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Excessive production of viral glycoproteins during infections poses
a tremendous stress potential on the endoplasmic reticulum (ER)
protein folding machinery of the host cell. The host cell balances
this by providing more ER resident chaperones and reducing trans-
lation. For viruses, this unfolded protein response (UPR) offers the
potential to fold more glycoproteins. We postulated that viruses
could have developed means to limit the inevitable ER stress to a
beneficial level for viral replication. Using a relevant human patho-
gen, influenza A virus (IAV), we first established the determinant for
ER stress and UPR induction during infection. In contrast to a panel of
previous reports, we identified neuraminidase to be the determinant
for ER stress induction, and not hemagglutinin. IAV relieves ER stress
by expression of its nonstructural protein 1 (NS1). NS1 interferes with
the host messenger RNA processing factor CPSF30 and suppresses
ER stress response factors, such as XBP1. In vivo viral replication is
increased when NS1 antagonizes ER stress induction. Our results
reveal how IAV optimizes glycoprotein expression by balancing
folding capacity.
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Viruses are obligate intracellular parasites, which rely entirely
on the host cell machinery for synthesis of viral proteins.
Both host and viral surface glycoproteins are synthesized in the
cytosol and are then quickly directed to the endoplasmic retic-
ulum (ER). Here, they are folded by ER chaperones and can
undergo posttranslational modification with the addition of
N-linked glycosylations or disulphide bonds (1). The amount of
free ER chaperones and ER resident enzymes required for
posttranslational modification limit the capacity of the ER to
fold newly synthesized proteins. Under physiological conditions,
the ER folding capacity is adjusted to the cell’s demand. However,
during viral infection, the sudden need to process large amounts of
viral glycoproteins can drive the ER beyond its folding capacity. In
such cases, unfolded and/or misfolded proteins accumulate in the
ER, causing ER stress and triggering the unfolded protein re-
sponse (UPR). The ER chaperone binding immunoglobulin pro-
tein (BiP), a member of the heat shock protein family, is a master
sensor of the UPR that recognizes misfolded protein accumula-
tion (2-4). Low levels of misfolded proteins do not exceed the
steady-state pool of BiP in the ER. In this steady state, a pro-
portion of BiP is bound by the ER transmembrane sensors
inositol-requiring enzyme lo (IREla), protein kinase R-like ER
kinase (PERK), and activated transcription factor 6 (ATF6) and
keeps them in an inactive state. However, accumulation of mis-
folded proteins recruits BiP away from all three sensors, which
triggers three specific signaling cascades in the cytoplasm that, in
concert, aim to restore proteostasis by increasing the amount of
ER chaperones (including BiP), as well as ER size (2, 5). For
example, when activated, IREla dimerizes, autophosphorylates,
and triggers the specific cytoplasmic splicing of X-box binding
protein 1 (XBP1) messenger RNA (mRNA). The spliced XBP1
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(sXBP1) mRNA is translated into a functional transcription factor
(6) responsible for activation of UPR-related genes (7, 8). In the
case the UPR fails to return the balance between ER folding
machinery and glycoprotein production, apoptosis will be induced
(9). While apoptosis of the host cell may not be a key aim of the
virus, one could imagine that expansion of the folding capacity in
the ER would be beneficial for production of viral progeny.
Influenza A viruses (IAV) are segmented negative-sense RNA
viruses that infect human airway epithelial cells. Like other
viruses, they rely heavily on the ER function to produce their two
envelope glycoproteins, hemagglutinin (HA) and neuraminidase
(NA), as well as the transmembrane protein M2. The ER mat-
uration steps of both IAV HA and NA were extensively studied
(10-13). For both HA and NA, the folding of the monomer is
guided by the ER lectin chaperones calnexin (CNX) and calre-
ticulin (CRT), which are recruited via N-linked glycosylation
(14). The monomer is then stabilized by intramolecular disul-
phide bonds (15). For HA, trimers are formed in the ER or at
the ER-Golgi interface (16). For NA, dimers are first formed in
the ER by intermolecular disulfide bonds. These dimers are then
assembled to tetramers, a step requiring glycosylation of NA as
well as conformational changes both in the transmembrane do-
main and the head domain (17, 18). During the maturation
process of glycoproteins, host proteins play the role of sentinels
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to ensure that all proteins are folded properly before they exit
the ER. It is notably the role of the ER chaperone BiP, which
can recognize both influenza HA and NA when they are mis-
folded (19, 20).

IAV infection was previously described to modulate ER stress.
According to the literature, the most prominent viral glycopro-
tein (HA) is responsible for triggering ER stress. Lack of HA
glycosylation in pandemic or zoonotic IAV strains has been as-
sociated with more ER stress induction in human cells and more
immune pathology in whole organism mouse models (21, 22).
The literature agrees that IAV activates the IREla pathway
(23-25), but there is more controversy concerning the PERK and
ATF6 pathway (23, 24). Research has focuses on activation of
the UPR by IAV. However, to date, no strategies used by IAV to
limit ER stress have been described.

Here, we generated IAV strains in a targeted manner that
induce either a weak or strong ER stress response following
infection. By genetically exchanging the glycoproteins, we show
that the viral NA is the master inducer of ER stress and UPR.
ER resident amounts of NA and the predicted presence of
amino acid stretch recognized by BiP determine the levels of the
ER stress response during viral infection. Host cells respond by
expanding the ER volume and providing more ER chaperones.
We further show that controlling the production of host proteins
is essential for the virus to counteract ER stress. This control is
achieved by the IAV nonstructural protein 1 (NSI1) blocking
cleavage-polyadenylation specificity factor 30 (CPSF30) func-
tion, a key factor of the cellular polyadenylation complex (26,
27). The NS1 protein of IAV prevents binding of CPSF30 to
cellular pre-mRNA, thereby preventing their correct maturation
and limiting host protein production (28, 29). This function was
initially attributed to antagonism of type I interferon and in-
flammatory response (30-32). Our results reveal an additional
function of NS1 in limiting the host ER stress response to the
benefit of IAV replication.

Results

Induction of ER Stress Varies among Viral Isolates. Previous studies
showed that IAV activates ER stress. In order to define whether
this is a general feature of IAV infection, or limited to certain
viral strains, we infected A549 human lung epithelial cells with a
panel of representative IAV laboratory strains and clinical iso-
lates. Then we performed a RT-PCR to compare the amount of
spliced XPB1 (sXPB1) mRNA. Infection with a high multiplicity
of infection (MOI) resulted in similar infection levels between
the different IAV strains, as indicated by the presence of com-
parable amounts of viral nucleoprotein (NP) in cell lysates 8 h
postinfection (pi) (Fig. 1 A, Lower). All viruses, except A/Swit-
zerland/9715293/13-like (HIN1) (CH13) and A/Wyoming/03/
2003 (H3N2) (Wyo03), displayed a similar number of infected
cells (SI Appendix, Fig. S14). Strikingly, levels of the sXBP1
amplicon at the same time point were different (Fig. 1 4, graph
and Middle). Two strains, A/Puerto Rico/8/1934 (HIN1) (PRS)
and X31 (a chimeric virus with PRS8 internal genes and HA and
NA from A/Aichi/2/1968 [H3N2]), induced a significant increase
in the amount of sXBP1 mRNA. In contrast A/Viet Nam/1203/
2004 (H5N1-HALo) (an engineered low-pathogenic variant)
(VN1203), Wyo03, A/Netherlands/602/2009 (pandemic HIN1)
(Neth602) and two clinical isolates (A/Hong Kong/2212/10-like
(HIN1) (HK10) and CHI13 did not trigger splicing of XBP1
mRNA. We furthermore observed a reduction of unspliced
XBP1 mRNA, as compared with mock, for cells infected with
several IAV strains (Upper band Fig. 1 A, Upper panel). This
suggests strain-specific mechanisms regulating expression or
degradation of the XBP1 mRNA. In order to rule out kinetic
differences in ER stress induction between viruses, we tested
XBP1 splicing 4 h and 12 h pi in cells infected with VN1203 or
PRS. As for 8 h pi these early and late time points did not reveal
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XBP1 splicing in VN1203-infected cells (Fig. 1B). Notably,
transient activation of XBP1 splicing by PRS8 infection may
suggest a balancing of the cellular and viral responses to ER
stress induction. In order to demonstrate that PR8 infection
induces a broad ER stress response, while VN1203 does not,
we performed qPCR for genes that are up-regulated by the
different ER stress sensor (Fig. 1C). We picked Erdj4 (IRE1
pathway), BiP (ATF6 pathway) (33), and CHOP and GADD34
[PERK (34) and ATF6 pathway (35)]. We could observe an in-
duction of all genes in PR8-infected cells compared with VN1203-
infected cells, thus showing that PR8 infection triggers all three
arms of the UPR.

As a reaction to ER stress, cells enhance the folding capacity
for glycoproteins by ER volume expansion and increased ex-
pression of ER resident chaperones. In order to determine the
ER volume in mock versus IAV-infected cells, we analyzed
confocal Z-stack images of A549 cells, using the ER resident
chaperone BiP (green) as an ER volume marker, and CD44
(red) to define the outer perimeter of each cell. After subtraction
of the nuclear volume (blue, DAPI stained), we determined the
relative ER volume per cytoplasm volume per cell (Fig. 1 D and
E and SI Appendix, Fig. S1 B and C and Movies S1-S6). We used
tunicamycin (Tm) treatment as a positive control to validate our
microscopy approach. In the context of PR8 viral infection, the
ER volume (compared with mock-treated cells) doubled after
24 h (Fig. 1D). No significant differences in ER volume were
detectable at the time point of maximum XBP1 splicing (8 h pi)
(Fig. 1D). The delay between appearances of sXBP1 mRNA at
8 h postinfection as a direct response to ER stress and the in-
crease of the ER volume at 24 h could be explained by the ki-
netics of the UPR (36). In contrast, in the context of VN1203
viral infection, which did not induce XBP1 mRNA splicing, we
did not observe a change in the ER volume compared with
mock-treated cells, and this at both 8 h and 24 h postinfection
(Fig. 1E and SI Appendix, Fig. S1C).

Our data emphasize that the magnitude of ER stress and the
UPR in context of IAV infection is virus strain dependent.

IAV Activates ER Stress in an NA-Dependent Manner. IAV displays
two major glycoproteins on its surface, HA and NA, with HA
being approximately 10 times more abundant that NA on virions
(37). The current literature on IAV-induced ER stress solely
focuses on HA as a trigger for ER stress. In order to assess which
glycoprotein is the main ER stress inducer, we decided to ex-
change HA and NA between an IAV isolate, which induces ER
stress (PR8) and one, which does not induce it (VN1203). Gene
segments for HA and NA were swapped (separately or together)
using reverse genetics. In contrast to previous findings, indicating
HA as the main protein inducing ER stress, we found that PR8
with HA of VN1203 induces equal amounts of ER stress as PR8
(Fig. 24) upon infection in A549 cells. Importantly, replacement
of PR8 NA by VN1203 NA abolished XBP1 splicing after PR8
'VN1203 NA infection, thus identifying NA as the inducer of ER
stress response. This phenotype correlated well with the expression
levels of NA. Of note, we insured that our panN1 antibody dis-
played equal binding to HSN1 and HIN1 NAs by testing whole cell
lysates of cells transfected with plasmid expressing NA tagged with
a V5 epitope and compared the panN1 antibody and an anti-V5
antibody (S Appendix, Fig. S24). Notably, the inverse approach
(i.e., VN1203 expressing PR8 NA) did not trigger XBP1 splicing
despite high amounts of PR8 NA present in the infected cells. This
could argue for an additional negative regulation of ER stress by
'VN1203, but not PR8. In line with these findings, the detection of
sXBP1 mRNA by PCR correlates well with the presence of sXPB1
protein as seen by Western blot (WB) (Fig. 24).

In order to strengthen our conclusion that HA is not the glyco-
protein inducing ER stress during infection, we took advantage of a
recently published recombinant PR8 virus (38). In this virus, the
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Fig. 1. Induction of ER stress varies among viral isolates. (A) A549 cells were infected at an MOI of 5 with the following strains: PR8 (A/Puerto Rico/8/1934

[H1N1]), VN1203 (A/Vietnam/1203/2004 [H5N1]), Neth602 (A/Netherlands/602/2009 [H1N1]), HK10 (A/Hong Kong/2212/10-like 2014 [H1N1]), X31 (PR8 internal
genes with HA and NA from A/Aichi/2/1968 [H3N2]), CH13 (A/Switzerland/9715293/13-like 2014 [H3N2]), Wyo03 (A/Wyoming/03/2003 [H3N2]) or treated with
PBS (mock) or Tm. Cells were collected 8 h postinfection and analyzed by semiquantitative RT-PCR and WB (for viral protein NP and actin), respectively. The
graph represents mean with SD of the densitometry analysis of the sXBP1 mRNA (n = 3), and unpaired t test was used to compared each sample with mock. (B)
A549 cells were infected at a MOI of 5 with PR8 and VN1203 or treated with PBS (mock) or Tm. Cells were collected 4 h, 8 h, and 12 h pi and analyzed by
semiquantitative RT-PCR and WB. The graph represent means with SD of the densitometry analysis of the sXBP1 ¢cDNA (n = 2). Time points were compared
using one-way ANOVA with Tukey correction. (C) A549 cells were treated with PBS (mock) or infected at a MOI of 5 with PR8 or VN1203. At 8 h postinfection,
cells were lysed and RNA was extracted and processed through RT-qPCR analysis for ER stress-related genes (ERdj4, CHOP, GADD34, and BiP). Each graph
represents the fold change over mock for the indicated gene. Each dot represents one well and the bar represents the mean. Unpaired t test was used to
compare viruses. (D and E) A549 cells were treated with PBS (mock) or Tm or infected at a MOI of 5 with either PR8 (D) or VN1203 (E). Cells were fixed 8 h and
24 h postinfection and processed for immunofluorescence. Z-stacks were analyzed. Images show 3D rendered representations of representative cells with the
ER resident protein BiP in green, the plasma membrane marker CD44 in red, and the nucleus in blue. (Scale bars [Bottom Left], 5 um.) The graph below shows
a quantification of the ER volume in an individual cell. Values are expressed in percentage of the cytoplasm volume. Each dot represents one cell and the
median is represented by a line. The medians of each column were compared using one-way ANOVA with Turkey correction. ns P> 0.05, *P < 0.05, **P < 0.01,

**%P < 0.001, ****P < 0.0001.

untranslated promoter-containing regions were swapped between
the HA and the NA segment (PRS8 swap). In A549 cells infected
with this virus, we observed a drastic reduction in the amount of
HA, while the total expression of NA was only slightly increased
(Fig. 2B). Importantly, the level of ER stress induced by PR8 swap
was similar to the one induced by PRS&. This isogenic control
allowed us to rule out HA as the glycoprotein inducing ER stress.

In order to circumvent the complexity of viral replication, we
individually expressed a panel of V5-tagged NAs from different
viral strains using transfection. In this model system, we used a
luciferase reporter activated by an IREla-dependent cleavage of
the XBP1 splicing motif (39). The induction of this reporter was
also strain dependent, revealing that PR8 NA, but not VN1203
NA, is an inducer of ER stress when expressed in the absence of
infection. Furthermore, we identified that induction can be
triggered by a panel of NAs from a range of different IAVs, but
this does not correlate with the amount of NA present in the cell
(Fig. 2C). This result implies that specific characteristics of NA
contribute to ER stress induction.
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Furthermore, NA of Cal09 (whose amino acid sequence is
99.8% similar to the one of Neth602) was a strong inducer of the
UPR when expressed individually (Fig. 2C and SI Appendix, Fig.
S2B), while the full virus did not cause XBP1 splicing (Fig. 14).
These observations argue for the presence of a specific viral
inhibitor of ER stress that is encoded by some viral isolates.

NA Activity and Glycosylation Pattern Are Not Determinants of ER
Stress Induction. In order to better understand what defines the
NA-dependent ER stress induction, we compared different
properties of PR8 NA (as a strong inducer of XBP1 splicing and
ATF6 activation) and VN1203 NA (as a noninducer of XBP1
splicing and a weak inducer of ATF6) (SI Appendix, Fig. S2B).
First, we tested the impact of glycosylation, since increased gly-
cosylation of the major surface antigen HA was associated with
reduced ER stress induction (21). Based on the glycosylation
motif N-X-S/T, PR8 NA is predicted to be glycosylated at five
positions (N44, N58, N73, N131, and N220), while VN1203 NA
is predicted to be glycosylated at three positions (N73, N131, and
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Fig. 2. 1AV activates ER stress in a NA-dependent manner. (A) A549 cells were infected at a MOI of 5 with indicated WT and chimeric viruses or treated with
PBS (mock) or Tm. Cells were collected 8 h postinfection and lysates were analyzed by semiquantitative RT-PCR and WB for viral proteins (HA, NA, and NP) and
cellular proteins (sXBP and actin). The graph represents mean with SD of the densitometry analysis of the sXBP1 ¢cDNA (n = 3) and one-way ANOVA with
Dunnett correction was used to compared each mutant virus with its WT counterpart. (B) A549 cells were treated with PBS (mock) or infected at a MOI of 5
with PR8 or PR8 swap UTR viruses. Cells were collected 8 h postinfection and lysates were analyzed by semiquantitative RT-PCR and WB for viral proteins (HA,
NA, NP, and NS1) and cellular proteins (sXBP1 and actin). The graph represents mean with SD of the densitometry analysis of the sXBP1 ¢cDNA (n = 3). (C)
The 293T cells were transfected with pFLAG-XBP1u-FLuc and pCAGGS empty vector (@) or pCAGGS encoding the V5-tagged neuraminidase from different
viruses: PR8 (A/Puerto Rico/8/1934), VN1203 (A/Viet Nam/1203/2004), Cal04 (A/California/04/2009), BM1 (A/Brevig Mission/1/1918), Tx36 (A/Texas/36/1991),
Stx4199 (A/Swine/Texas/4199-2/1998), Sh1 (A/Shanghai/01/2013), N10 (A/little yellow-shouldered bat/Guatemala/153/2009 [H17N10]), and N11 (A/flat-faced
bat/Peru/033/2010 [H18N11]). Cells were lysed 24 h posttransfection. Lysates were subjected to luciferase activity measurement and WB analysis using anti-V5
antibody. The graph represents the mean fold increase luciferase activity normalized to mock with SD of triplicate (n = 3) and one-way ANOVA with Dunnett
correction was used to compare each condition with mock. (D) The 293T cells were transfected with pFLAG-XBP1u-FLuc and pCAGGS empty vector (@) or pCAGGS
encoding different VV5-tagged neuraminidases: PR8 NA, PR8 NA glycosylations mutant (gly-) and VN1203 NA. Cells were lysed 24 h posttransfection. Lysates were
subjected to luciferase activity measurement and WB analysis using anti-V5 antibody. Graphs represent the mean fold increase luciferase activity normalized to
mock with SD of triplicate (n = 5). Unpaired t test was used to compare the two PR8 viruses. (E) A549 cells were infected at a MOI of 5 with PR8 and PR8
neuraminidase mutants as indicated or treated with PBS (mock) or Tm. Cells were collected 8 h postinfection and analyzed by semiquantitative RT-PCR and WB.
The graph represents mean fold change normalized to mock with SD of the densitometry analysis of the sXBP1 cDNA (n = 3), and one-way ANOVA with Dunnett
correction was used to compared each mutant virus with its WT counterpart. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

N220) (PR8 NA numbering). By removing two predicted glyco-  normalized to the same plaque-forming units (pfu) (SI Appendix,

sylation sites in PR8 NA (N44A and N58A), we mimicked the
predicted glycosylation pattern of VN1203 NA. This PRS NA
glycosylation mutant migrated faster in sodium dodecyl (lauryl)
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions, indicating that the predicted sites are
indeed glycosylated. In contrast to published findings on HA
glycosylation (21), removal of glycosylation sites enhanced the
specific capacity of PR8 NA to induce ER stress (Fig. 2D). This
could be explained by the increased amount of NA present in the
cell and/or by potential misfolding of the mutant PR8 NA.
Next, we turned to possible differences in the enzymatic
function of the two neuraminidases. Using an enzyme-linked
assay, we compared the sialidase activities of purified, insect
cell-expressed PR8 NA and VN1203 NA. In this assay, PR8 NA
displayed a greater specific sialidase activity (SI Appendix, Fig.
S2 C, Top). We obtained the same| result using whole virions
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Fig. S2 C, Lower). However, introduction of amino acid substi-
tutions in the catalytic site of PR8 NA (D151G or Y406D), which
lower enzymatic activity (40, 41), did not reduce ER stress in-
duction during PRS infection (Fig. 2E). In order to indepen-
dently corroborate this result, we took advantage of the recently
identified bat influenza A virus neuraminidases N10 and N11,
which are devoid of intrinsic sialidase activity (42, 43). The two
bat IAV NAs were strong inducers of ER stress when overex-
pressed (Fig. 2 C, Right). Taken together, these results argue
against both glycosylation pattern and neuraminidase activity be-
ing defining features of NA responsible for ER stress induction.

NA Amount in the ER and BiP Binding Correlate with ER Stress
Induction. Up to this point, we only accounted for total NA
amounts. However, ER stress would presumably depend on ER-
localized NA. Indeed, accumulation of misfolded or unfolded
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viral glycoproteins is proposed to lead to ER stress (25, 44). In
general, misfolded glycoproteins in the ER are actively trans-
ported from the ER to the cytoplasm by the ERAD machinery,
where they undergo proteasomal degradation (45). To test the
possibility that NA overload in the ER is responsible for ER
stress, we blocked the retrograde ER-cytoplasmic transport of
misfolded proteins with kifunensine and measured ER stress
induction using the XBP1 luciferase reporter assay (Fig. 34)
(46). Cells transfected with an empty plasmid and treated with
kifunensine did not show any increase in XBP1 splicing. This
shows that the ER of cells in a physiological state is not under
stress, even if the ERAD pathway is blocked. However, following
overexpression of PR8 NA, we observed a dose-dependent in-
crease of XBP1 splicing. This effect was clearly increased by
kifunensine. In contrast, overexpression of VN1203 NA did not
cause ER stress in the presence of kifunensine. However, the
baseline expression of this NA was substantially lower than that
of PRS. This result confirms that for NAs with the intrinsic ca-
pacity to induce ER stress, the ER resident portion of the pro-
tein constitutes the main trigger.

BiP is a key sensor for unfolded proteins in the ER lumen. We
used the method developed by Schneider et al. to predict the
potential BiP binding site in different NA proteins (47). BiPPred
evaluates the BiP binding probability and gives a forward and

reverse score for each consecutive 7 amino acid stretch of a given
protein sequence. The probability of a given peptide being a BiP
binding site is attributed a score between 0 (minimal) and 1
(maximal). In our analysis, we counted the total number of
peptides scoring 0.8 or higher. We hypothesized two potential
scenarios, in which 1) NA is fully unfolded and accessible to BiP
or 2) only unstructured regions are bound by BiP. Obviously,
both scenarios could take place in parallel during infection.
When looking at the whole protein sequence of NA (scenario 1),
we established that there is a significant correlation between the
total number of peptides scoring equal or higher than 0.8 and the
capacity of the protein to induce ER stress (Fig. 3B). However,
glycoproteins are rapidly folded upon synthesis at the ER
membrane; thus we also evaluate the number of peptides rec-
ognized by BiP within the intrinsically disordered or exposed part
of NA, which are the N-terminal 75 to 95 amino acids and the
internal exposed loop whose sequences are described in SI Ap-
pendix, Tables S1 and S2, respectively (scenario 2). We chose to
focus on those two features of the NA because, according to the
model, they should be exposed even when the NA monomer is
fully folded. As for the full NA sequence, we could observe a
good correlation between the number of peptides with a high
probability of BiP binding and the induction of ER stress
(Fig. 3C). Accumulation of NA in the ER could at a certain point
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Fig. 3. NA amount in the ER and NA/BiP interaction play a role in ER stress induction. (A) The 293T cells were transfected with pFLAG-XBP1u-FLuc and

pPCAGGS empty vector (@) or pCAGGS encoding V5-tagged PR8 NA at different amounts. At 6 h posttransfection, cells were treated with kifunensine for 24 h
and lysed. Lysates were subjected to luciferase activity measurement and WB analysis using an anti-V5 antibody. Graphs represent the mean fold increase over
mock with SD of technical triplicates (n = 2). One-way ANOVA with Turkey correction was used for statistical analysis. (B and C) Correlation between predict
differences in the number of peptide with a BiPPred score higher than 0.8 for the whole NA (B) or the internal loop and the N terminus of NA (C) and specific
induction of ER stress (normalized to NA amount). (D) The 293T cells were transfected with pFLAG-XBP1u-FLuc, pCAGGS empty vector (@), or pCAGGS
encoding V5-tagged PR8 NA and pcDNA3.1(+)-GRP78/BiP. Cells were lysed 24 h posttransfection and lysates were subjected to luciferase activity measure-
ment_and WB_analysis_using _an_anti-V5_and_anti-BiP_antibody. Graphs represent the mean Firefly luciferase activity normalized to mock with SD
of technical triplicates (n = 2). One-way ANOVA with Turkey correction was used for statistical analysis. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001,
*x**p < 0.0001.
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exceed the pool of free BiP. We thus supplemented BiP to
compensate NA overload in the ER (Fig. 3D). Overexpression of
BiP alone did not modify the basal level of XBP1 reporter ac-
tivity. However, in combination with PR8 NA overexpression,
XBP1 splicing was decreased in a dose-dependent manner.
These experiments show that NA accumulation in the ER trig-
gers a stress response, with BiP being the limiting host factor.
Taken together, these data suggest an important role for NA
accumulation and BiP recognition in the induction of ER stress.

NS1-Induced Shutoff Inhibits ER Stress Induction. Up to this point,
two findings suggested the presence of a virus-encoded inhibitor
of ER stress responses: first, chimeric VN1203 displaying PRS8
NA did not induce XBP1 splicing; and second, while exogenously
expressed Cal04 NA was a potent ER stress inducer, infection
with a closely related virus (A/Netherlands/602/2009) did not
cause XBP1 splicing in A549. Notably, we found that both PR8
and X31 viruses induced XBP1 splicing in infected A549. X31 is
a chimeric virus that harbors HA and NA from A/Aichi/2/1968
(H3N2), while having the internal genes of PRS. In contrast, the
clinical H3N2 isolate did not trigger ER stress. This points to-
ward the existence of a viral inhibitor encoded by one or more of
the remaining IAV segments 1, 2, 3, 5, 7, or 8, and which is
potentially nonfunctional in PRS.

We hypothesized that one way of reducing the combined
burden of host and viral protein folding on the ER is to reduce
overall host protein synthesis. Two viral proteins, PA-X and NS1,
have been particularly implicated in regulating general host protein
expression, the so-called host protein shutoff. PA-X is an alternative
translation product from segment 3 mRNA, sharing the endonu-
clease domain with PA, which resides in the cytoplasm and stress
granules. PA-X was proposed to cleave host mRNAs (48, 49). The
nonstructural protein 1 (NS1) targets CPSF30 and prevents poly-
adenylation of host mRNAs in the nucleus, which ultimately leads to
mRNA degradation (28). When testing a PA frameshift mutant of
PR8 and VN1203, we did not observe an increase in ER stress in-
duction in infected A549s, as indicated by sXBP1 both at the mRNA
level and protein level (Fig. 44). These data suggest that PA-X is not
a major antagonist of the IAV-induced ER stress response.

We next focused on the NS1 protein and its ability to bind
CPSF30. Strikingly, NS1 of PRS is known to lack the capacity to
bind CPSF30 and block mRNA maturation, while the NS1 from
VN1203 is a strong inhibitor of CPSF30, and the NS1 from Cal04
is partially functional, but largely inefficient (31, 32). In order to
test specifically whether exogenous expression of NS1 relieves
ER stress, we used a luciferase reporter assay for XBP1 splicing
in cells treated or not with tunicamycin, and transfected a panel
of NS1 constructs as indicated, to represent the different NS1/
CPSF30 binding phenotypes (Fig. 4B). First, we observed that
NS1 overexpression itself does not lead to induction of ER stress
and we observed that, as previously described, NS1 inhibits its
own expression when binding to CPSF30 (32). In addition, we
found that the ability of NS1 to bind CPSF30 correlated well with
its capacity to inhibit tunicamycin-induced ER stress: PR8 NS1
was unable to limit tunicamycin-induced ER stress despite
expressing very well, while VN1203 NS1 was a potent inhibitor
and Neth602 NS1 had a small effect (Fig. 4B). We observed the
same correlation when testing a panel of NS1 proteins (Fig. 4C
and SI Appendix, Table S3).

In order to confirm this correlation in functional tests, we
introduced the NS1 binding mutations into the respective viruses
using reverse genetics. We introduced nucleotide changes (S/
Appendix, Table S3) into the NS segment in order to either in-
duce binding of NS1 to CPSF30 or disrupt this ability. We gen-
erated two mutants that gained the ability to bind to CPSF30,
i.e., PR§ NS1* and Neth602 NS1* and two mutants that lost the
ability to bind CPSF30, i.e., VN1203 NS1™ and Neth602 NS1.
We used these viruses to confirm the gain or loss of binding of
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NS1 to CPSF30. The 293T cells expressing a Flag-tagged human
CPSF30 protein were infected with the different viruses, i.e.,
PR8, PR8 NS1*, VN1203, VN1302 NS1~, Neth602, Neth602
NS1~ and Neth602 NS1*. Cell lysates were subjected to immu-
noprecipitation (IP) using anti-Flag affinity beads. The Flag-
CPSF30/NS1 complexes were analyzed by WB (Fig. 4D) and the
relative amount of NS1 bound to CPSF30 was quantified
(Fig. 4E). We observed that the NS1* mutants, which have the
amino acid sequence associated with CPSF30 binding pheno-
type, indeed bind more to CPSF30 than their cognate NS1 wild
type (WT). On the other hand, NS1~ mutants bind less to
CPSF30 than NS1 WT. Of note the presence of viral PA and NP
during infection stabilizes the NS1/CPSF30 complex (50), which
could explain the residual binding observed for PR8S. We cor-
roborated the binding data functionally with a surrogate assay for
NS1-mediated host protein synthesis shutoff. Previous data have
shown the link between efficient control of reporter gene ex-
pression and efficient binding of NS1 to CPSF30 (32). A con-
stitutively active Gaussia luciferase reporter was coexpressed
with each of the different NS1, and luciferase activity was mea-
sured 24 h posttransfection. We observed an enhanced expres-
sion of Gaussia luciferase with NS1™ mutants and a suppressed
expression with NS1* mutants (Fig. 4F). These data confirm that
the mutations we introduced are involved in NS1/CPSF30
binding and more generally in host cell mRNA polyadenylation.

Next, we tested the ability of the NS1 mutants to inhibit
tunicamycin-induced ER stress compared with their cognate NS1.
In accordance with our pulldown experiemnt, the NS1 CPSF30
binding “gain-of-function” mutant of PR8 (NS1¥) blocked XBP1
reporter activation (Fig. 4G). Inversely, loss of CPSF30 binding in
VN1203 NS1 (NS17) abolished its inhibitory function on XBP1
splicing (Fig. 4H). Lastly, Neth602 NS1 displays an intermediate
CPSF30 binding phenotype, and introduction of a strong CPSF30
binding interface increases its XBP1 antagonistic function, while
introduction of a weak interface removes this capacity (Fig. 41).

Then, we tested the ability of NS1 to inhibit or not the in-
duction of ER stress in the context of infection. We could re-
capitulate the effect in A549 infected with PR8: when PR8 NS1
can functionally bind CPSF30, ER stress induction in infected
cells is inhibited when measuring levels of sXBP1 by RT-PCR
(Fig. 4J), despite similar expression of the ER stress inducing
PR8 NA (Fig. 4K). We also found matching host responses (BiP
induction and sXBP1 levels) at the protein level (Fig. 4K, protein
quantification of sXBP1 below). For cells infected with VN1203
NS17, we did not observe induction of ER stress, presumably
because the VN1203 NA fails to induce this stress response irre-
spective of the function of NS1. Unexpectedly, engineered NS1
mutants of the Neth602 strains also behaved like the parental virus
with regards to ER stress induction, possibly indicating that this
strain has evolved additional uncharacterized inhibitors of this
pathway (SI Appendix, Fig. S3 A and B). However, Neth602 NS1*
also displayed more NA upon infection, which might shield the
results (SI Appendix, Fig. S3 A and B).

In order to delineate whether NS1-dependent antagonism of
ER stress by CPSF30 binding depends on the antagonism of type
I interferon or is an independent function, we took advantage of
A549 cell lines lacking the expression of either the retinoic acid-
inducible gene I (RIG-I) or the signal transducer and activator of
transcription 1 (STAT1) (SI Appendix, Fig. S3C). RIG-I is the
bona fide cytosolic sensor responsible for the induction of type I
interferon expression in IAV-infected epithelial cells. STAT-1 is
a key signaling molecule downstream of the IFN type I receptor
and directly responsible for the transcription of interferon-stimulated
genes (ISGs). Importantly, inhibition of ER stress induction dur-
ing infection occurs independently of a functional host type I in-
terferon system. Indeed, we observe that both A549 RIG-I7~ and
STAT1™"~ cells respond with comparable levels of XBP1 splicing
as A549 WT to infection with PR8, VN1203, or Neth602 (Fig. 4L).
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Fig. 4. NS1 prevents UPR, independently of IFN signaling, through its CPSF30 binding ability. (A) A549 cells were treated with PBS (mock) or Tm or infected at
a MOI of 5 for 8 h with VN1203 or PR8 or the isogenic PA frameshift (PA-FS) mutants (n = 3). At 8 h postinfection, cells were lysed and analyzed by semi-
quantitative RT-PCR and WB for viral proteins (NA, NP, and NS1) and the cellular proteins (XBP1 and actin). The graph represent mean with SD of the
densitometry analysis of the sXBP1 cDNA (n = 3) and unpaired t test was used to compare WT and mutant viruses. (B and C) The 293T cells were transfected
with pFLAG-XBP1u-FLuc and pCAGGS empty vector (@) or pCAGGS encoding NS1 proteins from different viruses: PR8, VN1203, Neth602, BM1, HK156 (A/Hong
Kong/156/1997), Tx36, Stx4199 (A/Swine/Texas/4199-2/1998), and Sh1. At 16 h posttransfection, cells were treated with solvent or tunicamycin and lysed 8 h
posttreatment. Lysates were subjected to luciferase activity measurement and WB analysis using anti-NS1 antibody. For each condition the luciferase activity
of the treated sample was normalized to the untreated. Graphs represent the mean fold increase with SD of triplicate (n = 2). One-way ANOVA with Dunnett
correction was used to compare treated samples with mock. (D and E) The 293T cells were transfected with pCAGGS.Flag-CPSF30 (F-CPSF) or pCAGGS.Flag-
ZsGreen (F-ZsG) for 24 h prior to infection with either PR8, PR8 NS1*, VN1203, VN1203 NS1~, Neth602, Neth602 NS1~, or Neth602 NS1*. Anti-Flag M2 affinity
beads were used to IP the Flag-tagged proteins and their interactors. (D) Results were analyzed by WB using anti-Flag antibody and anti-NS1 antibody. (E) The
amount of NS1 protein bound to Flag-CPSF30 was quantified using densiometric analysis (n = 2). (F) The 293T cells were transfected with pCMV.Gluc (M60I)
and pCAGGS empty vector (@) or pCAGGS expressing different NS1 as indicated. Supernatants were subjected to luciferase activity measurement and cell
lysates to WB analysis using anti-NS1 antibody. The luciferase activity was normalized to one transfected with the Gluc-expressing plasmid and the empty
vector. Graphs represent the mean fold increase with SD of triplicate (n = 3). (G-/) The 293T cells were transfected with pFLAG-XBP1u-FLuc and pCAGGS empty
vector (@) or pCAGGS encoding NS1 proteins from different viruses as indicated. At 16 h posttransfection, cells were treated with solvent or tunicamycin and
lysed 8 h posttreatment. Lysates were subjected to luciferase activity measurement and WB analysis using anti-NS1 antibody. For each condition the luciferase
activity of the treated sample was normalized to the untreated. Graphs represent the mean fold increase with SD of triplicate. Tm-treated conditions were
compared using unpaired t test in G and H while we used one-way ANOVA in /. (J and K) A549 cells were treated with PBS (mock) or Tm or infected at a MOI
of 2 with PR8 and PR8 NS1* as indicated (n = 3). (J) Cells were lysed 8 h postinfection and subjected to semiquantitative RT-PCR. The graph represents mean
with SD of the densitometry analysis of the sXBP1 cDNA, and unpaired t test was used. (K) Cells were lysed at the indicated time point and analyzed by WB for
host proteins (actin, BiP, and XBP1) and viral proteins (NP, NS1, and NA). Exposures shown are the same for all samples. The WB shown is representative of
three experiments. The amount of sXPB1 protein was quantified using densiometric analysis and the graph represents the mean fold increase in XBP1 protein
amount over mock with SD. Samples within the same time point were compared using multiple comparison one-way ANOVA with Turkey correction. (L) A549
ctrl, RIG1 knockout (KO), and STAT1 KO cells were infected with PR8, VN1203, or Neth602 at a MOI of 5. Cells were lysed 8 h pi and subjected to semi-
quantitative RT-PCR and WB analysis. The graph represents mean with SD of the densitometry analysis of the sXBP1 cDNA (for each cell type the results
for two clones were pooled, n = 2), and one-way ANOVA with Dunnett correction was used to compared each virus with mock within each cell line. ns P>
0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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These results define an additional role for NS1 in modulating
antiviral host responses.

NS1 CPSF30 Binding Ability Confers a Replication Advantage In Vivo
and Prevents UPR in Three-Dimensional (3D) Human Epithelial Airways.
In order to assess whether the binding of NS1 to CPSF30 confers
an overall advantage to the virus in vivo, we inoculated groups of
six mice with phosphate buffer saline (PBS) or 40 pfu of PRS8 or
PR8 NS1*. Mouse weights were monitored daily (Fig. 54) and
viral titer was determined on days D2, D4, and D6 pi (Fig. 5B).
PR8 NS1* shows a growth advantage from 2 d postinfection (dpi)
with this advantage beginning to be statistically significant at 4 and
6 dpi. This replication phenotype was reflected in mice weight.
Indeed, mice infected with PR8 NS1™ lost weight faster than the
ones infected with PR8 (most prominent at 6 dpi) Our results
indicate that the capacity of NS1 to bind and antagonize CPSF30
confers a replicative advantage to the virus in vivo. Mechanisti-
cally, data from infected murine lung epithelial cells (LA4) suggest
that as in human cells, NS1 binding to CPSF30 reduces the UPR
as indicated by specific qQPCR for DNAjb9 (mouse homolog to
ERdj4) (SI Appendix, Fig. S4).

Finally, we tested the NS1 mutant viruses in a stratified pri-
mary human airway epithelial cell model, cultured in an air—
liquid interface. We infected these cells apically with PRS, PR8
NS1¥, VN1203, and VN1203 NS1~. RNA was extracted 24 h pi
and processed for RT-qPCR analysis. First, we determined viral
replication using M1 cDNA copies as a surrogate marker. Within
each virus pair, WT and mutant viruses replicated to the same
level (Fig. 5C). Then, we performed qPCR for the ER stress—
related genes ERdj4, CHOP, and BiP (Fig. 5D). In the case of
PRS, we observed a differential expression, with those genes
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being down-regulated during PR8 NS17 infection compared with
PRS. For VN1203, the expression of ERdj4 and BiP are the same
for the two viruses, while CHOP expression is slightly increased
in VN1203 NS1~ compared with VN1203. Taken together, these
data confirm IAV NS1-dependent antagonism of host cell ER stress
in a relevant primary human cell model in context of infection.

Discussion

Multiple papers have identified that modification in the glyco-
sylation pattern of the HA have an impact on the host inflam-
matory response and overall virus virulence in vivo (51, 52). This
increased virulence was later linked to ER stress induction. More
specifically removing glycosylation sites on HA was associated
with higher ER stress levels and higher virulence, while addition
of glycosylation sites was associated with reduced ER stress and
reduced virulence (21, 22). These results are probably in line
with the observation that N-linked glycans are important for
glycoprotein stability and folding and that mutants might enter a
misfolded state easier (14).

To date, the role of NA in ER stress induction was not in-
vestigated. We demonstrate here by combining genetic, bio-
chemical, and cell biological approaches that in fact expression
of the minor glycoprotein NA is the major determinant for ER
stress induction during IAV infection. In order to assess ER
stress response induced by IAV, we largely relied on measurement
of XBP1 splicing as a surrogate marker for the overload of the ER
protein folding machinery. Indeed, splicing of XBP1 mRNA is a
direct readout for IREla activation. While we do not believe this
diminishes our findings in general, we believe a detailed assessment
of the remaining PERK and ATF6 pathways would be of interest.
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Fig. 5. NS1 CPSF30-binding ability confers an advantage in vivo and prevents UPR in 3D human epithelial airways. (A and B) Eight-week-old female C57B/6
mice were inoculated with PBS or 40 pfu of PR8 or PR8 NS1* (n = 6 per group). (A) Weight was monitored daily and the relative body weight was plotted. Two-
way ANOVA (or mixed-effects model) with Turkey’s correction was used to compared each group within the same time pi. The dotted line represents the 15%
body weight loss defined as the humane endpoint. (B) Whole lungs were collected at 2, 4, and 6 dpi and processed for analysis by plaque assay. Viral lung
titers are shown in pfu/lung. Each dot represents an individual mouse and the bar represents the mean. Two-way ANOVA (multiple comparisons) with Sidak
correction was used to compare each group each day. (C and D) Three-dimensional epithelial airways were infected apically at a MOI of 5 with PBS, PR8, PR8
NS1*, VN1203, and VN1203 NS1- (n = 3). At 24 h pi, cells were lysed, total cellular RNA was extracted, and samples were processed by RT-qPCR for viral M1 (C),
and ER stress-related genes (D) ERdj4, CHOP, and BiP. Each dot represents a Transwell and the bar represents the median. One-way ANOVA with Sidak
correction was used to compare the values. ns P > 0.05, *P < 0.05, **P < 0.01, ****P < 0.0001.
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Our results implicate that both the quantity of NA and the
sequence of the NA protein are essential determinants for NA’s
specific capacity to induce ER stress. However, from our sample
set of viruses we conclude that ER stress leading to a substantial
activation of the UPR is rather the exception than the rule in
IAV biology. Most IAV strains appear to welcome a low levels of
ER stress, potentially for increased glycoprotein folding capacity,
while avoiding a full activation of the otherwise potentially del-
eterious UPR. Additionally, ER stress was recently proposed to
increase the tolerance for mutations in the major glycoproteins
HA and NA (53). For the virus this is an important escape route
to avoid the adaptive immune response of the host. A fine-tuned
level of ER stress response might thus be overall beneficial for
the virus. In order to achieve this low level of ER stress response,
IAV would have in theory three options: 1) reducing the trigger
load by reducing overall expression of NA, 2) express an easily
foldable NA less recognized by BiP, or 3) antagonizing host
glycoprotein production or even host protein production in general.
Intriguingly, all strategies seem to be used by IAVs. They even seem
to be used in combination as seen for A/Vietnam/1203/2004. Indeed,
during infection with the VN1203 strain, little NA is produced despite
the fact that the NS1 protein of VN1203 is able to antagonize
CPSF30, thus preventing the polyadenylation of newly synthesized
host mRNA. However, a true correlation between NA amounts
and the capacity of NS1 to antagonize CPSF30 is bioinformatically
difficult, since the prediction of ER stress induction potential
requires nonavailable data.

Shutdown of host translation by NS1 was so far only associated
with antagonism of innate immune responses. Here, we demon-
strate in two knockout cell lines of major signaling hubs for anti-
TAV responses, that the capacity to temper the ER stress response
functions independently of a functional innate immune system. This
means that the selection pressure to maintain this function is not
only dictated by the innate host response, especially in view of the
numerous, apparently redundant strategies the virus developed to
counteract innate immunity. Additionally, NS1 is described to target
protein kinase activated by dsSRNA (PKR) a second signaling hub
downstream of ER stress responses, which might also contribute to
control host protein synthesis (54, 55).

Many viruses, both RNA and DNA, have been described to
subvert the ER stress response to the best of their advantage
(56). Viruses have evolved mechanisms to antagonize, induce, or
even keep the ER stress response under tight control. A good
example of this fine-tuned balance was recently described for
Kaposi’s sarcoma—associated herpesvirus (KSHV). Indeed, KSHV
activates the UPR sensors but inhibits accumulations of downstream
transcription factors (57). Murine cytomegalovirus (MCMYV) was
also recently shown to activated ER stress, since it requires the
transcription factor sXBP1 and AT6 for the expression of its viral
immediate early genes (58). Interestingly, herpes simplex virus 1
(HSV-1) has evolved a way to suppress IREx signaling. Indeed,
Zhang et al. showed that the tegument host shutoff protein
ULA41 degrades XBP1 mRNA via its endoribonuclease activity
(59). This strategy, reducing the total amount of XBP1 mRNA, is
fairly similar to the one we described in this paper for IAV. For
influenza B, C, and D viruses, no shutoff activity was described
for their NS1 proteins (60). It would be of interest to investigate
whether these cousins of IAV developed alternative strategies to
inhibit ER stress and/or keep it at a tolerable level.

In summary, we demonstrated here that IAV NA is the major
determinant of ER stress induction during viral infection and
that inhibition of cellular mRNA polyadenylation by NS1 is an
important control mechanism to fine tune this proapoptotic host
response to the virus advantage.

Materials and Methods

Materials Availability. All unique/stable reagents generated in this study are
available from the lead contact with a completed Materials Transfer Agreement.
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Cells. A549 (adenocarcinomic human alveolar basal epithelial cells, ATCC) and
A549-derived cell lines were grown in DMEM/F12 (Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12, Gibco). HEK 293T (human embryonic kid-
ney, ATCC) and MDCK (Madin-Darby canine kidney, ATCC) cells were grown
in DMEM. LA4 (murine epithelial lung adenoma, ATCC) cells were grown in
DMEM/F12 supplemented with 15% foetal bovine serum (FBS). Cell culture
media were supplemented with 10% (vol/vol) heat-inactivated FBS (Gibco)
and 100 U/mL penicillin/streptomycin (Pen/Strep). Cells were maintained at
37 °C with 5% CO, and 90% humidity. RIG-1 and STAT1 knockout A549
clones were generated by the means of CRISPR-Cas9-mediated genome
editing using ribonucleoproteins (RNPs) consisting of Alt-R SpCas9 nuclease
in complex with Alt-R CRISPR-Cas9 CRISPR RNA (crRNA) (RIG-1 protospacer
domain targeted in RIG-1 KO-1 clone, CCACCGAGCAGCGACGCAGCCTG, RIG-
1 protospacer domain targeted in RIG-1 KO-2 clone: AAACAACAAGGGCCC-
AATGGAGG; STAT1 protospacer domain targeted in both STAT1 KO-1 and
-2, TCAGACAGTACCTGGCACAGTGG, underlined the NGG:). TracerRNA,
crRNA oligos, and recombinant Cas9 endonuclease were obtained from In-
tegrated DNA Technology. In brief, preassembled RNP complexes were de-
livered into A549 cells by reverse transfection, using RNAiMax (Thermo
Fisher Scientific). At 48 h posttransfection, cells were subjected to T7 endo-
nuclease | (New England Biolabs) assay to estimate the frequency of
genome-editing events. Screening of individual clones, generated by limit-
ing dilution, was performed by immunoblotting to determine the protein
expression of the target genes, followed by genotyping by next-generation
sequencing (NGS) or Sanger sequencing. Of note, matching control lines
were subjected to the same protocol, but carried no InDel mutations.

Plasmids. Plasmids are listed in S/ Appendix, Table S4.

Antibodies. Antibodies for immunoblotting and immunofluorescence are
listed in SI Appendix, Table S5.

Oligonucleotides. All oligonucleotides were purchased from Microsynth
(France) represented in S/ Appendix, Table S6.

Viruses. Virus stocks were grown in MDCK Il cells or embryonated chicken
eggs (S/ Appendix, Table S7). For virus infections, cells were washed once in
PBS, viruses were diluted in PBS-0.2% bovine serum albumin (BSA) and
added to cell monolayer. At 45 min pi, cells were washed once with PBS and
1 mL of infection media was added (DMEM/F12 with 0.2% BSA and 1% Pen/
Strep). Recombinant viruses were produced using the eight-plasmid rescue
system (61). Unique viral clones were isolated after plaque assay on MDCK,
grown in eggs or cells, and their genome fully sequenced.

Immunofluorescence, Z-Stack Imaging, and Analysis. A549 cells were infected
with PR8 at a MOI of 5 for 8 h or 24 h, treated with PBS or tunicamycin at 5 pg/mL.
Cells were fixed in 4% formaldehyde for 20 min and blocked in PBS 1% BSA for 1 h.
Then cells were stained with primary/secondary antibody pairs depending on the
experiment: Anti-BIP and secondary anti-rabbit Alexa Fluor 488, anti-CD44 and
secondary anti-rat Alexa Fluor 555, mouse anti-NP, and secondary anti-mouse
Alexa Fluor 633 or rabbit anti-NP and secondary anti-rabbit Alexa Fluor 488.

Widefield images were acquired using a Nikon Eclipse ts2R microscope and
Nis-Elements BR v4.60 software. Confocal images were acquired using a Zeiss
LSM 800 Airyscan confocal laser scanning microscope with ZEN 2.3 software
and a Plan Apochromat 63x 1.4 NA objective with oil immersion. The fluo-
rophores DAPI, AF-488, AF-555, and AF-633 were excited by 405-, 488-, 561-,
and 640-nm laser lines, respectively. Pinhole diameters, detector gains, and
laser intensities were optimized thanks to the bioimaging staff and kept
constant throughout the same experiment. Cells with few neighboring cells
were selected for image acquisition in order to facilitate the delimitation of
a single cell in the following image analysis step. For the infected conditions,
cells were screened for infection with the 640-nm track prior to imaging.
Z-stacks were acquired using three tracks, 405, 488, and 561 nm.

XBP1 mRNA Splicing Assay Using Semiquantitative RT-PCR. Following infec-
tion, total cellular RNA was isolated using the E.Z.N.A. Total RNA kit (Omega
Bio-Tek #R6834-01) according to the manufacturer’s instructions. cDNA was
synthetized using M-MLV reverse transcriptase (Promega #M170A) accord-
ing to the manufacturer’s instructions but using 100 ng of RNA as starting
material and oligo dT as primers. PCR was performed using GoTaq G2 DNA
polymerase (Promega #M784B) with 5x Green GoTaq reaction buffer
(Promege #M791A). The primers were designed to flank the splicing site of the
XBP1 mRNA in order to amplify both the unspliced and the spliced form. A PCR
for p-actin was used as a control. PCR products were separated on a 3% agarose
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gel containing EtBr for visualization. Images were acquired using the GelDoc XR*
System (Bio-Rad) and analyzed with Image Lab software (v4.1 from Bio-Rad).

XBP1 mRNA Splicing Using Luciferase Reporter. Subconfluent 293T cells were
transfected (using TransIT-LT1, Mirus #Mir2304) with pFLAG-XBP1u-FLuc
(39). Cells were also transfected with other expression plasmids (pCAGGS
constructs expressing either influenza NA or NS1, or pcDNA3.1(+)-GRP78/BiP
expressing the chaperone BiP) and treated or not with tunicamycin (Merck
#T7765) at 1 pg/mL or kifunensine (Merck #K1140) at 10 pg/mL. At the in-
dicated time, cells were lysed and the luciferase assay was performed using a
dual-luciferase reporter assay system (Promega #E1910).

Enzyme-Like Lectin Assay. The neuraminidase activity was quantified using a
lectin (peanut agglutinin, PNA) linked to a peroxidase (Po-PNA), described by
Lambré et al. (62). Fetuin 50 pg/mL (Merck #F3385) in 0.1 M carbonate/bi-
carbonate buffer pH 9.6 was coated on a high-protein binding plate (Nunc
MaxiSorp # 44-2404-21) overnight at 4 °C. Plates were washed three times
with PBS, blocked with PBS 5% BSA for 1 h and then washed three times in
PBS 0.5% Tween-20. For NA activity, 100 pL of serial dilution of viruses or
purified proteins were added to the fetuin-coated plate and incubated for
2 h at 37 °C. For viruses, the starting concentration was 10’ pfu/mL in PBS-
CaCl2-MgClI2 (Gibco #14040091) with 1% BSA followed by a threefold dilution.
For purified proteins (63), the starting concentration was 100 ng/mL in PBS-
CaCl2-MgClI2 with 1% BSA followed by a twofold dilution. Plates were washed
six times in PBS 0.5% Tween-20 and then 100 pL of Po-PNA (Merck #L7759) at
5 pg/mL diluted in PBS was added for 2 h at room temperature and in the dark.
Plates were washed six times in PBS 0.5% Tween-20, and 100 uL of TMB
(3,3,5,5-tetramethylbenzidine, Merck #860336) was added. After a 1- to
5-min incubation, the reaction was stopped using 50 pL of 2 M sulfuric acid.
Plates were read at 450 nm using a BioTek Synergy H1 plate reader.

Immunoprecipitation Assay. The 293T cells were transfected with 1 pg of
pCAGGS.Flag-CPSF30 or with 0.5 pg of pCAGGS.Flag-ZsGreen using 2 pl/ug
DNA of TransIT-LT1 (Mirus #Mir2304). At 24 h posttransfection, cells were in-
fected at a MOI of either 5 (for PR8 and VN1203) or 0.5 (for Neth602). For PR8
and VN1203, cells were lysed on ice after 8 h in 300 pL IP lysis buffer (50 mM Tris
HCl pH 7.5, 150 mM NacCl, 0.5% vol/vol Nonidet P-40, 5 mM EDTA with
protease inhibitors) (Pierce #88266). For Neth602 infection, cells were
lysed after 24 h. Fifty microliters of the cleared lysate was mixed 1:1 with
protein lysis buffer (50 mM Tris HCL pH 6.8, 10% glycerol, 2% SDS, 0.1 M
DTT and 0.1% bromophenol blue in H,0) to serve as whole cell lysate
control, while the remaining 200 uL was processed for immunoprecipitation at
4 °C using anti-Flag M2 affinity gel (Sigma #A2220). Samples were then used in
a Western blot.

Gaussia Luciferase Assay. Subconfluent 293T cells were transfected (using
TransIT-LT1, Mirus #Mir2304) with pCMV.Gluc (M60I). This construct expresses
Gaussia luciferase under the control of a CMV promoter. Cells were also trans-
fected with other expression plasmids for NS1 (pCAGGS constructs expressing dif-
ferent NS1 proteins). At 24 h posttransfection, culture media were collected and
frozen at —20 °C. At the same time, cells were lysed for subsequent WB analysis.

RT-qPCR. cDNA was synthetized using M-MLV reverse transcriptase (Promega
#M170A) according to the manufacturer’s instructions, using 100 ng of RNA
as starting material and oligo dT as primers. For quantitative PCR, 1 pL of
cDNA was mixed with 10 pL of 2X KAPA SYBR FAST Universal (#KK4602), 0.4
pL of each forward (10 pM) and reverse (10 pM) primer, and 8.2 pL of UI-
traPure DNase/RNase free distilled water (Invitrogen #10977). qPCR was
performed on a BioRad CFX96 Real-Time System with the following proto-
col: initial denaturation step at 95 °C for 5 min, followed by 40 cycles of
denaturation at 95 °C for 30 s, and annealing/extension at 60 °C for 30 s.

Structural Modeling. The models of neuraminidases of different influenza
strains were calculated with Modeler 9.18 (64). The used templates and the
sequence similarity are presented in S/ Appendix, Table S8. For each protein
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8, e41168 (2019).
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the 500 models were calculated that were subsequently assessed by the
discrete optimized protein energy (DOPE) method (65). The visual inspection
and assessment of secondary structural elements were done on models with
the best DOPE score using Chimera software (66). The BiPPred server was
used to evaluate the probability of BiP protein binding to the different
peptides on the sequences of NA (47). The sequences of the N-terminal
fragments and of the loop are included in the analysis are shown in S/ Ap-
pendix, Tables S1 and S2, respectively.

Infection of 3D Human Upper Airway Epithelium. The 3D human upper airway
epithelium (MucilAir) from a pool of healthy donors was purchased from Epithelix
and cultured in an air-liquid interface. Cells were infected after six washes with
PBS Ca*2 Mg*? with 100 L of virus suspension (MOI 5) from the apical side. Virus
was removed after 3 h and Transwells were incubated for an additional 21 h at
37 °C. RNA was isolated 24 h pi, using E.Z.N.A. Total RNA kit (Omega Bio-Tek
#R6834-01) according to the manufacturer’s instructions.

Mice and Viral Lung Titer. C57BL/6J mice (female, 8 wk of age) were purchased
from Charles River Laboratories and housed under SPF/BSL2 conditions. All
animals were housed for 7 d to adjust to housing conditions under a strict 12 h
light/dark cycle and fed ad libitum. For IAV infection, mice were injected in-
traperitoneally with a mix of ketamin/xylazine (100 and 5 mg/kg, respectively) in
100 pL of sterile PBS. Upon reaching deep anesthesia, mice were inoculated
intranasally with 40 pL of PBS or with 40 uL of PBS containing 40 pfu of virus.
Animal weights were measured daily. Animals were killed using controlled CO,
exposure at 2, 4, and 6 dpi. Whole lungs were sampled immediately after killing
using sterile tools. Tools were changed in between experimental groups to
avoid cross-contamination. Whole lungs were homogenized with 1/4 inch
stainless steel grinding balls (MPBio) in 1 mL PBS, using a Bead Blaster 24
(Benchmark Scientific) with a speed setting of 6 m/s for 30 s and 30-s intervals,
repeated two times. Samples were centrifuged at 2,000 x g for 5 min and su-
pernatant was used for plaque assay in MDCK cells.

Plaque Assay. A confluent monolayer of MDCK cells was infected with 200 pL
of serially diluted virus. Viruses were diluted in PBS 0.2% (wt/vol) bovine serum
albumin (BSA) (Millipore; 126579). Forty-five minutes pi, the inoculum was re-
moved and an agarose overlay (final concentrations: 1x minimal essential me-
dium [MEM], 1% agarose, 100 mM I-glutamine, 2.5% sodium bicarbonate, 0.5 M
Hepes, 5 mg/mL of Pen/Strep, 0.2% BSA, and 0.01% diethylaminoethyl-dextran)
was added. Cells were incubated at 37 °C for 48 h. Then cells were fixed in
formaldehyde, the overlay was removed, and the cell monolayer was stained
with a solution of crystal violet.

Statistics. Statistical analysis was performed using GraphPad Prism 8. Statis-
tical tests applied are indicated in each respective figure legend. ns P > 0.05,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Ethical Approval. All animal procedures were in accordance with federal
regulations of the Bundesamt fur Lebensmittelsicherheit und Veterenarwesen (BLV),
Switzerland (Tierschutzgesetz) and approved by direction de I'expérimentation
animale and the cantonal authorities of the Canton Geneve (license number
GE/92/15). Embryonated chicken eggs were obtained from the University of
Geneva Animalerie d'Arare and infected on day 10 of embryonic development.

Data Availability. All study data are included in the article and/or supporting
information.
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