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the activation of the unfolded protein response
and the accumulation of insoluble protein aggregates
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Artur M.S. Silva,? Ana Raquel Soares, "> and Daniela Ribeiro!>¢*

SUMMARY

Influenza A virus (IAV) employs multiple strategies to manipulate cellular mechanisms and support proper
virion formation and propagation. In this study, we performed a detailed analysis of the interplay between
IAV and the host cells’ proteostasis throughout the entire infectious cycle. We reveal that IAV infection
activates the inositol requiring enzyme 1 (IRE1) branch of the unfolded protein response, and that this
activation is important for an efficient infection. We further observed the accumulation of virus-induced
insoluble protein aggregates, containing both viral and host proteins, associated with a dysregulation
of the host cell RNA metabolism. Our data indicate that this accumulation is important for IAV propaga-
tion and favors the final steps of the infection cycle, more specifically the virion assembly. These findings
reveal additional mechanisms by which IAV disrupts host proteostasis and uncovers new cellular targets
that can be explored for the development of host-directed antiviral strategies.

INTRODUCTION

Viruses have developed multiple strategies to hijack and control host cellular activities to evade the immune response and support efficient
virus particle production. Some of these strategies include the manipulation of cytoplasmic and endoplasmic reticulum (ER)-related mecha-
nisms involved in protein metabolism.'™ To counteract disturbances in the proteome and re-establish basal homeostasis, cells have evolved
distinct surveillance mechanisms concerning protein biogenesis, folding, degradation, and sequestration of abnormal and potentially path-
ogenic conformers.” One of the most important mechanisms for protein stress detection is the ER unfolded protein response (UPR).” Upon
activation of one or more of the key UPR signal activator proteins (inositol requiring enzyme (IRE1), protein kinase R (PKR)-like ER kinase (PERK)
and activating transcription factor 6 (ATF6)), downstream signaling leads to the attenuation of general protein synthesis with selective protein
translation (via PERK), preferential degradation of mRNA encoding for ER-localized proteins (via IRE1), and the controlled synthesis of stress-
attenuating proteins, such as chaperones and folding catalysts (via PERK, IRE1 and ATF6).° The ER-associated protein degradation (ERAD)
pathway may also be activated, allowing the clearance of misfolded and accumulated proteins in the ER.” Various cytoplasmic chaperones,
such as heat shock proteins (HSPs), also assist the folding and assembly of newly synthesized and stress-damaged proteins, to prevent poten-
tially pathogenic protein aggregation.® Misfolded or aggregated proteins may also be sequestered and compartmentalized into stress foci to
hinder their toxic effects and minimize interference.”

Several viruses lead to the accumulation of protein aggregates in specialized compartments, generally termed virus factories, in order to
recruit and concentrate viral and host components and facilitate the molecular interactions required for essential steps of genome replication
or virus particle assembly, while escaping immune recognition.'® As part of the host antiviral response to infection, cytoplasmic aggregates,
comprising both host and viral components, can also be formed and eventually become targeted for degradation to facilitate viral clearance
and cellular recovery."’

The importance of protein homeostasis in the context of viral infections is well recognized, supporting that further efforts to understand the
underpinning molecular mechanisms may lead to antiviral control. With that in mind, in this work, we performed a detailed analysis of different
proteostasis-related mechanisms in the course of influenza A virus (IAV) infection. IAV is the causative agent of most of the annual respiratory
epidemics in humans,'” with a high level of morbidity and mortality in the elderly and individuals with chronical disease conditions.'® 1AV
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Figure 1. Analysis of the host cell UPR during IAV infection

(A) Schematic representation of the three main branches of UPR in the ER.

(B) Schematic representation of the influenza A virus life cycle. Important steps in infection are indicated with the usual time frames post infection in A549 cells.
(C-E) Analysis of the relevance of the UPR PERK branch during infection with IAV in A549 cells.

(C) Western blot analysis of the expression levels of PERK, p-elF2a/elF2a., CHOP, ATF4 and GADD34 proteins in A549 cells, following IAV PR8 infection at different
times post infection. Tubulin was used as internal control. Data represents the means + SEM of three independent experiments.

(D) Similar analyses as in C, but in the presence of 0.33 uM of the PERK inhibitor GSK-2656157. 500 nM thapsigargin treatment for 8 h served as positive control for
PERK activation. Quantification values were normalized to mock and represent average +SEM of at least three independent experiments. Tubulin was used as
internal control.

(E) Plaque assay analysis of the viral titer obtained upon IAV PR8 infection of A549, in the presence or absence of 0.33 pM GSK-2656157. Data represents the
means + SEM of three independent experiments.

(F-H) Analysis of the relevance of the UPR ATFé branch during infection with IAV in A549 cells.

(F) Western blot analysis of the expression of BiP protein in A549 infected with IAV PR8 at various times post-infection and (G) upon stimulation with 500 nM
thapsigargin for 8 h, in the presence of 0.1 mM AEBSF or 30 uM PF-429242 (ATFé inhibitors). Data represents the means + SEM of three independent
experiments.

(H) Plaque assay analysis of the viral titer of A549 cells infected with IAV PR8 in the presence or absence of 0.1 mM AEBSF or 30 uM PF-429242. Data represents the
means = SEM of three independent experiments.

(I-L) Analysis of the relevance of the UPR IRE1 branch during infection with IAV in A549 cells.

(I) Western blot analysis of the expression levels of the phosphorylated and total forms of the IRE1 protein at different times post infection. Quantification values
were normalized to mock-infected cells and tubulin was used as internal control. Data represents the means + SEM of three independent experiments.

(J) RT-gPCR analysis of the splicing of XBP1 at different times post infection in relation to mock-infected cells and (K) upon stimulation with thapsigargin or
infected with IAV PRS, in the presence or absence of 20 uM 4u8C (IRE1 inhibitor), in relation to untreated cells. Data represents the means + SEM of three
independent experiments.

(L) Plaque assay analysis of the viral titer obtained upon IAV PR8 in the presence or absence of 4u8C. Data represents the means + SEM of at least three
independent experiments. *p < 0.005, **p < 0.001, ***p < 0.0001, ****p < 0.00001 using Student’s t test. See also Figure S1.

belongs to the Orthomyxoviridae family, featuring a segmented genome composed by eight single-stranded negative-sense linear RNA
segments, separately enclosed and wrapped by the viral nucleoprotein (NP) in the form of viral ribonucleoprotein complexes (vRNPs).'
Upon successful binding to the host cell membrane, AV virions are internalized, and its genome is released into the cytoplasm, being further
imported to the nucleus where it undergoes transcription and replication.'> The translation of viral proteins at the cytoplasmic and ER-asso-
ciated ribosomes, together with the formation of vRNPs in the nucleus, culminate in the assembly of progeny virions that bud at the plasma
membrane before being released from the cell.””

Not much is known concerning the interplay between IAV and the host cell proteostasis, and the available information is somewhat
contradictory. Regarding the UPR, while some authors reported the activation of the ATF6 pathway upon IAV infection'® and others sug-
gested the inhibition of PERK as a possible IAV antiviral strategy,'” additional studies have described the stimulation of the IRE1 branch
upon infection'®?’ 20,21

These variances may, however, be related to the use of different cell models and/or viral strains. Nevertheless, the UPR has been sug-
gested as a putative target for host-directed antivirals against IAV infection, as its activation by thapsigargin has been shown to block viral
replication.”” More recently, UPR activation mediated by thiopurines led to the selective disruption of the synthesis and maturation of IAV
glycoproteins HA and NA, eventually blocking viral replication.”® Some studies have described the accumulation of IAV-derived amyloid-
like fibers to induce cytotoxicity,”" as well as the formation of aggresome-like structures in IAV-infected dendritic cells to evade the immune
response.”” It has also been shown that the accumulation of cytosolic stress granules, usually formed upon different kinds of cellular stress, is
prevented upon IAV infection.?

To clarify how the host cell proteostasis impacts AV infection, we evaluated how specific proteostasis-related mechanisms are affected
throughout the main phases of a single AV infectious cycle. Our results not only demonstrate that IAV interferes with the UPR at different
stages of infection, mainly through its IRE1 branch, but also that this interplay is required for proper virus particle formation and propagation.
Importantly, we demonstrate that, upon high rates of viral protein translation, IAV induces the accumulation of insoluble protein aggregates
at the cytosol composed of both host and viral proteins. By chemically disrupting the assembly of these protein aggregates, we demonstrate
that this process is essential for efficient viral protein production and proper formation of infectious virus particles, supporting the idea that
targeting proteostasis-related mechanisms may constitute a valid therapeutic approach to tackle and decrease viral propagation.

with little or no concomitant activation of the ATF6 and PERK branches.

RESULTS
Influenza A virus triggers the IRE1 branch of the unfolded protein response to ensure efficient viral propagation
To elucidate which UPR pathways are specifically activated or remodeled throughout the different steps of the virus infectious cycle, we per-
formed a detailed analysis of the distinct UPR signaling pathways (depicted in Figure 1A) at different time points during a single cycle of infec-
tion. This comparative approach allowed assessing the interplay between infection and host proteostasis mechanisms and its potential to be
used as a therapeutic target.

Adenocarcinomic human alveolar basal epithelial (A549) cells were infected with influenza A/Puerto Rico/34/8 (IAV PR8)?'*® and UPR-
related genes or proteins were assessed at different time-points postinfection, reflecting the most relevant steps of the virus life cycle (depicted
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in Figure 1B), namely 2, 4 6, 8 and 12 hpi. To investigate the PERK UPR branch, we evaluated the expression/activation of several proteins
belonging to this pathway, namely elF2a, ATF4, CHOP and GADD34. elF2a, which catalyzes an early step of protein synthesis initiation, be-
comes phosphorylated upon PERK activation to induce global translation arrest, while allowing the selective translation of different proteins
such as ATF4.” ATF4 further induces both CHOP and GADD34 expression to ultimately counteract elF2a phosphorylation in a negative loop to
restore translation levels (Figure 1TA). Quantification of the expression ratio between the phosphorylated and unphosphorylated elF2a
(Figure 1C) showed an increase in elF2a phosphorylation already at 2 hpi, being this activation maintained throughout the remaining infection
cycle, as reported by others.”” ATF4 expression increases at the initial steps of infection and decreases thereafter (Figures 1C and S1A). Simi-
larly, the expression of both CHOP and GADD34 increases at early time points and subsequently decreases progressively until the end of infec-
tion (Figure 1C), although maintaining a higher level than in uninfected (mock) cells. However, the characteristic band smear that indicates PERK
activation is not detected by Western blotting upon infection (Figure 1C). To further elucidate the importance of the PERK pathway for IAV
infection, cells were infected with IAV PR8 in the presence of a specificinhibitor of PERK, GSK-2656157 (as in). Upon assessment of the amount
of infectious virus particles produced in the presence and absence of this inhibitor, our results clearly indicate that PERK inhibition does not
affect virus production (Figure 1D). In addition, upon infection, elF2a. phosphorylation is still observed upon incubation with the PERK inhibitor,
and the expression levels of ATF4 and GADD34 are also maintained (Figures 1C and 1E). Overall, this indicates that the observed elF2a. phos-
phorylation upon IAV infection is unlikely to result from PERK activation, but rather from the activation of another kinase.

To analyze the relevance of the UPR ATF6 pathway for IAV infection, we measured the BiP/grp78 protein and mRNA levels, previously
suggested to serve as an indirect measure of ATFé activation.”’*” Our results demonstrate no alteration of BiP/grp78 levels (Figures 1F,
S1A, and S1B), suggesting that the ATF6 branch is not required during infection with IAV. To validate this observation, we infected the cells
upon incubation either with a broad-spectrum serine protease inhibitor commonly used to inhibit ATF6, 4-(2-aminoethyl) benzenesulfonyl
fluoride (AEBSF) (as in°">?), or PF-429242,% which targets the SP1 enzyme that cleaves ATF6 in the Golgi (Figure 1G). Quantification of the
formation of infectious virus particles by plaque assay demonstrated a significant decrease in the number of new virus particles upon in-
hibition of the ATF6 pathway with AESBF, but not with PF-429242 (Figure 1H). Altogether, and considering that AESBF has a less specific
and wider activity, these data suggest that ATF6 is not relevant for the efficient replication and propagation of IAV. Lastly, the activation of
the IRE1 pathway was assessed via the phosphorylation of IRE1 and the splicing of XBP1. We observed an increase in the phosphorylation
of IRE1 starting at 6 hpi up to 12 hpi with IAV PR8 (Figures 11 and S1B), reflecting a stage of the life cycle where viral proteins are actively
being translated. Coherently, the levels of spliced XBP1 were significantly increased, (Figure 1J), particularly at 8 hpi. In this case, cells
treated with thapsigargin were used as a positive control, with a value of XBP1 splicing of 7.51 + 1,35 (mean + SEM). To further infer
the importance of this activation for viral propagation, we have quantified infectious virus particle formation in the presence of a specific
inhibitor of this pathway, 4u8C (as in”*%) (Figures 1K and 1L). In the presence of this inhibitor, virus production was attenuated by approx-
imately 40% (Figure 1L), indicating that the activation of the UPR IRE1 branch by IAV is important for IAV particle formation and
propagation.

Collectively, our data indicate that UPR activation occurs at different stages of infection, and that an efficient IRE1 pathway activation is
required for the proper disenrollment of the IAV PR8 infection cycle.

Influenza A virus induces the accumulation of cytosolic protein aggregates

We proceeded our study by analyzing whether AV infection leads to proteostasis imbalances through the accumulation of insoluble proteins.
A549 cells were infected with IAV PR8 and samples were harvested to further analyze the detergent-insoluble protein fractions by SDS-PAGE,
as previously reported.® Insoluble proteins accumulate in cells infected with IAV (Figure 2A), particularly at 8 hpi when a considerable amount
of the viral RNA has been transcribed and replicated, viral transcripts and viral progeny RNA (in the form of vRNPs) have exited the nucleus,
and a substantial amount of viral proteins is being synthesized. Our results indicate proteostasis impairment and overlap with the activation of
the IRE1 pathway. This effect appears to be reversible at later times post-infection (Figure 2A).

Aiming at visualizing and intracellularly localizing these protein aggregates, we stained A549 infected cells with Proteostat, a dye that
specifically marks for misfolded and aggregated proteins (Figure 2B). At 8 hpi, Proteostat stains several cytoplasmic protein aggregates (Fig-
ure 2B), in approximately 53% + 5.7% of the infected cells, mainly localized at the perinuclear area. To solidify these results, we have per-
formed the same experiment in another cell type, a previously established Hela cell line that stably expresses a GFP-tagged protein misfold-
ing sensor HSPB1:GFP (HeLa HSPB1:GFP cells).*® Similarly to A549 cells, the formation of several cytoplasmic protein aggregates stained by
both Proteostat and HSPB1:GFP was observed (Figure 2C), in approximately 38% + 0.6% of the infected cells. Cellular proteins that are prone
to aggregate are usually aberrant and targeted for degradation or tend to accumulate in cytosolic stress granules and promote the conversion
into aberrant aggresome-like structures. With this in mind, and aiming to further characterize the virus-induced protein aggregates detected
by the Proteostat dye, we have analyzed for the amount of mono- and polyubiquitinated proteins (stained with FK2 antibody), stress granules
formation (with TIA-R), using specific stressors as positive controls, as well as autophagic activity (with pé2) at a time of the infection when we
observed the formation of Proteostat-stained aggresomes. We found that the mono and polyubiquitination of cytoplasmatic proteins (Fig-
ure S2A) increases during infection, but it does not colocalize with Proteostat staining. Lastly, we also demonstrated that the observed ag-
gregates do not correspond to stress granules (Figure S2B). Lastly, p62 foci seem to be inhibited during infection (Figure S2C) and it does
not resemble the formation of IAV-induced aggresomes. Altogether, these results reveal that IAV induces the formation of cytoplasmic pro-
tein aggregates, at a time point of the infection cycle where an intense production of viral proteins is occurring,” as well as the activation of
the UPR IRE1 pathway.

4 iScience 27, 109100, March 15, 2024
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Figure 2. Analysis of the accumulation of misfolded proteins in IAV-infected cells

(A) Characterization of the insoluble protein fraction of A549 cells infected with IAV PR8 at different times post infection. Data represents means + SEM of at least
independent experiments, *p < 0.05, ****p < 0.0001 using Student’s t test.

(B) Aggresomes formation in mock- or IAV PR8-infected A549 cells at 8 hpi. Confocal images of (a, d) viral NP, (b, e) Proteostat dye and (c, f) merge image.
(C) Aggresomes formation in mock- or IAV PR8-infected in HeLa HSPB1:GFP cells at 8 hpi. Confocal images of (a, €) endogenous HSPB1:GFP, (b, f) Proteostat dye,
(c, 9) anti-NP and (d, h) merge images. Arrows indicate the presence of aggresome-like structures. Bars represent 10 pm. See also Figure S2.
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The insoluble protein fraction of infected cells contains viral proteins and is enriched in host translation-related proteins

To obtain further insights on the composition of these protein aggregates, we performed liquid chromatography-tandem mass spectrometry
analysis (LC-MS/MS) of the detergent-insoluble protein fraction of mock and IAV PR8-infected cells at 8 hpi (Figure 3A).

Five viral proteins were found in the insoluble protein fraction of infected cells, namely the RNA-directed RNA polymerase catalytic subunit
(PB1), matrix protein 1 (M1), nucleoprotein (NP), non-structural protein 1 (NS1) and polymerase basic protein 2 (PB2) (Table S1). A total of 156
and 263 human proteins were identified with at least two unique peptides in mock and IAV PR8-infected cells, respectively (Table S2), corrob-
orating our previous results that show an increase in the level of insoluble proteins at this stage of infection. Of the identified proteins, 123
were solely found in the insoluble fraction of cells infected with IAV PR8 (Figure 3B). A gene ontology analysis using the Cytoscape plug-in
ClueGo revealed that these proteins belong to a specific set of biological processes related to translation, mRNA splicing and the ribonu-
cleoprotein complex biogenesis (Figure 3B).

Through a complementary analysis, we determined which host insoluble proteins were enriched in IAV PR8-infected cells in comparison to
non-infected cells. Proteins with an abundance ratio (IAV PR8 to mock) greater than 1.5 with an adjusted p value smaller than 0.05 were consid-
ered enriched. This analysis allowed the identification of 78 host proteins whose abundance is increased in the insoluble protein fraction upon
infection (Table S3). Gene ontology analysis using Cytoscape showed that these proteins are involved essentially in processes related to ribo-
nucleoprotein complex export from the nucleus, mMRNA stabilization, but also in processes such as the regulation of mitophagy, or the tricar-
boxylic acid metabolism (Figure 3C; Table S4A). An extra analysis using STRING database showed that our network of proteins enriched in the
insoluble fraction of IAV PR8-infected cells are related to nuclear DNA replication, ribonucleoprotein export from the nucleus and several
processes related to RNA metabolism (Table S4B).
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Figure 3. Analysis of the host proteins present in the insoluble fraction of infected cells by LC-MS/MS

(A) Experimental approach used to isolate and characterize the insoluble protein fraction. (B-C) Comparison between the insoluble protein fractions in 1AV
PR8-and mock-infected cells.

(B) Venn diagram representing the number of host's proteins identified in the insoluble fractions from IAV PR8-infected and non-infected cells. Characterization of
insoluble proteins found solely in the insoluble fraction of IAV PR8-infected cells using the ClueGo plugin in Cytoscape, based on the results from the LC-MS/MS
analysis of three independent experiments. For this analysis, proteins identified by peptides and unique peptides >2 in at least 2 experiments were considered.
(C) Gene ontology analysis (using ClueGO) of the enriched insoluble proteins in IAV PR8-infected cells. See also Tables S1-54.

These results indicate that the solubility of several host proteins related to protein translation and RNA processing is altered at this time
point of infection. Whether this occurs to benefit viral infection or as a host strategy to counteract infection is still unclear.

Viral and host proteins found to be enriched in the insoluble fraction of IAV PR8-infected samples in comparison to mock
(Tables S1 and S3) were then accessed for their natural propensity to aggregate, using PASTA 2.0,°® a web server for the prediction
of protein aggregation propensity by determining fibril formation. Beta-amyloid and bovine serum albumin (BSA) were used respec-
tively as positive and negative controls of aggregation propensity and to define the threshold of best energy values for further com-
parison analyses. As depicted in Table 1, all IAV proteins identified in the insoluble fractions of infected cells have no propensity to
aggregate, namely PB1, M1, NP, NS1 and PB2. On the other hand, only 10 of the 78 proteins from the host have shown to have pro-
pensity to aggregate (defined as having best energy < —11), which corresponds to 12.8% of the detected host proteins in this frac-
tion. Although there is no functional enrichment identified among these 10 proteins, meaning they are not commonly related to any
specific cellular mechanism, our results indicate that most of the detected proteins in the insoluble fractions of infected cells are
indeed accumulating as a result of the viral infection.
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Table 1. Aggregation prediction of host’s and influenza A virus’ (in bold) proteins identified in the insoluble fractions of infected cells using PASTA 2.0

Identifier Gene Symbol Protein name Best energy
096005 CLPTM1 Cleft lip and palate transmembrane protein 1 —29.58
P03468 NA Neuraminidase —24.21
P05067 Beta-amyloid (positive control) —20.17
Q8WVX9 FAR1 Fatty acyl-CoA reductase 1 -19,19
P27105 STOM Stomatin —17,66
P29317 EPHAZ2 Ephrin type-A receptor 2 —15,36
095831 AIFM1 Apoptosis-inducing factor 1, mitochondrial —15,13
MOQXM4 SLC1A5 Amino acid transporter —14,60
P06821 M2 Matrix protein 2 —14.52
095140 MFN2 Mitofusin-2 —13,67
HOY714 IMP4 U3 small nucleolar ribonucleoprotein protein IMP4 —13,40
P03452 HA Hemagglutinin -13.07
Q8TEM1 NUP210 Nuclear pore membrane glycoprotein 210 —12,66
Q02880 TOP2B DNA topoisomerase 2-beta -11,07
Defined cut-off for protein propensity to aggregate

AO0A494C0A8 TBK1 Serine/threonine-protein kinase 1 —10,97
B9ZVN9 POLR1A DNA-directed RNA polymerase subunit —10,83
HOY368 DPM1 Dolichol-phosphate mannosyltransferase subunit 1 —10,40
HOY3P2 EIF4G2 Eukaryotic translation initiation factor 4 gamma 2 -10,27
000203 AP3B1 AP-3 complex subunit beta-1 —10,17
P13667 PDIA4 Protein disulfide-isomerase A4 —9,48
P83111 LACTB Serine beta-lactamase-like protein LACTB —9,45
C9J2Y9 POLR2B DNA-directed RNA polymerase subunit beta —-9,37
Q12769 NUP160 Nuclear pore complex protein Nup160 -9,28
Q8NBQ5 HSD17B11 Estradiol 17-beta-dehydrogenase 11 -9,18
P02769 BSA (negative control) —9.09
P03428 PB2* Polymerase basic protein 2 —8.67
P03485 M1# Matrix protein 1 -8.09
P03496 NS1# Non-structural protein 1 —7.92
P03431 PB1# RNA-directed RNA polymerase catalytic subunit —7.62
P03466 NP# Nucleoprotein —4.95

Beta-amyloid and BSA were used as a positive of negative control, respectively. Host proteins with best energy values higher than BSA but below cut-
off are italic; host proteins with best energy values below BSA are not represented. # refers to viral proteins found in the insoluble protein fraction of
infected cells.

The formation of IAV-induced protein aggregates favors infection

To understand if the observed virus-induced accumulation of insoluble protein aggregates is relevant for the process of virus particle forma-
tion, we disturbed the assembly of these aggregates and analyzed its consequence for viral propagation. For that, we used HASQ-6CI
(C42H52CINO, "H and "*C-NMR spectra (Figure S3), a steroid-quinoline hybrid that has been shown to disrupt and revert protein aggregation
processes (named 6¢ in™) (Figure 4A). This compound was tested for cell viability and toxicity and the ideal experimental concentration was
determined (Figure S3).

A549 cells were treated with 50 uM of HASQ-6CI 12 h prior to infection with IAV PR8 and harvested at 8 hpi (the time point after
infection where we observed a higher accumulation of insoluble proteins) to analyze the insoluble protein fraction. The virus-induced
levels of insoluble proteins decreased around 50% in the presence of HASQ-4CI (Figure 4B), demonstrating that this compound is
also able to inhibit the formation of IAV-induced protein aggregates. The effect of this protein aggregation-inhibition on IAV infec-
tious particle formation was analyzed by plaque assay at 16 hpi. A decrease of around 50% in the number of infectious viral particles
in the presence of HASQ-6CI was observed (Figure 4C), indicating that the virus infection cycle is disturbed by the disaggregating
compound.
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Figure 4. Importance of protein aggregation for IAV propagation

(A) Simplified representation of the molecular hybridization reaction used to synthesize HASQ-6CI. The combination of quinolines (in gray) and steroids (in blue) in
one new chemical entity, generates a hybrid molecule with wide-range of anti-aggregation functions.

(B) Analysis of the insoluble fraction of A549 cells infected for 8 h with IAV PR8 in the absence or presence of HASQ-6CI. The final ratios were obtained by first
normalizing the intensity of insoluble proteins fractions to the intensity of total fraction, followed by its normalization to the correspondent mock, and finally its
normalization to IAV PR8. Data represents the means + SEM of three independent experiments.

(C) Viral titers of IAV PR8 after treatment of A549 cells with HASQ-6CI. Values were normalized to IAV PR8 and represent average +SEM of at least three
independent experiments, ***p < 0.001, in Student's t test.

(D) Confocal images of A549 cells infected with IAV PR8 for 4 h and 8 h in the absence or in the presence of HASQ-6CI. Viral NP is stained in green and nuclei are in
blue (DAPI). Bars represent 10 um. Data represents the mean fluorescence intensity of viral NP in the nucleus as box and whiskers min to max of three independent

*kkK

experiments, p < 0.0001 using ordinary one-way ANOVA followed by Bonferroni's multiple comparisons test. See also Figure S3.

To infer the specific infection step that was affected by the compound, we analyzed the viral NP mean fluorescence intensity (MFI) in the
nucleus of IAV PR8-infected A549 cells, in the presence and absence of HASQ-6CI. Our results indicate that the amount of nuclear NP is not
affected by HASQ-6Cl at 4 or 8 hpi (Figure 4D) and further show that HASQ-6Cl does not interfere either with the IAV entry into the cell or with
the export of vVRNPs from the nucleus at later times post-infection, suggesting a downstream effect on the viral life cycle.

Although these results cumulatively suggest that the formation of these protein aggregates may be a virus-induced mechanism to favor
viral protein production, one should also hypothesize whether the decrease in virus titer in the presence of HASQ-6Cl could also result from its
effect on a host mechanism that further impairs viral infection. As we had previously demonstrated that the activation of the UPR IRE1 branch is
relevant for proper IAV particle formation, we questioned whether HASQ-6CI would exert some effect over this pathway and consequently
cause the observed decrease in virus titers. To investigate this hypothesis, we measured the splicing of XBP1 mRNA upon 8 h of infection with
IAV PR8 in the presence or absence of HASQ-6CI. Figure 5A shows that there were no observed differences in XBP1 splicing in the presence of
HASQ-6CI, demonstrating that the compound has no effect on the level of IRE1 pathway induction by the virus. Our results also show no sig-
nificant changes in the level of elF2a. phosphorylation or BiP expression throughout infection in the presence of HASQ-6CI (Figure 5B).
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Figure 5. Analysis of effect of HASQ-6CI on the host cell’'s immune response and UPR signaling

(A) RT-gPCR analysis of the splicing of XBPT mRNA in A549 cells infected with IAV PR8 for 8 h in the absence or in the presence of HASQ-6C], in relation to mock-
infected cells. Data represents the means + SEM of three independent experiments. *p < 0.05 in two-way ANOVA, with Bonferroni's comparison test.

(B) Western blot analysis of elF2a phosphorylation and BiP expression in A549 cells infected with IAV PR8 at different times post infection in the absence or in the
presence of HASQ-6CI. Tubulin was used as internal control. Data represents the means + SEM of three independent experiments.

(C-E) Analysis of the effect of HASQ-6CI on the innate immune response.

(C) RT-gPCR analysis of the IFNB mRNA expression in A549 cells after stimulation with RIG-I-CARD for 10 h in the absence or in the presence of HASQ-6CI,
normalized to control. Data represents the means + SEM of three independent experiments.

(D) Western blot analysis of pSTAT1 activation following A549 cells stimulation with RIG-I-CARD for 10 h in the absence or in the presence of HASQ-6CI. | RT-gPCR
analysis of the IFNB mRNA expression in A549 cells after infection with IAV PR8 for 8 h in the absence or in the presence of HASQ-6CI. Data represents the
means + SEM of three independent experiments.

(F) Viral proteins’ abundance in the insoluble fraction of A549 cells infected with IAV PR8 in the presence or absence of HASQ-4CI. Color gradient represents
the relative abundance of each viral protein in comparison to other viral proteins’ abundances, considering both samples, from the lowest (red) to the
highest (blue) value.

(G) Characterization of the insoluble protein fraction of IAV PR8-infected cells in the presence of HASQ-6CI. GO term analysis (using ClueGO) of the diminished
insoluble proteins in cells infected with IAV PR8 after HASQ-6CI treatment versus IAV PR8-infected cells (abundance ratio <0.65 and p value <0.05 considering
three biological replicates).
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Figure 6. Analysis of the accumulation of misfolded proteins in VSV-infected cells

(A) Characterization of the insoluble protein fraction of A549 cells infected with VSV at different times post infection.

(B) VSV titers after treatment of A549 cells with HASQ-6CI. Values were normalized to IAV PR8. Data represents means + SEM of at least independent
experiments, *p < 0.05, ****p < 0.0001 using Student'’s t test.

Another possibility might be that this compound could, by itself, induce the improvement of the cellular antiviral response against IAV. As
most RNA viruses, IAV is mainly sensed by the RIG-I/MAVS antiviral signaling pathway,“® which culminates in the production of interferons
(IFNs) or IFN-stimulated genes (ISG) that restrict the virus life cycle and warn the neighboring cells for the presence of the pathogen.*' To
determine whether HASQ-6CI intensifies this antiviral signaling response, we analyzed the levels of IFNB and the ISG IFN-induced protein
with tetratricopeptide repeats 1 (IFIT1) in A549 cells upon transfection of RIG-I-CARD (a constitutively active form of RIG-1)**"** in the absence
or presence of HASQ-6CI. Our results demonstrate that there is no significant difference between IFNG or IFIT1 production in the presence of
HASQ-6CI (Figure 5C). In order to solidify these results, we have used the same experimental setup to analyze the activation of the signal
transducer and activator of transcription 1 (STAT1, which signals IFNs produced by the neighboring cells) by western blotting using a specific
antibody against the phosphorylated activated form of STAT1 (pSTAT1). As shown in Figure 5D, there are no significant differences in the
amount of pSTAT1 in the presence or absence of HASQ-6CI upon stimulation with RIG-I-CARD. Finally, to prove that HASQ-6Cl has no in-
fluence on the hostimmune response against IAV, we did the same analysis in the context of IAV PR8 infection, in the presence and absence of
the compound. Also, in these conditions, there was no significant change in the levels of IFNG and IFITT mRNA (Figure 5E). These results
demonstrate that there is no specific interference of HASQ-6CI with the host immune response dependent on MAVS signaling.

Altogether, up to this point, our results indicated that HASQ-4Cl's action on physically preventing the formation of the virus-induced protein
aggregates might be the real cause of the delay in virus particle formation and the consequent decrease in virus titers. These results, hence, also
solidify the hypothesis that the formation of these protein aggregates is in fact stimulated by the virus, as an important part of its infection cycle.

We further characterized by mass spectrometry the insoluble fraction of A549 cells upon 8 hpi with IAV PR8, after pre-treatment with
HASQ-6CI. We first performed comparative analyses of the abundances of each viral protein in the absence or in the presence of HASQ-
6Cl during infection, considering three independent replicates. This analysis demonstrates that the proteins that were previously identified
as present in the insoluble fraction of IAV PR8-infected cells (NP, NS1, PB1, PB2, M1) are less abundantly present when cells are treated with
HASQ-6Cl prior to infection (Figure 5F; Table S5). Afterward, to understand which host proteins were deregulated upon infection in the pres-
ence of HASQ-6CI, we considered the proteins whose abundance ratio between IAV PR8-infected cells pre-treated with HASQ-6CI (IAV PR8 +
HASQ-6CI) and IAV PR8-infected cells was below 0.65 with adjusted p value <0.05. A gene ontology analysis using both Cytoscape and
STRING databases showed that most of the identified proteins are involved in the negative regulation of transcription and ribonucleoprotein
complex biogenesis (Figure 5G; Tables S6 and S7).

These results support our previous observations that indicate that the accumulation of both viral proteins and host proteins related to
the ribonucleoprotein complex biogenesis (including mRNA splicing, ribonucleoprotein complex assembly or RNA processing) in insoluble
aggregates plays an important role during IAV life cycle.

To further complete this study and confirm that the effect of HASQ-6Cl on infection is due to its protein disaggregation properties, we
performed similar analyses upon infection with the non-segmented negative-strand RNA virus vesicular stomatitis virus (VSV). As shown in
Figure 6A, and in contrast to 1AV, VSV does not induce a significant increase in the amount of insoluble proteins during infection. The

10 iScience 27, 109100, March 15, 2024



iScience ¢? CellPress
OPEN ACCESS

quantification of the formation of VSV infectious particles by plaque assay in the presence of HASQ-6Cl rendered no significant differences
when compared to the particles produced in the absence of this compound (Figure 6B). These results hence suggest that the lack of effect of
HASQ-6Cl on VSV infection is related to the absence of viral-induced protein aggregation and solidify our previous results on 1AV, demon-
strating that the observed accumulation of insoluble proteins is a specific characteristic of IAV infection which is essential for an efficient viral
propagation.

The disruption of virus-induced aggregates inhibits the proper assembly of new influenza virions

We have further analyzed the effect of the inhibition of the formation of protein aggregates on the expression of different IAV proteins
throughout the whole infectious cycle (Figure 7A). To that end, A549 cells were infected with IAV PR8 in the absence or presence of
HASQ-6CI, and the expression of IAV proteins was assessed at several times post infection by western blot.

As expected, most of the viral proteins, namely PB1, PB2, NP, are already detected after 6 hpi, while others, such as M1 and M2, are only
expressed at later infection stages (Figure 7A). Except for M1 at 12 hpi, none of the viral proteins’ expression was affected by the presence of
HASQ-6CI, indicating that neither the compound nor the presence of protein aggregates influences the general viral protein translation.
Nevertheless, the formation of insoluble protein aggregates upon infection seems to be important for the correct expression, or at least sta-
bilization, of M1. As M1 mediates viral assembly and budding at the plasma membrane of infected cells, by mediating the encapsidation of
VRNPs into the membrane envelope,45 ad
sembly of the new virus particles.

The molecular details on how IAV eight-partite genome assembles are still not well understood. However, recent data show that vRNPs
associate with a modified ER,* to form insoluble liquid condensates, also referred as viral inclusions, at ER exit sites, through binding to the

we hypothesize that the formation of these protein aggregates is somehow favoring the final as-

recycling endocytic marker Rab11a.?/*4°° As infection progresses, viral inclusions augment in size. To understand whether the vesicular trans-
port of VRNPs is being affected by the presence of HASQ-6CI, A549 cells infected with IAV PRS, in the presence and absence of HASQ-6CI,
were stained against viral NP and host Rab11 and analyzed by immunofluorescence (Figure 7B). Rab11-positive viral inclusion areas were visu-
alized by confocal microscopy and quantified using the ImageJ software.

The vesicles were classified into groups according to size, based on previous reports®’**°': we have set four intervals comprising vesicles
with a size (1) up to 0.30 pm?, (2) 0.30-0.60 um?, (3) 0.60-0.90 um? and (4) larger than 0.90 um?. The frequency distribution of viral inclusions at
8 hpi is not significantly different in the presence or in the absence of HASQ-4CI, although at 12 hpi there is an increase in the smaller and a
decrease in the larger viral inclusions, indicating HASQ-6Cl is to some extent interfering with the formation of viral inclusions and, therefore,

with the final assembly of new IAV virions.

DISCUSSION

During IAV particle formation, a large amount of viral proteins is synthesized in a relatively short time, whereby protein folding can become a
limiting step for their active conformation and trafficking. Proteostasis disruption, including the one triggered by viral infections, may lead to
the accumulation of misfolded proteins and the induction of ER stress, activating the UPR.*

In this study we performed a detailed analysis of the activation and importance of each of the three (PERK-, ATFé-, and IRE1-dependent)
UPR pathways in the context of a single cycle of IAV infection. This approach differs from previous studies (which, as explained above, present
somewhat contradicting data), that typically investigated the relevance of the UPR in IAV infection at fewer and mostly late time points post
infection (24 or 48 h post infection),'“*” often comprising cells in diverse stages/cycles of infection. We determined that, although the levels of
elF2a phosphorylation, alongside with the expression of ATF4, GADD34, and CHOP, increase upon infection, PERK is not essential for viral
propagation, as the specific PERK inhibitor GSK-2656157 had no effect on the formation of new infectious virus particles. Furthermore, 1AV
infection in the presence of GSK-2656157 led to a similar pattern of elF2a phosphorylation (and consequent ATF4 and GADD34 expression) to
the one observed in non-treated infected cells. elF2a phosphorylation during IAV infection may hence result from the activation of another
signaling pathway independent of PERK. The integrated stress response (ISR) combines converging stress response pathways against diverse
stimuli that culminate with elF2a phosphorylation and its downstream signaling.”*>* Besides PERK, other kinases are implicated in the ISR,
namely protein kinase R (PKR), general control nonderepressible 2 (GCN2), and heme regulated inhibitor (HRI). As PKR has been shown to be
activated in response to IAV infection,”® the observed changes are most likely due to the activation of this specific kinase. However, some 1AV
proteins can counteract this host defense factor,”*>® perhaps explaining, together with the ATF4/GADD34-driven negative feedback mech-
anism, why we observe a transient activation of this pathway.

Although not being able to visualize the specific activation of ATF6 during a single infection cycle, using the levels of grp78/BiP mRNA/
protein expression as an indirect measure of ATFé activation,?'*” we observed no stimulation of the ATFé UPR branch during infection. By
using two different ATF6 inhibitors to study the relevance of this branch for the propagation of 1AV, we were able to demonstrate that, in
concert with the lack of alteration in BiP expression levels throughout the infectious cycle, the ATF6 UPR branch does not play an important
role during IAV infection, as suggested in previous studies.””?’

The IRE1 pathway activation was observed upon infection by the increase of IRE1 phosphorylation and the splicing of the downstream
factor XBP1. Inhibition of this pathway using the specific inhibitor 4u8C results in a significant decrease in the formation of new virus particles.
Our results are in agreement and complementing to those obtained by Hassan et al.,”’ where the activation of the IRE1 pathway by XBP1
splicing was observed in HTBE cells, and by Schmoldt et al.,”® that reported that a functional IRE1 is necessary for viral NP expression.
The importance of the UPR IRE1/XBP1 pathway for IAV infection is most likely due to an XBP1-dependent upregulation of genes involved
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Figure 7. HASQ-6Cl interferes with viral inclusions and impedes the proper assembly of new virus particles

(A) Western blot analysis of each of the viral proteins’ expression levels in IAV PR8-infected A549 cells at different times post infection, in the presence or absence
of HASQ-6CI. Tubulin was used as internal control. Quantification values were obtained after normalization to tubulin followed by the ratio between the intensity
of aviral protein in an infected sample pre-treated with HASQ-6CI (IAV PR8+HASQ-6CIl) and in an infected sample (IAV PR8), referred as (IAV PR8+HASQ-6CI):IAV
PR8. Data represents the means + SEM of at least three independent experiments. **p < 0.001 using Student's t test.

(B) Characterization of the viral inclusions’ size formed upon infection with IAV PR8 for 8 h or 12h in A549 cells, in the absence or in the presence of HASQ-6CI.
Confocal images of (a, d, g, j) viral NP, (b, e, h, k) Rab11 and (c, |, i, ) merge images. Bars represent 10 um. Data represents the frequency distribution of viral
inclusions by size as means + SEM of three independent experiments, *p < 0.05 using two-way ANOVA followed by Bonferroni’s multiple comparisons test.
See also Tables S5-57.
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in phospholipids synthesis, chaperone expression and the activation of the ERAD machinery, that ultimately may lead to increased ER size and
capacity to help viral protein folding and maturation. These results, together with the observation that the incorporation of an ER stressor such
as thapsigargin during infection, restricts the expression of viral NP, reinforces the idea that IAV might benefit from low levels of ER stress
possibly to facilitate the folding capacity of glycoproteins at the ER, but avoids further potentially deleterious UPR activation.'®

The stress-induced disruption of cellular proteostasis often results in the accumulation of insoluble proteins and toxic protein aggregates,
which is proposed as a transversal hallmark of several pathological conditions.””“" In the context of a viral infection, the accumulation of pro-
teins into aggregates can arise from the formation of specialized sites of viral replication and assembly (generally termed viral factories) or
even as part of the host cell antiviral immune response.’'*"*? In this study we investigated whether IAV induces the accumulation of insoluble
protein aggregates and disturbs the host proteostasis. Our results show that, concomitantly to a high level of viral protein translation, 1AV
induces an increase in the amount of the cellular insoluble protein fraction and the formation of protein aggregates, mainly at the perinuclear
area. This occurs at a point of infection that coincides with the activation of the UPR IRE1 pathway and with a high viral protein translation rate,
while host protein synthesis is considerably decreased.”

To elucidate the composition, origin and significance of the observed IAV-induced protein aggregation, we analyzed the insoluble protein
fractions by LC-MS/MS. The IAV proteins NP, NS1, PB1, PB2, and M1, accumulate in the insoluble protein fraction, as well as host proteins
associated to mechanisms of protein complex assembly and localization, mRNA processing and protein translation. A recent study has
demonstrated that, during IAV infection, several host proteins undergo changes in solubility, and found that several viral proteins, essentially
vRNP components, become strongly insoluble with infection,®?

Additionally, a previous study found several proteins belonging to the above-mentioned pathways immunoprecipitated with IAV H7N9
NP.%* It is possible that NP recruits these proteins to enhance viral transcript translation and that they generate large insoluble complexes.
Our results may also indicate that these translation related processes are deregulated upon the export of viral ribonucleoproteins from the
nucleus and the viral host-shutoff to impede host proteins to be fully synthesized, which ultimately may lead to ribosome stalling and accu-
mulation of host aberrant insoluble proteins.

To better understand the biological relevance of the accumulation of insoluble protein aggregates in the context of IAV infection, we used
a tool to inhibit this aggregation, the hybrid chemical compound HASQ-6CI (named 6¢ in*"). The combination of quinolines and steroids in
one single chemical entity, generates this new hybrid molecule, capable of interacting with protein aggregates through -7 (quinoline frag-
ment), hydrophobic (steroid fragment) and hydrogen bonding interaction. Both fragments of HASQ-6Cl have important features to be able to
interact with B-sheets inhibiting its consequent aggregation process. Such versatility is critical to interact with protein aggregates of yet un-
known origin, such as those observed in this work. The design strategy of HASQ-6Cl followed a “framework combination” approach, avoiding
the use of cleavable linkers, to retain the molecule integrity within the cellular media. Our results demonstrate that HASQ-6Cl decreases the
IAV-induced protein aggregation level. Importantly, we have shown that HASQ-6Cl interferes with the virus life cycle at the viral protein pro-
duction phase, which coincides with the protein aggregates formation, and consequently induces about 50% decrease in the production of
infectious viral particles. This effect is likely due to the diminished formation of the virus-induced protein aggregates, as no interference of
HASQ-6CI on the splicing of XBP1, and hence on IRE1 activation, nor on the RIG-I/MAVS antiviral signaling were observed.

Mass spectrometry analysis of the insoluble fractions isolated upon IAV infection in the presence of HASQ-6Cl revealed that the viral pro-
teins that were previously identified as present in the insoluble fraction of infected cells are less abundant in these conditions. Indeed, the
presence of HASQ-6CI during infection decreases the abundance of several viral proteins with different roles during the infection cycle,
namely VRNP components (PB1, PB2, and NP), NS1 and M1, that were shown here, and by others® to become more insoluble upon infection
with |AV PR8.

There were also changes observed at the level of the host proteins, with most of the identified proteins being involved in the negative
regulation of transcription and ribonucleoprotein complex biogenesis. These results support the hypothesis that the accumulation of both
viral proteins and host proteins in insoluble aggregates, or changes in its solubility, plays an important role during IAV infection. Furthermore,
it suggests that HASQ-6CI might have a multiple and broad targeting within cells to prevent the accumulation of proteins in the insoluble
fraction and, therefore, restricting infection.

The proper assembly and budding of new virions require the intra-cellular transport of progeny vRNPs from the nucleus to the plasma
membrane. This process is dependent on the formation of liquid viral inclusions that are hubs for the eight VRNPs close to ER exit sites,
and their formation and/or transport to the plasma membrane depends on the ER-derived vesicles containing Rab11.977%® Recently, it was
shown that nucleozin, a well-studied vRNP pharmacological modulator, can affect vRNP solubility in a Rab11-dependent manner, acting
by hardening IAV inclusions to prevent efficient replication.® Our results show that the formation of these viral inclusions can be impacted
HASQ-6Cl by decreasing their size, which is ultimately reflected in a decrease in the number of infectious IAV particles produced after a single
replication cycle. Targeting this mechanism may be of particular importance as, besides being crucial for the correct assembly of every

genome segment to form a fully infectious viral particle, it is also decisive for the genetic reassortment upon a co-infection of different
|'69

strengthening our results.

IAV strains from distinct hosts and the emergence of novel viruses with pandemic potentia

To complete our studies, and determine whether HASQ-6CI, and its consequent inhibition of protein aggregation, affected the produc-
tion of specific viral proteins, we assessed their expression at several times post infection in the absence or presence of the chemical com-
pound. We detected no difference in the production of viral proteins in the presence of HASQ-6CI, with the exception of M1. M1 is the most
abundant protein in virions and mediates viral assembly and the budding of vRNPs at the plasma membrane of infected cells.*>*® This protein
has different roles at different stages of the infection, and it is speculated that it can change its conformational and oligomerization state
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depending on its functional state.”” One hypothetical function of the M1 oligomer is the shielding of newly synthesized vRNA/VRNPs during
transport through the host cell’s cytosol after nuclear export. One can then further hypothesize that the presence of HASQ-6Cl can in some
extent prevent the oligomerization of M1, indirectly manipulating its function during assembly through vRNPs destabilization.

The formation of these protein aggregates and their relevance for viral propagation seems to be specific for AV, or at least not common to
all RNA viruses, as we have shown that VSV infection does not lead to an accumulation of insoluble proteins, and that the presence of HASQ-
6Cl does not affect the production of infectious VSV particles.

Overall, our findings demonstrate that IAV manipulates the host cellular processes by activating the UPR and by inducing the accumulation
of insoluble viral proteins and host proteins that are generally related to RNA processing. The formation of these aggregates is beneficial for
the virus and seems to be required for the correct assembly of viral particles. Interfering with UPR pathways or chemically avoiding the assem-
bly of such aggregates is sufficient to hinder viral propagation. Our results have, hence, uncovered specific IAV-host interaction mechanisms
that should be further explored for the development of novel host-directed IAV antiviral therapies.

Limitations of the study
In this manuscript, we identify two independent mechanisms by which AV manipulates host cellular proteostasis and further demonstrate that
both can be chemically disrupted to prevent a productive infection. However, although we demonstrated that IAV requires the IRE1 branch of
the UPR, with no effect on the PERK and ATFé branches, the evaluation of IAV effects on ATFé was only indirect, due to methodologic
limitations.

Furthermore, even though we demonstrated that IAV can induce the accumulation of insoluble protein aggregates related mostly to host
RNA metabolism, and that HASQ-6CI can disrupt this mechanism essentially at the later stages of the infection, the exact target for this com-
pound is not clearly identified. Lastly, our studies are limited to the PR8 strain of IAV, rather than circulating strains.
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Raw and analyzed proteomics data This paper PRIDE: PXD043310
Experimental models: Cell lines
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MDCK ATCC Cat# CRL-2935
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Primers for human XBP1: Forward: This paper N/A
5'-TTACGAGAGAAAACTCATGGCC-3' and
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Proteome Discoverer 2.4.0.305 Thermo Fisher Scientific https://www.thermofisher.com/pt/en/
home/industrial/mass-spectrometry/
liquid-chromatography-mass-
spectrometry-lc-ms/lc-ms-software/
multi-omics-data-analysis/proteome-
discoverer-software.html; RRID: SCR_014477

ZEN Microscopy Software 3.3 Carl Zeiss https://www.zeiss.com/microscopy/en/products/
software/zeiss-zen.html; RRID: SCR_013672

Fiji/lmageJ National Institute of Health http://fiji.sc; RRID: SCR_002285

STRING STRING Consortium http://string.embl.de/; RRID: SCR_005223

Cytoscape 3.8.2 Cytoscape Consortium http://cytoscape.org; RRID: SCR_003032

BioRender BioRender http://biorender.com; RRID: SCR_018361

RESOURCE AVAILABILITY

Lead contact

Further information and inquiries should be directed to and will be fulfilled by the lead contact, Daniela Ribeiro (daniela.ribeiro@ua.pt).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository
and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact on request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human lung epithelial cells (A549, ATCC (CCL-185)), human embryonic kidney cells (HEK293T, ATCC (CRL-3216)) and Mardin-Darby Canine
Kidney (MDCK, ATCC (CRL-2935)) were A549s and MDCKs were obtained from Prof. Paul Digard, Roslin Institute, UK, as part of collaborative
work. Vero cells (isolated from kidney epithelial cells from an African green monkey, ATCC (CCL-81) were kindly provided by Dr Silvia Correia.
Hela cells expressing a HSPB1:GFP reporter (HeLa HSPB1:GFP) cells were produced in-house and characterized in.*® A549 and Hela
HSPB1:GFP were used as models to perform the infections with influenza A virus and/or vesicular stomatitis virus. HEK293T, MDCK and
Vero were used to propagate and titrate virus, but not the subject of the study themselves. Cells were routinely tested for mycoplasma
contamination and tested negative. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) high glucose (4,5 g/L) supple-
mented with 10% fetal bovine serum (FBS) and 100U/mL of penicillin and 100 mg/mL streptomycin and maintained at 37°C in a humidified
atmosphere containing 5% v/v CO,.

Virus strains

Influenza A/Puerto Rico/8/34 (IAV PR8; H1N1) was rescued from HEK293T cells by reverse-genetics and titrated by plaque assay in MDCK
cells. Vesicular stomatitis virus (VSV) Indiana strain parental stock was kindly provided by Dr. Jonathan Kagan (Boston Children’s Hospital,
Harvard Medical School), and viruses were propagated and titrated in Vero cells.

METHOD DETAILS

Virus stock preparation

Reverse-genetics engineered influenza A/Puerto Rico/8/34 (IAV PR8; H1N1) were rescued in HEK293T cells using a pDUAL plasmid system.
This virus was produced upon transfection of eight plasmids encoding the gene segments of IAV PR8 using PE| transfection reagent in DMEM
high glucose (4.5 g/L) with pyruvate (0.11 g/L), supplemented with glutamine, without FBS or antibiotics. 24 h post transfection, the medium
was changed to 2 mL of serum-free media (SFM) supplemented with 1% P/S, with 0.14% BSA and 1 ng/mL trypsin-TPCK. After two days of
incubation under the same growing conditions, the supernatant was collected (PO) and centrifuged at 3000 rpm for 5 min. Clarified
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supernatant with low number of viruses was stored at -80°C and further quantified by plaque assay. To prepare virus stocks, MDCK cells were
infected with PO aliquots in SFM supplemented with 0.14% BSA and 1 pg/mL trypsin-TPCK, with a MOI of 0.01. After virus adsorption for one
hour, cells were cultured for two days at 37°C, 5% CO2. After centrifugation for 5 min at 3000 rpm, clarified supernatants were aliquoted and
stored at -80°C. Virus stock or samples titers were determined by plaque assay.

VSV were propagated in highly confluent Vero cells, using a MOl of 0.001. The virus inoculum was diluted in SFM and after virus adsorption
for one hour, an incubation of 18 h ensued. A centrifugation for 5 min at 500 g, 4°C was carried out to collect the clarified supernatant. Then, an
ultracentrifugation of the supernatant for 90 min at 24000 rpm, 4°C followed and, once the supernatant was discarded, 0.35 mL of NTE buffer
(0.7M NaCl, TmM EDTA, 0.1M Tris pH 7.4) was added and incubated on ice, overnight. The next day, 4 mL of sucrose 10% NTE (ice-cold) was
overlayed with 1 mL of virus suspension and ultracentrifuged for 60 min at 40500 rpm, 4°C. The supernatant was removed, and the pellet was
incubated with 0.5 mL of NTE buffer on Ice, overnight. Finally, the virus suspension was aliquoted and stored at -80°C. Virus stock or samples
titers were determined by plaque assay.

Plaque assay and infection experiments

To quantify IAV, MDCK cells were cultured with 10-fold dilutions of virus suspension and allowed to absorb for Th. Cells were then cultured in
50% avicel-containing SFM supplemented with 0.14% BSA and 1 pg/mL trypsin-TPCK for 1.5 to 2 days. Cellular monolayers were fixed in 4%
paraformaldehyde and stained with 0.1% toluidine blue. To quantify VSV, Vero cells were used and the avicel-containing SFM media were in
this case supplemented with 1% FBS and the protocol ran for 1 day.

To perform infection, A549 cells were seeded to achieve a confluency of 80% at the time of the infection. The day after, cells were washed
with PBS and infected with IAV PR8 or VSV at a MOl of 3, prepared in SFM. After one hour, cells were overlaid with DMEM supplemented with
20% FBS and 1% P/S and incubated for the desired times at 37°C in 5% CO2. In the case of samples used to determine viral production, cells
were infected and after 1 h incubation, the supernatant was removed, cells were rinsed with acid wash buffer 1x (135 mM NaCl, 10 mM KClI,
40 mM citric acid, pH 3), washed in PBS and incubated in SFM supplemented with 0.14% BSA, and 1 pg/mL trypsin-TPCK (for IAV only), for up
to 16 hpi.

Unfolded protein response inhibitors

UPR inhibitors (see key resources table) were added to the cells, at the indicated concentrations, 1 h prior to infection. Different concentra-
tions of each inhibitor were tested to check for cell viability to define which one to use. The number of the infectious particles formed were
normalized to the cell viability in each condition.

Experiments with the HASQ-6Cl compound

The HASQ-6Cl compound was solubilized in 100% ethanol (EtOH) to obtain a stock concentration of 100 mM. The cytotoxicity of HASQ-6CI
and EtOH was assessed by MTT cell viability assay. To do that, cells were seeded into a 96-well plate at a density of 8x103 cells/plate and
allowed to adhere for 24 h at growing conditions. The day after, cells were treated with various concentrations of the compound (100, 50,
25 and 10 pM) or the correspondent EtOH percentage (1, 0.5, 0.25 and 0.1%) and incubated for 30 h at 37°C in a CO2 incubator. Com-
pound-containing solutions were sterilized using a 0.2 um filter. Cells were then washed twice with PBS and incubated to DMEM with 10%
MTT (working solution 5 mg/mL in phosphate buffer) for 2 h at growing conditions. Lastly, this medium was removed, and the formazan crys-
tals formed were solubilized using DMSO for 10 min at room temperature and the intensity was quantified at 575 nm. Untreated cells were
used as control and the blank value was subtracted to all conditions. Further experiments were performed using 50 uM of HASQ-6CI. The
compound was added to the cells 12h before infection.

Plasmids and transfection

A549 cells were transfected with GFP-RIG-I-CARD by 10h incubation with Lipofectamine™ 3000 Transfection Reagent (Invitrogen) according
to manufacturers’ protocol.

Immunocytochemistry and microscopy analyses
Cells grown in 12emm glass coverslips were fixated for 20 min with 4% paraformaldehyde in PBS, pH 7.4, followed by permeabilization with
0.2% triton X-100 for 10 min, blocking with 1% BSA for 10 min, and immunostaining with the indicated primary and secondary antibody for 1 h
each. This procedure was done at room temperature, with cells being washed three times between each step. Primary antibodies and the
fluorophores used are listed in the key resources table. When needed, staining with Proteostat Aggresome Dectetion kit (Enzo Life Sciences
International) was performed for 30 min. Cells were additionally incubated with Hoechst dye for 2 min before being mounted in slides, using
Mowiol 4-88 (AppliChem Inc.) containing propyl gallate (Sigma-Aldrich). Confocal images were acquired using a Zeiss LSM 880 confocal
microscope (Carl Zeiss) and a Plan-Apochromat 63x and 100x/1.4 NA oil objectives, a 561 nm DPSS laser and the argon laser line
488 nm (BP 505-550 and 595-750 nm filters).

Allimages chosen are representative of at least three independent experiments and further processing or quantifications were done using
ZEN Blue (Carl Zeiss) or Fiji (NIH) software. Quantification of the NP intensity in PR8-infected A549 cells was performed after sketching the
region of interest (ROI) of the nucleus of each cell and obtaining the correspondent intensity mean gray value using the Zeiss Blue Software
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for image processing (Carl Zeiss). Characterization of viral inclusions, positive for Rab11, by size in infected cells was performed using Fiji/
ImageJ software (NIH). The vesicles were divided into groups according to size, based on previous reports.”’**”*? In uninfected cells, the areas
for viral inclusions are consistent with values <0.15 um?.°? With infection, the frequency distribution from inclusions measuring 0.15-0.30 pm?
and bigger than 0.3 um? augmented significantly in relation to non-infected cells.”” As we propose to compare the areas in infected cells only,
we have set four intervals comprising viral inclusions with a size (1) up to 0.30 pm?, (2) 0.30-0.60 um?, (3) 0.60-0.90 pm? and (4) larger than
0.90 pm?.

Isolation of the insoluble protein fraction

To obtain total protein extracts, cell pellets were resuspended in Empigen Lysis Buffer (ELB) (0.5% Triton X-100, 50 mM HEPES, 250 mM NaCl,
1 mM DTT, 1 mM NaF, 2 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM NasVO, supplemented with a cocktail of protease inhibitors). Protein
extracts were then sonicated, and centrifuged 20 min at 200 g at 4°C. In the end, supernatants were kept for the next phase of total protein
quantification. During all procedures, cells remained on ice to avoid the activity of proteases. Quantification of total protein was performed
using Pierce™ Bovine Serum Albumin Protein Assay Kit (Thermo Scientific), following the manufacturer’s instructions.

To isolate the insoluble protein fraction, 100 pg of total protein was diluted in ELB to reach a final volume of 100 uL. Samples were centri-
fuged for 16,000 g, 20 min at 4°C to obtain the insoluble fraction. The resulting pellet was solubilized in ELB supplemented with 20% NP-40
(10%). Samples were sonicated for three cycles of five seconds (0.5 cycles with amplitude at 50-60%). After sonication cycles, samples under-
went another centrifugation round (16,000 g, 20 min at 4°C). The supernatant was removed, the pellet was resuspended in ELB, and after
adding the loading buffer, samples were denatured at 95°C for 5 min and run into an SDS-PAGE. In parallel, 10 pg of total protein extracts
were run as loading controls. Finally, the gel was stained with BlueSafe (NZYTech) solution for at least 30 min and, after destained with distilled
water, gels were scanned using Odyssey Infrared Imaging System (LI-COR Biosciences). The relative amount of insoluble protein for each
sample was calculated by dividing the intensities of the insoluble protein extracts by the intensities of the corresponding total protein extracts.

Gel electrophoresis and immunoblotting
Cells were pelleted and washed before being resuspended in ELB supplemented with protease-inhibitors mix. Samples were then incubated
on a rotary mixer for 15 min at4°C and, after sonication using Clifton SW3H 38kHz bath (5 cycles 30 s on; 30 s off), the incubation was repeated.
After clearing by centrifugation (17000 g, 15 min at 4°C, the supernatant was collected, and protein concentration was determined using
Pierce™ Bovine Serum Albumin (BCA) Protein Assay Kit (Thermo Scientific) . Protein samples were separated by SDS-PAGE on 10 or
12.5% polyacrylamide gels, alongside with a pre-stained protein marker (GRS Protein Marker Multicolour Tris-Glicine 4~20%, Grisp), wet
transferred to nitrocellulose (PROTAN®), and analyzed by immunoblotting.

Immunoblots were processed using specific primary and secondary antibodies (see key resources table). For quantification, immunoblots
were scanned with Odyssey CLx (LI-COR Biosciences) or with ChemiDoc Imaging System (BioRad), and processed using the volume tools
from Image Studio Lite Ver 5.2 software (LI-COR Biosciences).

RNA extraction, cDNA synthesis and quantitative real-time polymerase chain reaction

Total RNA was isolated using NZYol reagent according to manufacturer’s instructions and quantified using DS-11 spectrophotometer
(DeNovix Inc.), cDNA synthesis was obtained using 0.5 to 1 pg RNA, after a pre-treatment with DNAse (Thermo Scientific), using Revert
Aid Reverse Transcriptase (Thermo Scientific) and Oligo-dT15 primer (Eurofins Genomics) following manufacturer’s protocol.

When needed, primer sequences were designed using Beacon Designer 7 (Premier Biosoft). The oligonucleotides used are listed in the
key resources table. GAPDH was used as a reference gene. RT-qPCR was performed in duplicate using 2x SYBR Green gPCR Master Mix (Low
Rox) (Bimake), cDNA samples were diluted 1:10 and the concentration of each primer was 250 nM, with the exception for IFN-B in which we use
undiluted samples and a primer concentration of 500 nM. Reactions were run on Applied Biosystems 7500 Real Time PCR System (Applied
Biosystems). The thermocycling reaction was done by heating at 95°C during 3 min, followed by 40 cycles of a 12 s denaturation step at 95°C
and a 30 s annealing/elongation step at 60°C. The fluorescence was measured after the extension step using the Applied Biosystems software
(Applied Biosystems). After the thermocycling reaction, the melting step was performed with slow heating, starting at 60°C and with a rate of
1%, up to 95°C, with continuous measurement of fluorescence. Data analysis was performed using the quantitative 2—AACT method.

LC-MS/MS analyses

Samples were processed for proteomics analysis by the proteomics facility at i3S - Instituto de Investigagdo e Inovagdo em Saude, Porto,
Portugal. Briefly, the enzymatic digestion was performed with Trypsin/LysC (2 pg) overnight at 37°C at 1000 rpm. Protein identification
and quantitation was performed by nanoLC-MS/MS. This equipment is composed by an Ultimate 3000 liquid chromatography system
coupledto a Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Scientific). Samples were loaded onto a trapping cartridge
(Acclaim PepMap C18 1004, 5 mm x 300 um i.d., 160454, Thermo Scientific) in a mobile phase of 2% |, 0.1% FA at 10 uL/min. After 3 min
loading, the trap column was switched in-line to a 50 cm by 75um inner diameter EASY-Spray column (ES803, PepMap RSLC, C18, 2 um,
Thermo Scientific, Bremen, Germany) at 300 nL/min. Separation was generated by mixing A: 0.1% FA, and B: 80% |, with the following gradient
for total protein fraction: 5 min (2.5% B to 10% B), 120 min (10% B to 30% B), 20 min (30% B to 50% B), 5 min (50% B to 99% B) and 10 min (hold
99% B). Subsequently, the column was equilibrated with 2.5% B for 17 min and a specific gradient for the Insoluble fractions: 5 min (2.5% B to
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10% B), 30 min (10% B to 30% B), 50 min (30% B to 50% B), 45 min (50% B to 99% B) and 30 min (hold 99% B). Data acquisition was controlled by
Xcalibur 4.0 and Tune 2.9 software (Thermo Scientific).

The mass spectrometer was operated in data-dependent (dd) positive acquisition mode alternating between a full scan (m/z 380-1580) and
subsequent HCD MS/MS of the 10 most intense peaks from full scan (normalized collision energy of 27%). ESI spray voltage was 1.9 kV. Global
settings: use lock masses best (m/z 445.12003), lock mass injection Full MS, chrom. Peak width (FWHM) 15 s. Full scan settings: 70 k resolution
(m/z 200), AGC target 3e6, maximum injection time 120 Ms. Dd settings: minimum AGC target 8e3, intensity threshold 7.3e4, charge exclu-
sion: unassigned, 1, 8, >8, peptide match preferred, exclude isotopes on, dynamic exclusion 45 s. MS2 settings: microscans 1, resolution 35k
(m/z 200), AGC target 2e5, maximum injection time 110 ms, isolation window 2.0 m/z, isolation offset 0.0 m/z, spectrum data type profile.

The raw data was processed using Proteome Discoverer 2.4.0.305 software (Thermo Scientific) and searched against the UniProt database
for the Homo sapiens Proteome 2020_01 (74,811 sequences) and the UniProt database for influenza A virus (strain A/Puerto Rico/8/1934
H1N1) 2020_04. The Sequest HT search engine was used to identify tryptic peptides. The ion mass tolerance was 10 ppm for precursor
ions and 0.02 Da for fragmented ions. The maximum allowed missing cleavage sites was set to 2. Cysteine carbamidomethylation was defined
as constant modification. Methionine oxidation and protein N-terminus acetylation were defined as variable modifications. Peptide confi-
dence was set too high. The processing node Percolator was enabled with the following settings: maximum delta Cn 0.05; decoy database
search target FDR 1%, validation based on g-value. Protein label free quantitation was performed with the Minora feature detector node at
the processing step. Precursor ions quantification was performing at the processing step with the following parameters: unique plus razor
peptides were considered for quantification, precursor abundance was based on intensity, normalization mode was based on total peptide
amount, protein ratio calculation was pairwise ratio based, imputation was not performed, hypothesis test was based on t-test (background
based). Gene ontology analysis of LC-MS/MS data was performed using Cytoscape (ClueGO app) or STRING online database.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with Graph Pad Prism 9 (GraphPad Software). Quantitative data were attained from at least three indepen-
dent experiments and represent the means + standard error mean (SEM). To determine the statistical significance among the experimental
groups the two-way ANOVA followed by Dunnett's multiple comparison tests were applied; comparison between two groups were made by
Student's t test. All the statistical details of the experiments can be found in the figures’ legends. P values of < 0.05 were considered as
significant.
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