010 to September 2011, October 2011 to September 2012, October 2012 to
September 2013, October 2013 to September 2014, October 2014 to September 2015, October 2015 to September
2016, and October 2016 to the present were 2,654, 1,744, 599, 44, 611, 238, 129, 1,766, and 960, respectively.

mutant (NS1,,,r and PA-X,,,7) Vviral proteins alone or in combination (Fig. 2), and the
levels of Gluc (Fig. 2A) and GFP (Fig. 2B) expression were determined at 24 h post-
transfection (hpt). In this work, WT refers to the sequence of the A/California/04/2009
H1N1 strain, circulating at the origin of the pandemic, whereas MUT refers to the
sequence of currently circulating H1N1 viruses. As expected, pH1N1 NS1,,; did not
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FIG 2 Effect of pH1N1 NS1 and PA-X amino acid changes on inhibition of host gene expression. HEK293T cells were transiently cotransfected with
pPCAGGS plasmids expressing the indicated HA epitope-tagged NS1 and PA-X proteins, along with Gluc- and GFP-expressing plasmids. An empty
pCAGGS plasmid was included as an internal control. NS1,,,; encodes the amino acid changes E55K, L90I, 1123V, E125D, K131E, and N205S.
PA-X,ur encodes the amino acid changes V100I, N204S, R221Q, and L229S. At 24 hpt, Gluc (A), GFP (B), and NS1 (C) protein expression levels were
analyzed. (A) Gluc expression was quantified in a Lumicount luminometer. Error bars represent the standard deviations for triplicates. *, P < 0.05
(NS1r versus NS1y, 1, PA-Xyr versus PA-Xy,,r NST,1/PA-Xy,ur versus NST,,,1/PA-X,yr, and NST,,/PA-X,, 1 versus NS1,,/PA-X,,7) using Student’s
t test (n = 3 per time point). (B) GFP was visualized using a fluorescence microscope, and representative images obtained with a 20X objective
are shown. Bars, 100 um. (C) pHINT NS1 and PA-X and cellular actin protein expression levels were analyzed by Western blotting using cell
extracts and antibodies specific to the HA epitope tag (to detect PA-X and NS1 proteins [top and bottom bands in the top blot, respectively])
and actin (loading control) (bottom blot). Western blots were quantified by densitometry using ImageJ software (v1.46), and the amounts of PA-X
and NS1 proteins were normalized to the amounts of actin (top and bottom numbers, respectively, between the two blots). Protein expression
levels in cells transfected with the pCAGGS plasmid expressing NS1,,+ and PA-X,,; were considered 100%. ND, not detected. Molecular mass
markers (in kilodaltons) are indicated on the left. The experiments were repeated three times, with similar results.

inhibit host gene expression as determined by levels of Gluc and GFP (Fig. 2A and B,
respectively), whereas pH1N1 NS1,,, efficiently blocked host gene expression (37, 38).
In contrast, pHIN1 PA-X,,r inhibited host gene expression, while PA-X,,,r+ was not as
efficient in inhibiting host gene expression, as determined by Gluc (Fig. 2A) or GFP (Fig.
2B) expression. When expressed together, NS1,,,r and PA-X,,; exhibited the greatest
inhibition of host gene expression, whereas NS1,,; and PA-X,,,r had the least efficacy
in inhibiting reporter gene expression (Fig. 2A and B). Notably, when PA-X and NS1
protein expression levels were evaluated by Western blotting, NS1,,; protein expres-
sion levels were higher than those of NS1,,,r, while the levels of PA-X,,; were lower
than those of PA-X,,,r (Fig. 2C). When simultaneously expressed, only pHTN1 NS1
proteins were detected by Western blotting. This is likely due to the lower levels of PA-X
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FIG 3 Effect of pHINT NS1 and PA-X amino acid changes on IFN responses induced by SeV infection. (A and B) HEK293T cells were transiently
cotransfected, using calcium phosphate, with the indicated HA-tagged NS1- and PA-X-expressing pCAGGS plasmids, together with plasmids
expressing Fluc under the control of an IFN-B (A) or an ISRE (B) promoter. NS1,,,; encodes the amino acid changes E55K, L90I, 1123V, E125D,
K131E, and N205S. PA-X,,,r encodes the amino acid changes V100I, N204S, R221Q, and L229S. An empty (E) pCAGGS plasmid was included as
an internal control. At 24 hpt, cells were mock infected (M) or infected (MOI of 3) with the SeV Cantell strain (+SeV) to induce the activation of
the IFN-B (A) or the ISRE (B) promoters. At 16 hpi, cell lysates were prepared for reporter gene expression. Fluc expression was measured by
luminescence. Data show the means and standard deviations of the results determined for triplicate wells. Experiments were repeated 3 times
in triplicate, with similar results. *, P < 0.05 (NS1,,; versus NST,,r, PA-Xy; versus PA-Xyur NS1uur/PA-Xyur versus NS1,.,,+/PA-X,, and
NS1,1/PA-Xyur Versus NS1,,./PA-X,,;) using Student’s t test (n = 3 per time point). (C) pHIN1 PA-X and NS1 and cellular actin protein expression
levels were analyzed by Western blotting using cell extracts and antibodies specific to the HA tag (to detect PA-X and NS1 proteins [top and
bottom bands in the top blot, respectively]) and actin (loading control) (bottom blot). Western blots were quantified by densitometry using
ImageJ software (v1.46), and the amounts of PA-X and NS1 proteins were normalized to the amounts of actin (top and bottom numbers,
respectively, between the two blots). Protein expression in cells transfected with the pCAGGS plasmid expressing NS1,,; and PA-X,; was
considered 100%. ND, not detected. Molecular mass markers (in kilodaltons) are indicated on the left. The experiments were repeated 3 times,
with similar results.

expression detected by Western blotting when expressed alone (Fig. 2C). Altogether,
these data confirm that the NS1 protein of currently circulating human pH1N1 viruses
acquired the ability to inhibit host gene expression (38) and that the 4 amino acid
changes (V100l, N204S, R221Q, and L229S) present in the PA-X protein of recently
circulating human pH1N1 viruses reduce PA-X's ability to inhibit host gene expression.

IAV NST and PA-X proteins have been shown to thwart the innate immune system
(reviewed in references 20 and 39). To investigate how WT and MUT NS1 and PA-X
proteins alone or in combination modulate innate immune responses, HEK293T cells
were cotransfected with pCAGGS plasmids expressing WT or MUT NS1 and PA-X, alone
or in combinations, together with reporter plasmids expressing firefly luciferase (Fluc)
under the control of IFN-8 (Fig. 3A) or IFN-stimulated response element (ISRE) (Fig. 3B)
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FIG 4 Schematic representation of the recombinant pH1N1 viruses. (A) PA (left) and PA-X (right) WT (gray) and MUT (black) viral proteins. The
5 amino acid changes in pHTN1 PA (V100I, P224S, N321K, 1330V, and R362K) and the 4 amino acid changes in pH1N1 PA-X (V100I, N204S, R221Q,
and L2295) selected in currently circulating pH1N1 viruses are indicated. Numbers on the top indicate the amino acid lengths of the PA and PA-X
proteins. The PA and PA-X proteins share the N-terminal 191 amino acids. The +1 frameshift is indicated with a striped bar. (B) pH1N1 NS1 WT
(gray) (top) and MUT (black) (bottom) proteins containing 6 amino acid differences (E55K, L90I, 1123V, E125D, K131E, and N205S) in currently
circulating strains (38) are indicated. The number on the top indicates the amino acid length of WT and MUT NS1 proteins.

promoters. At 24 hpt, cells were mock infected (M) or infected (multiplicity of infection
[MOI] of 3) with Sendai virus (SeV), and promoter activation was evaluated at 16 h
postinfection (hpi) by assessing Fluc expression levels. As expected, SeV infection
induced high levels of Fluc expression driven by the IFN-B (Fig. 3A) and ISRE (Fig. 3B)
promoters in cells transfected with an empty (E) plasmid. However, activation of IFN-
and ISRE promoters in cells transfected with PA-X and/or NS1 proteins was significantly
reduced (Fig. 3A and B, respectively), consistent with previous data showing that
pHINT PA-X and NS1 proteins efficiently counteract IFN responses (7, 20, 38). As
expected, inhibition of IFN-B and ISRE promoter activation by NS1,,,; was more
efficient than that by NS1,,+ (Fig. 3A and B, respectively) (38). Remarkably, PA-X,,,+ did
not inhibit SeV-mediated activation of the IFN-B or ISRE promoters as efficiently as
PA-X\,+. when the viral protein was expressed either alone or together with WT or MUT
pH1N1 NS1 (Fig. 3A and B, respectively). Importantly, the levels of NS1 and PA-X protein
expression, as determined by Western blotting (Fig. 3C), were similar to those observed
when we assessed their ability to inhibit host gene expression (Fig. 2C). We observed
higher levels of NS1,,; expression than of NS1,,,r (Fig. 2C and 3C). In contrast, higher
levels of PA-X\,,r than of PA-X,,r were observed when transfected alone (Fig. 2C and
3Q). In contrast, we were not able to detect PA-X protein expression in the presence of
either NS1,,1 or NS1,,,1 likely due to lower levels of PA-X expression (Fig. 2C and 3C).
These data indicate that the NS1 protein from currently circulating human pH1N1
viruses has evolved to increase its ability to counteract innate immune responses,
whereas the PA-X protein has evolved to have a decreased ability to counteract IFN and
IFN-stimulated responses.

Effect of NS1 and PA-X pH1N1 mutations on virus growth. To analyze whether
NS1 and PA proteins encoded by recently circulating human pH1N1 viruses exert an
effect on virus growth and pathogenesis, recombinant viruses were generated (Fig. 4).
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HB-65.

To introduce amino acid changes only in the NS1 protein, and not in the overlapping
nuclear export protein (NEP), we used a modified pH1N1 NS segment in which we split
the ORFs of NS1 and NEP, as previously described (38, 40). All recombinant viruses
encoded the HA protein from an egg-adapted pH1N1 strain (A/California/04/2009/E3),
which is highly pathogenic in mice (38, 41). To analyze whether the identified PA and
NS1 amino acid changes affect pH1N1 growth, Madin-Darby canine kidney (MDCK) cells
were infected at a low MOI (0.001) and incubated at 33°C (Fig. 5A) or 37°C (Fig. 5B), and
virus titers in cell culture supernatants were determined at different hours postinfection
using an immunofocus assay. At earlier times after infection (24 and 48 hpi at 33°C and
12 and 24 hpi at 37°C), recombinant pH1N1 viruses encoding the currently circulating
PA gene (PA,ur and PA-X,u1) grew with titers 5- to 10-fold higher than those of viruses
encoding the PA gene of the original pHTN1 2009 virus (PA,, and PA-X,,-). Correlating
with the virus titers, the lysis plaques produced by infection with the recombinant
viruses encoding PAyut (NS1yur/PAvuT @nd NS1,,+/PAy 1) were larger at 33°C or 37°C
than those observed for recombinant viruses encoding PA,; (NS1yur/PAyr and
NSTw+/PAw) (Fig. 5C). To analyze whether the recombinant viruses carrying the
currently circulating PA gene (PAy,r and PA-X,,,1) grow slightly better in the more
relevant human A549 lung cells, which have functional IFN induction and signal
transduction pathways (42), A549 cells were infected (MOI of 0.1) and incubated at 33°C
(Fig. 6A) and 37°C (Fig. 6B). As observed in MDCK cells, virus titers at 33°C were
statistically significantly higher (5- to 10-fold) at 24 and 48 hpi for viruses carrying the
PAyur gene than for viruses carrying the PA,,; gene (Fig. 6A). At 37°C, the viruses
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FIG 6 pHIN1 mutant virus growth kinetics in human A549 cells. (A and B) Human A549 cells were infected (MOI of 0.1) in triplicates with the
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(n = 3 per time point); ns, not significant (P > 0.05). (C and D) Human A549 cells were infected (MOI of 0.1) in triplicates with viruses isolated
from two patients (ACU009 and ACU022) infected during the 2015-2016 season (43) and with the A/California/04/2009 strain and incubated at
33°C (C) or 37°C (D). Virus titers in infected cell TCS were determined at the indicated hours postinfection by an immunofocus assay. *, P < 0.05

(virus isolates ACU009 and ACU022 versus A/California/04/2009).

encoding PA,,,r grew with slightly higher titers at 48 hpi (Fig. 6B). These results suggest
that recombinant pHTN1 viruses encoding PA,,r (particularly NS1,,,+/PApur currently
circulating in the human population) replicate to higher titers than viruses encoding
PAyr in canine MDCK and human A549 cells. However, the presence of NS1,; or
NS1 ot had a very minor effect on virus titers in cell cultures.

To analyze whether the viruses circulating currently are more fit than the viruses
circulating at the origin of the pandemic in 2009, the growth of two isolates from
subjects ACU009 and ACU022, infected in the Rochester, NY, area during the 2015-2016
season (43) was compared to the growth of the A/California/04/2009 strain isolated at
the beginning of the pandemic. To this end, human A549 lung cells were infected (MOI
of 0.1), and virus titers in cell supernatants were analyzed at different times after
infection (Fig. 6C and D). Currently circulating viruses grew with statistically significantly
higher titers (around 10,000-fold higher) than the original A/California/04/2009 strain,
at either 33°C (Fig. 6C) or 37°C (Fig. 6D). However, the recombinant viruses with
mutations in the PA and NS1 genes grew to titers only 10-fold higher than those of the
A/California/04/2009 strain (Fig. 5A and B and 6A and B), suggesting that mutations in
other segments are also contributing to the higher fitness observed for currently
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FIG 7 Virulence of recombinant pH1N1 viruses containing amino acid changes in NS1 and PA. Groups of 7- to 8-week-old C57BL/6 female mice
(n = 5/group) were infected with 100 FFU/mouse (A), 1,000 FFU/mouse (B), or 10,000 FFU/mouse (C) of the recombinant viruses encoding
different variants of NS1 and PA proteins (NS1,,,+/PAyur NS1,ut/PAwT NSTy/PAyur, and NS1,,1/PA,,7). Weight loss (left) and survival (right) were

evaluated daily for 2 weeks.

circulating viruses in A549 cells. Accordingly, we have shown that the currently circu-
lating HIN1 viruses have mutations in the HA and NA genes (43), likely contributing to
virus fitness. Furthermore, mutations in other nonsequenced genes, such as the PB2,
PB1, NP, M1, M2, and/or NEP genes, could also be contributing to the higher fitness
observed for these virus isolates.

Effect of NS1 and PA-X mutations on pH1N1 virus pathogenesis in vivo. To
determine whether the amino acid changes selected in the NS1 and PA genes since the
pHIN1 virus emerged in humans in 2009 provide the viruses a selective advantage in vivo,
groups of mice (n = 5) were intranasally inoculated with 100 focus-forming units (FFU) (Fig.
7A), 1,000 FFU (Fig. 7B), and 10,000 FFU (Fig. 7C) of the recombinant pH1NT1 viruses carrying
the NS1 and PA genes in different combinations. Mice were then monitored for morbidity
(weight loss [Fig. 7A to C, left]) and mortality (survival [Fig. 7A to C, right]) for 14 days. As
expected, weight loss and survival correlated with the inoculated dose, with virulence
being highest in animals infected with the highest viral doses (Fig. 7). The least
virulent pH1N1 virus encoded NS1,,,1/PA+, as none of the mice inoculated with
100 or 1,000 FFU died, and only 20% died with the highest dose (10,000 FFU), with
a maximum of 15% body weight loss by day 9 (Fig. 7). The next less virulent virus
was pHIN1 NS1,,+/PA, ;. Mice inoculated with 100, 1,000, and 10,000 FFU lost
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TABLE 3 MLD,, of pHINT1 viruses

Virus? MLD;, (PFU/mouse)
NSTpmur/PAMUT 480

NS 1 pur/PAwT >10,000
NSwr/PAmuT 147

NSTw1/PAwT 3,162

“Mortality was determined over 2 weeks (n = 5).

averages of 13%, 13%, and 25% of their initial weight, respectively, and 100%, 80%,
and 20% of the mice survived viral infection, respectively (Fig. 7). These results are
in agreement with our previous data showing that recombinant pH1N1 viruses
carrying an NS1,,,r gene (and the PA,,; gene) are slightly attenuated compared to
a pH1INT virus encoding NS1,,; (38). Interestingly, and correlating with our in vitro
observations, recombinant pH1N1 viruses encoding PA,, + showed increased viru-
lence compared to recombinant pH1N1 viruses encoding WT PA (PA,,;). Mice inocu-
lated with 100 FFU of recombinant pH1N1 NS1,,,+/PAyur and NS1,+/PAyur Viruses
had mortality rates of 20% and 40%, respectively (Fig. 7A). Furthermore, 60% and 100%
of mice inoculated with 1,000 FFU of recombinant pHTNT NS1,,,1/PAyur and NS1,,+/
PAyuT Viruses succumbed to viral infection (Fig. 7B), and all the mice inoculated with
10,000 FFU of recombinant pH1N1 NS1,,,/PAyur and NS1,+/PAyur Viruses rapidly lost
weight and died between days 6 and 10 postinfection (Fig. 7C). From these experi-
ments, the 50% mouse lethal doses (MLDs,) for recombinant pH1N1T NS1,,,+/PAvuT
NSTput/PAwT NST/PApur and NS1,+/PAy+ viruses were 480, >10,000, 147, and
3,162, respectively (Table 3). These data indicated that the most virulent virus was that
containing NS1,,/PA,,,r followed by NS1,,,+/PAyur (~3.3-fold-higher MLD,, than
that of NS1,+/PAyur), NSTw+/PAy+ (MLDg, ~21.5-fold higher than that of NS1,,,+/
PAvur), and NST,,,1/PAwr the most attenuated recombinant pH1N1 virus, with a
MLD;, at least 68-fold higher than that of NS1,,,1/PAyur (Fig. 7 and Table 3).

To analyze whether the virulence observed correlates with viral replication in the
lungs of infected animals, mice were infected with 1,000 FFU of each recombinant
pH1N1 virus, and virus titers in lungs and nasal turbinates were evaluated at 2 and 4
days postinfection (dpi) (Fig. 8A and B, respectively). At day 2 after infection, recom-
binant pH1N1 viruses encoding PA,,,r grew with titers ~5- to 10-fold higher than
those of the recombinant pH1N1 viruses carrying the PA,,+ gene in both the lungs (Fig.
8A) and the nasal turbinates (Fig. 8B). These results are in accordance with those
obtained in vitro in MDCK cells (Fig. 5) and correlate with the higher virulence observed
in mice (Fig. 7 and Table 3). Furthermore, the recombinant pHTN1 NS1,,,1/PAyur Virus,
similar to the pHTNT virus currently circulating in humans, grew with slightly higher
titers (~2- to 3-fold) than the recombinant pH1N1 virus encoding NS1,,+/PAyur (Fig. 8A
and B), likely explaining the selection of this virus in the human population.

Host responses to infections are characterized by mechanisms mediated by the
immune system in an attempt to stop and eliminate pathogens and to promote healing
and recovery (44). However, an exacerbated inflammatory response mediated by IAV
infection can be deleterious to the host (45-47). To analyze whether the different
recombinant pH1N1 viruses induced differential innate immune responses, the lungs of
infected mice in each group were subjected to reverse transcription-quantitative PCR
(RT-gPCR) to evaluate the induction of IFN-B, tumor necrosis factor (TNF), and chemo-
kine (C-C) motif ligand 2 (CCL2) genes at the mRNA level (Fig. 8C). The recombinant
pHIN1T NS1,u1/PAyur Virus induced the strongest cytokine responses in vivo on day 2,
likely because of the increased viral replication (Fig. 8A and B) and decreased host
shutoff mediated by PA,,,r (Fig. 2). Animals that were inoculated with PA,+-encoding
recombinant pH1N1 viruses (NS,/PA; and NS1,,/PAys) showcased the lowest
induction of inflammatory cytokines (such as CCL2 and TNF) and IFN-B (Fig. 8C). This
was particularly true for mice infected with the recombinant pH1N1 virus encoding
NS1put/PAwT Which showed lower levels of proinflammatory cytokines and IFN-£ than
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FIG 8 Growth and induction of innate immune responses in vivo of recombinant pH1N1 viruses encoding NS1 and/or PA variants. Groups of 7-
to 8-week-old C57BL/6 female mice (n = 6/group) were infected with 1,000 FFU/mouse of NS1,,,/PAyur NSTyur/PAws NS1,./PAy,ur and
NS1,,+/PAy+ recombinant pH1N1 viruses. (A and B) Mice were sacrificed at 2 dpi (n = 3) and 4 dpi (n = 3), and right lungs (A) and nasal turbinates
(B) were harvested, homogenized, and used to quantify viral titers by an immunofocus assay (FFU per milliliter). (C) Left lungs were collected
(n = 3), and total RNA was extracted to quantify levels of CCL2, TNF, IFN-B, and viral gene M1 mRNAs by RT-gPCR. *, P < 0.05 (NS1,,,1/PAyur
versus NST,,,/PAyr, NSTyur/PAyur versus NS1y,,/PAr, and NS1,,/PAy, 1 versus NS1,,./PA,,;) using Student’s t test (n = 3 per time point); ns,

not significant (P > 0.05). r.u., relative units.

mice infected with the recombinant pH1N1 NS,,+/PA,+ virus (Fig. 8C), as previously
described (38). This is likely due to the increased inhibition of host gene expression
mediated by NS1,,,+ compared to the NS,,; protein (Fig. 2). By day 4, the levels of
cytokines were very similar across all infected groups, but intriguingly, IFN-B levels
appeared to be suppressed in mice infected with the two NS1,,,-encoding recombi-
nant pHIN1 viruses (Fig. 8C), likely due to the increased inhibition of host gene
expression mediated by NS1,,,+ compared to NS1,,1 (Fig. 2). Notably, mRNA expression
levels of the viral M1 gene (Fig. 8C) correlated with lung viral titers (Fig. 8A).

DISCUSSION

IAV pathogenesis depends on the function of viral proteins and on host immune
responses induced by viral infection (47). For IAV to replicate successfully in a host, the
virus encodes proteins to either evade or block host responses (39). IAV NS1 and PA-X
proteins are examples of such proteins able to block responses from the host, using
diverse mechanisms. One of NS1’s mechanisms to inhibit host gene expression involves
binding to the 30-kDa subunit of CPSF30 (34, 48), effectively hindering cellular pre-
mRNA processing and causing a global inhibition of host gene expression, including
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genes for the innate antiviral response (49). However, the ability of NS1 to bind to
CPFS30 is not conserved among all IAVs, such as A/PuertoRico/8/34 (PR8) (33), pH1N1
(37), and H7N9 (50). The 2009 pH1N1 virus appears to compensate for this inability by
encoding a PA-X protein that can block host protein expression (8). However, the
impact of PA-X on viral pathogenicity is strain specific, and the loss of PA-X expression
can increase (51) or decrease (52) viral replication and virulence.

Four amino acid changes in PA-X (V100l, N204S, R221Q, and L229S) (Fig. 1A and 4
and Table 1) and five amino acid changes in PA (V100I, P224S, N321K, 1330V, and R362K)
(Fig. 1B and 4 and Table 2) were observed between viruses circulating currently and
pH1N1 viruses circulating at the origin of the pandemic. Interestingly, three out of the
four mutations selected in PA-X are located in the short C-terminal end (41 amino acids)
produced by ribosomal frameshifting of the PA gene (7) and do not affect the amino
acid sequence of the PA protein. Host shutoff activity of pHTN1 PA-X is stronger than
that of viral PA, indicating that the C-terminal region of PA-X contributes to the
inhibition of host protein expression (13-15) and that these three amino acid changes
could affect PA-X's endonuclease activity in currently circulating human pH1NT1 viruses.
Notably, PA and PA-X amino acid mutations appeared gradually in sequential order
since 2009 (Fig. 1), and the selection of these mutations could be influenced by amino
acids changes that occurred somewhere else in the viral genome, including NS1 (38).
Nonetheless, these results indicate that the NS1 (38) and PA-X proteins of the 2009
pH1N1 virus have mutated to be better adapted in humans.

Viruses encoding NS1 and PA-X proteins that simultaneously inhibit or do not inhibit
host gene expression were recently found to be less fit and highly attenuated in vivo
using a live attenuated pH1N1 virus (19). In this case, mutations in the PA frameshift
sequence, downregulating the expression of PA-X proteins, were introduced (19).
Interestingly, we also found that the NS1 protein from currently circulating human
pH1N1 viruses has regained the ability to inhibit general gene expression (38) (Fig. 2),
whereas PA-X has decreased its ability to inhibit host gene expression (Fig. 2). These
data suggest that a balance between the abilities of both pH1N1 viral proteins to inhibit
host gene expression is needed during viral adaptation in the human population (19).
We also evaluated the effect of pHIN1 NS1 and PA-X proteins on innate immune
responses. As expected, amino acid changes in PA-X decreased its ability to inhibit
innate immune responses (Fig. 3), whereas the amino acid changes increased the ability
of pHIN1T NS1 to counteract host innate immune responses (Fig. 3). To analyze the
effect of NS1 and PA-X variants on virus pathogenesis, recombinant pH1N1 viruses
encoding the NS1 protein from the original 2009 virus (NS1,,;) or currently circulating
viruses (NS1,,,1) and/or carrying PA genes (including PA-X) from the 2009 (PA,,) or
present (PAyur) PHINT viruses were generated. Recombinant pH1N1 viruses en-
coding PA,,,r (particularly the virus encoding NS1,,,7) grew to higher titers than
recombinant pH1N1 viruses encoding PA,,; (Fig. 5 and 8A). It was recently shown
that mutation P224S in the PA gene of pH1N1 viruses (one of the mutations in
currently circulating pH1N1 viruses in this study) increases virus replication and viral
titers in the lungs of infected mice (53). These data suggest that the increased viral titers
observed with our recombinant pH1N1 viruses encoding the PA,,,r protein (Fig. 5 and
8A) might be due, at least in part, to this P224S mutation. It has also been shown that
the absence or downregulation of PA-X expression in pH1N1 and H5N1 viruses actually
increases viral replication and virulence in different animal model systems such as mice
and avians (9, 51), providing another mechanism by which the recombinant pH1N1
viruses encoding the PA,,,r (@and PA-X,,1) proteins, defective in PA-X functions, grow
better than recombinant pH1N1 viruses expressing WT PA (and PA-X) (Fig. 5 and 8A).
In contrast to the PA gene, the presence or NS1,,; or NS1,,,r had a very minor effect
on virus titers, as previously described (38). The recombinant pH1N1 NS1,,,+/PAnur
virus reflects currently circulating pH1N1 viruses in humans, and the fact that this virus
replicates and grows better likely explains its selection in the human population.

We found the NS1,,,+/PAXyur PHIN1 virus to be the most virulent, causing 100%
mortality in mice (Fig. 7 and Table 3). Conversely, recombinant pHTN1 viruses that
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contained PA,,; were more attenuated, with the most significant being NS1,,,1/PAwr
virus (Fig. 7 and Table 3). Finally, we examined the response of proinflammatory
cytokines and chemokines upon viral infection with the recombinant pHTNT NS1 and
PA variants. The innate immune system has two distinct roles in the pathogenesis of
IAV, where activation is protective against viral infection, but an uncontrolled response
can cause severe damage (47). Remarkably, the recombinant pHTN1 NS1,,+/PApuT
virus induced the fastest and highest levels of cytokine responses (Fig. 8C), most likely
because of the decreased shutoff properties of PAy,,r and the highest titers observed
for this virus in vitro and in vivo (Fig. 5 and 8A and B). These highest levels of
proinflammatory cytokine induction (47) are likely responsible for the higher virulence
of the recombinant pH1N1 NS1,,,/PAur Virus than of recombinant viruses expressing
the PA,\; protein. According to these results, higher innate immune responses (includ-
ing proinflammatory responses), correlating with higher virulence, were observed after
infection with recombinant viruses expressing decreased levels of PA-X protein in vivo
(7, 9, 18, 51). Similarly, it has been shown that increased levels of proinflammatory
cytokine induction correlate with higher virulence with H5N1 IAVs (45, 46). Further-
more, mice and macaques infected with the 2009 pH1N1 virus induced higher levels of
proinflammatory cytokines and chemokines than animals infected with a seasonal
H1N1 A/Kawasaki/UTK-4/09 virus, resulting in higher pathogenicity (54). Two swine-
origin pH1N1 viruses, one derived from a human patient and the other one derived
from swine, were more virulent than a swine-origin 1918-like classical IAV in pigs (55).
In addition, these viruses upregulated the expression of proinflammatory genes to a
higher extent than the swine-origin 1918-like classical IAV, suggesting that both pH1N1
isolates are more virulent due in part to differences in the host transcriptional response
during acute infection (55). This same argument is likely valid for the low virulence
induced by our recombinant pH1N1 NS1,,,/PA virus. Compared to the recombinant
pHIN1T NS1,,1/PA Virus, the NS1,,,+/PAy+ recombinant pH1N1 virus is slightly atten-
uated, likely due to the lower induction of proinflammatory cytokines, such as TNF and
CCL2 (Fig. 8C) (38). Even though mice infected with the recombinant pH1N1 NS1,,;/
PAyur Virus showed a slight decrease in the induction of inflammatory cytokines
compared to the NS1,,/PAyuT recombinant pH1N1 virus, there was little initiation of
IFN-B (Fig. 8C), possibly explaining the higher virulence of this virus than of the pH1N1
NS1w+/PAyr recombinant virus, suggesting that the balance between proinflammatory
and IFN protective responses regulates virus pathogenesis.

In summary, we have shown that during the evolution of pH1N1 in humans, the
virus has acquired mutations in both the PA-X and NS1 proteins. Mutations acquired in
the PA-X protein resulted in decreased inhibition of host gene expression, while
mutations in NS1 restored the ability of the viral protein to inhibit host gene expression
(38). Our results support previous findings suggesting that inhibition of gene expres-
sion mediated by pH1N1 NS1 and PA-X proteins is subject to a strict balance which can
determine viral pathogenesis, fitness, and host adaptation.

MATERIALS AND METHODS

Cell lines and viruses. Madin-Darby canine kidney (MDCK) cells, human lung epithelial carcinoma
A549 cells, and human embryonic kidney 293T (HEK293T) cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Mediatech, Inc.) that had been enriched with 10% fetal bovine serum (FBS) and
1% PSG (100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine) at 37°C with 5% CO,.

Recombinant pHTN1 viruses encoding a NS split segment where the coding regions of the NS1 and
NEP genes were separated by the 2A autoproteolytic cleavage site of porcine teschovirus (38) were
generated as previously described (56). Recombinant viruses encoded the HA protein from an egg-
adapted pH1N1 strain (A/California/04/2009/E3), which is highly pathogenic in mice (38, 41). Recombi-
nant pH1N1 viruses containing mutations in the NS1, PA, and PA-X proteins were generated using
reverse genetics as previously described (57). The Cantell strain of Sendai virus (SeV) was used for the
activation of IFN in the cell-based reporter assays (33). The influenza pH1N1 A/California/04/2009 strain
was obtained from Bei Resources (catalog no. NR-13659). The currently circulating pH1N1 viruses ACU009
and ACUO022 were isolated from nasal wash/swab specimens from patients named with the same IDs
infected during the 2015-2016 season and amplified in MDCK cells as previously described (43).

PA and PA-X sequences. RNA was obtained from 300 ul of patient nasal wash/swab specimens
(subjects ACUO01, ACU004, ACU005, ACU007, ACU008, ACU009, ACU012, ACUO17, and ACU022, named
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with the last three numbers) using the QlAamp viral RNA extraction kit (Qiagen) according to the
manufacturer’s instructions. Reverse transcription (RT) reactions were performed for 2 h at 37°C by use
of a high-capacity cDNA reverse transcription kit (Applied Biosystems) and the primers PA-NCR-5"-VS
(5'-AGCGAAAGCAGGTACTGATCCAAAATGGAAGACTTTGTGCGACAATGC-3'), complementary to the 5’
noncoding region (NCR) and the first 24 nucleotides (nt) of the pandemic A/California/04/2009 H1N1
(pH1N1) influenza virus PA gene (GenBank accession no. FJ969514.1), and PA-3'-RS (5'-TAGTAGCATTG
CCACAACTACTTCAGTGCATGTGTGAGGAAGG-3’), complementary to the last 26 nt of the pandemic
A/California/04/2009 HIN1 (pH1N1) influenza virus PA gene and the 3’ NCR. The cDNAs were amplified
by PCR using Platinum Pfx polymerase (Life Technologies) and the same VS and RS primers. Amplified
PCR products were used for Sanger sequencing (Genewiz).

Human pH1N1 PA (and PA-X) sequences available at the Influenza Research Database (https://www
fludb.org/) were downloaded, introducing in the search the time periods shown in Fig. 1, and the
sequences were aligned using the “analyze sequence variation (SNP)” function available in this database.

Plasmids. pCAGGS protein expression plasmids encoding NS1 and PA-X variants N-terminally fused
to an HA tag were obtained by PCR. Total RNAs extracted from MDCK cells infected with pHIN1T WT
(A/California/04/2009) or with currently circulating pH1N1 viruses (referred to as MUT), isolated from
nasal wash/swab specimens from infected subjects, were used for RT reactions. The RT reactions were
performed at 37°C for 2 h by using a high-capacity cDNA reverse transcription kit (Applied Biosystems)
and an oligo(dT) primer, to obtain the cDNAs. The cDNAs were amplified by PCR using Platinum Pfx
polymerase (Life Technologies) and primers specific for NS1 and PA-X ORFs flanked by the restriction
sites Sphl and Nhel. PCR products were then cloned into the pCAGGS expression plasmid digested with
Sphl and Nhel.

To generate the pDZ-NS,,,r and pDZ-NS,,; plasmids, we previously cloned the coding regions of
NS1,,r and NS1,,,; (containing the amino acid changes E55K, L90I, 1123V, E125D, K131E, and N205S) into
a pDZ plasmid carrying nonoverlapping NS1 and NEP genes (pDZ-NSs) separated by the porcine
teschovirus 2A autoproteolytic site (38). The pDZ plasmid encoding the PA,,; protein was kindly provided
by Adolfo Garcia-Sastre (Icahn School of Medicine at Mount Sinai, New York, NY). The PA,,,; plasmid
(encoding the amino acid changes V100I, N204S, R221Q, and L229S in PA-X and the amino acid changes
V100I, P224S, N321K, 1330V, and R362K in PA) was constructed by obtaining the PA,,,; gene by PCR. To
this end, starting from the RNA extracted from infected cells, the cDNA was generated as described
above for the generation of pCAGGS plasmids, and the cDNA was amplified using primers hybridizing at
the 5’ and 3’ ends of the PA gene flanked by the restriction site Sapl. PCR products were digested with
the Sapl restriction enzyme and cloned into the pDZ plasmid.

Virus rescues. Cocultures (1:1) of HEK293T and MDCK cells (6-well plate format, 1 X 10¢ cells/well,
in triplicates) were transiently cotransfected in suspension using DNA-In (MTI-GlobalStem) with 1 ug
each of the six ambisense pDZ pHINT WT plasmids (pDZ-PB2, -PB1, -HA, -NP, -NA, and -M), kindly
provided by A. Garcia-Sastre at the Icahn School of Medicine at Mount Sinai, plus the pDZ-NSs plasmid
encoding WT or MUT NS1 and/or the pDZ plasmid encoding WT and/or MUT PA (57). At 12 h
posttransfection (hpt), transfection medium was replaced with DMEM containing 0.3% bovine serum
albumin (BSA), antibiotics, and 1 ug/ml of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated
trypsin (Sigma). At 96 hpt, tissue culture supernatants (TCS) were collected and used to infect fresh
monolayers of MDCK cells. At 3 days postinfection (dpi), recombinant viruses were plaque purified and
scaled up using confluent monolayers of MDCK cells. Virus stocks were generated by infecting confluent
10-cm dishes of MDCK cells at a low multiplicity of infection (MOI of 0.001). Stocks were titrated by an
immunofocus assay (focus-forming units [FFU] per milliliter) on MDCK cells (58). Briefly, MDCK cells were
infected with 10-fold serial dilutions of the TCS. After 12 h at 33°C, cells were fixed and permeabilized
with 1X phosphate-buffered saline (PBS) containing 4% formaldehyde and 0.5% Triton X-100 for 20 min
at room temperature. Subsequently, cells were incubated in a blocking solution (1X PBS with 2.5% BSA)
for 1 h at room temperature. Cells were then incubated with the anti-NP monoclonal antibody (MAb)
HB-65 (ATCC HB-65) for 2 h at 37°C and thereafter washed with 1 PBS. Finally, cells were incubated at
37°C for 1 h with a fluorescein isothiocyanate (FITC)-conjugated rabbit anti-mouse IgG secondary
antibody (Life Technologies). Viral titers (FFU per milliliter) were quantified by counting all the cells that
were positive for NP expression (58). Microsoft Excel was used to calculate the means and standard
deviations. The identities of the NS1 ORFs in the rescued viruses were confirmed by restriction analysis
(data not shown) and sequencing (Genewiz).

Inhibition of host gene expression. HEK293T cells (96-well plate format, 5 X 10* cells/well, in
triplicates) were transiently cotransfected, using Lipofectamine 3000 (Thermo Fisher Scientific), with 200
ng/well of pCAGGS plasmids encoding either NS1 or PA-X proteins from the 2009 pHTN1 virus (NS1,,;
and PA-X,,;) and/or from a currently circulating pH1N1 virus (NS1,,, and PA-X,,,;) N-terminally fused to
an HA tag, or an empty plasmid as an internal control, together with 50 ng/well of pCAGGS plasmids
encoding green fluorescent protein (GFP) or Gaussia luciferase (Gluc). After 24 h, cells were evaluated for
GFP expression under a fluorescence microscope, and Gluc activity was determined using a Biolux
Gaussia luciferase reagent (New England BioLabs) and a Lumicount luminometer (Packard). Microsoft
Excel was used to calculate the means and standard deviations. Statistical analysis was performed using
a two-tailed Student t test.

Inhibition of IFN and ISRE promoters. To evaluate the inhibition of IFN and IFN-stimulated
response element (ISRE) promoter activation, HEK293T cells (96-well plate format, 5 X 104 cells/well, in
triplicates) were transiently cotransfected, using a calcium phosphate mammalian transfection kit
(Agilent Technologies), with 100 ng/well of pCAGGS plasmids encoding the indicated WT and/or MUT
NS1 or PA-X proteins fused to an HA tag at the N terminus, or an empty plasmid as a control, together
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with 50 ng/well of plasmids expressing firefly luciferase (Fluc) under the control of the IFN-B or ISRE
promoters (pIFN-B-Fluc and pISRE-Fluc, respectively) (33). After 20 hpt, cells were washed with 1X PBS
and infected (MOI of 3) with the SeV Cantell strain for promoter activation. At 24 h postinfection (hpi),
cells were harvested and lysed using passive lysis buffer (Promega). Luciferase expression in the cell
lysates was determined using a dual-luciferase kit (Promega) according to the manufacturer’s instruc-
tions. Measurements were recorded with a Lumicount luminometer (Packard), and the mean values and
standard deviations were calculated with Microsoft Excel software. Statistical analysis was performed
using a two-tailed Student t test.

SDS-PAGE and Western blot analysis. Transfected cells were lysed in buffer containing 100 mM
Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 0.2% bromophenol blue, and 20% B-mercaptoethanol and boiled
for 10 min. Cell lysates were separated by SDS-PAGE and then transferred onto nitrocellulose mem-
branes. Membranes were blocked for 1 h in 1X PBS containing 5% BSA and 0.1% Tween and then
incubated with an anti-HA polyclonal antibody (Sigma) at 4°C overnight. An anti-B-actin monoclonal
antibody (Sigma) was used as a loading control. Horseradish peroxidase (HRP) secondary antibodies (GE
Healthcare) against either mouse or rabbit immunoglobulins (Ig) were used to detect bound primary
antibodies. Protein expression was detected with a SuperSignal West Femto maximume-sensitivity
chemiluminescent substrate kit (Thermo Scientific) in accordance with the manufacturer’s instructions.

Virus growth kinetics. Confluent monolayers of canine MDCK and human A549 cells (4 X 10°
cells/well, 12-well plates, in triplicates) were infected at MOIs of 0.001 and 0.1, respectively, for 1 h at
room temperature, using recombinant viruses; viruses isolated from subjects ACU009 and ACU022,
infected during the 2015-2016 season (43); and the A/California/04/2009 strain (obtained from Bei
Resources [catalog no. NR-13659]). Cells were then incubated in DMEM supplemented with 0.3% BSA, 1%
ammonium persulfate, and 1 wg/ml TPCK-treated trypsin (Sigma) at 33°C or 37°C. At 12, 24, 48, and 72
hpi, tissue culture supernatants were collected and titrated on MDCK cells in 96-well plates (5 X 104
cells/well, in triplicates) by an immunofluorescence assay (FFU per milliliter) as described above.
Microsoft Excel was used to calculate the means and standard deviations. Statistical analysis was
performed using a two-tailed Student t test.

Plaque assay and immunostaining. Confluent monolayers of MDCK cells (10° cells/well in a
6-well-plate format) were infected for 1 h at room temperature, and after virus adsorption, cells were
overlaid with agar and incubated at 33°C or 37°C. At 3 dpi, cells were fixed with 4% paraformaldehyde
for 15 min at room temperature. After the overlays were removed, cells were permeabilized (0.5% Triton
X-100 in 1X PBS) for 15 min at room temperature, and immunostaining was performed as previously
described (58, 59), using the NP MAb HB-65 (ATCC HB-65, clone HL16-L10-4R5) and vector kits (Vectastain
ABC kit and DAB HRP substrate kit; Vector) according to the manufacturer’s specifications.

In vivo experiments. Seven- to eight-week-old wild-type (WT) female C57BL/6 mice were purchased
from the Jackson Laboratory and maintained under pathogen-free conditions at the University of
Rochester. All animal experiments were approved by the University Committee of Animal Resources and
conformed to the recommendations contained in the Guide for the Care and Use of Laboratory Animals
of the National Research Council (60). For viral infections, mice were first anesthetized intraperitoneally
with 240 mg/kg of body weight of 2,2,2-tribromoethanol (Avertin) and then infected intranasally with 30
wul of the indicated virus preparations. Mice were examined each day for morbidity and mortality.
Morbidity was determined by body weight loss and any symptoms of infection such as malaise or
respiratory distress (data not shown). Percent body weight loss was determined relative to the starting
weight. Mice that lost 25% of their initial body weight were considered to have reached the experimental
endpoint and were humanely euthanized. The 50% mouse lethal dose (MLD,,) for the recombinant
pH1N1 viruses was determined using the method of Reed and Muench (61). At 2 and 4 dpi, lungs were
surgically extracted and separated. The right lungs were placed into Eppendorf tubes and kept on dry
ice for the determination of viral titers, while the left lungs were stored in RNAlater solution (Ambion).
Nasal turbinates were also surgically extracted. Homogenization of the lungs and nasal turbinates was
done via a Tenbroeck glass tissue grinder containing 1 ml of 1X PBS. Viral titers from homogenized right
lungs and nasal turbinates were determined by an immunofluorescence assay (FFU per milliliter) as
outlined above. Total RNAs were extracted with an RNeasy minikit (Qiagen) according to the manufac-
turer's recommendations. Reverse transcriptase reactions were conducted with a high-capacity cDNA
transcription kit (Applied Biosystems) at 37°C for 2 h. Quantitative PCRs (qPCRs) were done by a
TagMan gene expression assay (Applied Biosystems) that is specific for the mRNA of the pHIN1 M1
gene, chemokine (C-C) motif ligand 2 (CCL2) (MmO00441242_m1), tumor necrosis factor (TNF)
(MmO00443258_m1), and IFN-B (Mm00439552_s1). The 2-24% method was used for quantification,
and values are presented as fold induction (62). Statistical analysis for virus titers and qPCR results
was performed using a two-tailed Student t test.
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