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Previous transcriptomic analyses suggested that the 1918 influenza A virus (IAV1918), one of themost devastat-
ing pandemic viruses of the 20th century, induces a dysfunctional cytokine storm and affects other innate im-
mune response patterns. Because all viruses are obligate parasites that require host cells for replication, we
globally assessed how IAV1918 induces host protein dysregulation. We performed quantitative mass spectrom-
etry of IAV1918-infected cells to measure host protein dysregulation. Selected proteins were validated by immu-
noblotting and phosphorylation levels of members of the PI3K/AKT/mTOR pathway were assessed. Compared to
mock-infected controls, N170 proteins in the IAV1918-infected cells were dysregulated. Proteins mapped to
amino sugar metabolism, purine metabolism, steroid biosynthesis, transmembrane receptors, phosphatases
and transcription regulation. Immunoblotting demonstrated that IAV1918 induced a slight up-regulation of
the lamin B receptor whereas all other tested virus strains induced a significant down-regulation. IAV1918 also
strongly induced Rab5b expression whereas all other tested viruses induced minor up-regulation or down-
regulation. IAV1918 showed early reduced phosphorylation of PI3K/AKT/mTOR pathway members and was
especially sensitive to rapamycin. These results suggest the 1918 strain requires mTORC1 activity in early repli-
cation events, and may explain the unique pathogenicity of this virus.
Crown Copyright © 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The 1918 influenza pandemicwas one of themost devastating infec-
tious disease events of the 20th century, resulting in 20–100 million
deaths [56,86]. Although the young and the elderly are usually the
most susceptible to influenza A virus (IAV) epidemics and many pan-
demics, the 1918 pandemic was unusual in that a much larger propor-
tion of healthy young adults succumbed to the infection [86], which
has been attributed to a dysfunctional host immune response (cytokine
storm) [47,53]. A link between the cytokine storm and IAV-induced
pathogenesis and poor clinical outcome has long been appreciated
[1,47,49,61,87]. Recent attempts to modulate the cytokine storm, in-
cluding using lipid-modifying compounds such as sphingosine-1-
phosphate [60,61,91] have been only partially successful. Because all
viruses are obligate parasites that require a host cell in which to
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replicate, a more complete and detailed understanding of cell signaling
and how IAV induces host protein dysregulation is required (recently
reviewed in [87]).

The need to better delineate host responses to IAV infection is fur-
ther underscored by the nature of the virus. IAV is a small, enveloped
virus in the family Orthomyxoviridae, with a genome of 8 negative-
sense single stranded RNA segments that encode for at least 15 proteins
[39,62]. IAV have enormous genetic plasticity, mediated by nucleotide
(genetic drift) and genome segment exchange (genetic shift), changes
that control differences in host range and virulence. IAV are serologi-
cally categorized by the hemagglutinin (HA) and neuraminidase (NA)
proteins, both of which are located in the viral envelope. There are cur-
rently 18 recognized HA (H1–H18) and 11 NA (N1–N11) types
[62,65,89]. Various anti-viral strategies, including small molecule inhib-
itors and vaccines, have been developed to combat IAV. However, the
virus' genetic plasticity often leads to resistance rapidly developing to
these virus-targeted anti-viral modalities. In addition, because of the
virus' enormous host range, spanning avian, marine mammals and nu-
merous land animals including humans, eradication of the virus is ex-
tremely unlikely.

Environmental stressors, including virus infection, induce a number
of alterations in a host cell's transcriptome and proteome. Previous
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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transcriptomic analyses of cellular responses to IAV have provided some
information (for example: [2,28]), including description of innate im-
mune response patterns in macaques infected with the 1918 influenza
strain [47]. However, there often is poor concordance betweenmicroar-
ray and protein data [2,57,88], partly because mRNA levels cannot
provide complete information about extents of post-translational
modifications or about levels of effector protein synthesis.Thus, we
complemented some of our previous transcriptomic analyses of 1918
virus infection [47] byusing a non-biased stable isotope-based quantita-
tivemass spectrometric method to globally assess host proteomic alter-
ations induced by 1918 virus infection in cultured A549 cells.

2. Materials and Methods

2.1. Cells and Viruses

2.1.1. Viruses
All viruses used in this study (Supplementary Table S1), including

IAV strain A/South Carolina/1/1918 (H1N1; “1918”), were generated
by reverse genetics as previously described [59]. All infectious work
was carried out under containment level 4 (CL-4) conditions at the Na-
tional Microbiology Laboratory in Winnipeg, Canada as outlined in the
Health Canada Laboratory Bio-safety Guidelines CL-4 handling proce-
dures (www.hc-sc.gc.ca/pphb-dgspsp/publicat/lbg-ldmbl-96/index.
html).

2.1.2. Cells
Human lung A549 cells (American Type Culture Collection # CCL-

185) and Madin Darby canine kidney (MDCK) (ATCC # CCL-34) cells
were routinely cultured in Dulbecco's modified MEM (DMEM) supple-
mented with non-essential amino acids, sodium pyruvate, 0.2% (w/v)
glucose, 10% fetal bovine serum (FBS; Invitrogen), and 2 mM L-
glutamine as previously described[12]. To label A549 cells with SILAC
for global non-biased quantitative proteomic analyses, they were
grown in DMEMmedia providedwith a SILAC™ Phosphoprotein Identi-
fication and Quantification Kit (Invitrogen Canada Inc.; Burlington, On-
tario), supplemented as above (except without non-essential amino
acids), and with 10% dialyzed FBS (Invitrogen Canada Inc.; Burlington,
Ontario), plus 100 mg each of “light” (L; 12C6/14N4) or “heavy” (H;
13C6/15N4) L-lysine and l-arginine per liter of D-MEM, such that H isoto-
pic forms have 6.0 and 10.0 Da heaviermasses than the corresponding L
forms [12].Virus stocks were generated, and virus titrations were per-
formed, in MDCK cells as previously described [12].

2.1.3. Infection
Once A549 cells destined for SILAC labeling had grown through six

doublings, L cells in 2 experiments were infected with 1918 at a multi-
plicity of infection (MOI) of 7 plaque forming units (PFU) per cell and an
equivalent number ofH cellsweremock infected as control. Labelswere
swapped in the 3rd biologic replicate. Cells were overlaid with appro-
priate media and cultured for 5 (early) and 24 (late) hours.

All other A549 infections were performed in DMEM supplemented
with 0.1% BSA and 0.5 μg/ml TPCK-Trypsin.

2.2. Cell Viability Assays

A549 cells were infected with 1918 at a MOI of 7 PFU/cell. At 5, 24
and 48 h post-infection, the media was removed and replaced with
fresh OptiMEM (Life Technologies, Burlington, ON, Canada) supple-
mented with XTT (XTT-based InVitro Toxicology Assay Kit, Sigma-
Aldrich, Oakville, Ontario, Canada) as per themanufacturer's directions.
The cells were incubated for an additional 3 h. The colorimetric change
was read at an absorbance of 450 nm and percent viability was normal-
ized to the control samples. Experiments were performed in triplicate.
In parallel, cells were visualized by light microscopy for the presence
of cytopathic effect.
2.3. Cell Fractionation

At 5 and 24 h post-infection (hpi), L and H cells were collected and
counted. Equivalent numbers of L and H cells were mixed together,
mixed cells werewashed 3× in N50 volumes of ice-cold Phosphate Buff-
ered Saline (PBS), washed cells were lysed with 0.5% NP-40 supple-
mented with 1.1 μM pepstatin A, incubated on ice for 30 min, and
nuclei removed by pelleting at 5000 ×g for 10 min. Nuclei were proc-
essed by a previously-described high salt/urea double extraction proce-
dure [48] and both fractions frozen at −80C until further processing.
Fractionated samples were probed with antibodies targeting nuclear
and cytoplasmic proteins to ensure the method for fractionation was
complete (Fig. 5A).Histone H3 is a nuclear protein, Lamin is predomi-
nantly found in the nuclear envelope, Actin is typically found in the cy-
toplasm and tubulin is found in both the nucleus and cytoplasm.

2.4. Mass Spectrometric Sample Preparation and Analysis

Protein content in the various fractions was determined using a
BCA™ Protein Assay Kit (Pierce; Rockford, IL) and BSA standards. Sam-
ples were then reduced, alkylated and digested with trypsin as previ-
ously described[12]. Digested peptides were separated by 2D RP
(reversed-phase) high pH – RP low pH peptide fractionation [29,83],
and analyzed on a QStar Elite mass spectrometer (Applied Biosystems,
Foster City, CA) run in a data-dependent MS/MS acquisition mode as
previously described using the manufacturer's “smart exit” (spectral
quality 5) settings [12]. Previously targeted parent ions were excluded
from repetitive MS/MS acquisition for 60 s (50 mDa mass tolerance).
Protein Pilot 2.0 (Applied Biosystems) software was used for protein
identification and quantitation.Raw data files (30 in total for each run)
were submitted for simultaneous search using standard SILAC settings
for QStar instruments. Proteins forwhich at least 2 fully trypsin digested
L and H peptides were detected at N99% confidence were used for sub-
sequent comparative quantitative analysis. RawMS data files were ana-
lyzed by Protein Pilot®, version 2.0, using the non-redundant human
gene database. Proteins, and their confidences and L:H ratios, were
returned with Geninfo Identifier (gi) numbers. Differential regulation
within each experimental dataset was determined by Z-score normali-
zation of each dataset, using a confidence of N1.960σ as previously de-
scribed [12].

2.5. Cellular Protein Expression

A549 cells were seeded 24 h prior to use so that they were 80% con-
fluent at the time of infection. Cells were washed with DMEM supple-
mented with 0.1%BSA and infected at an MOI of 7 for 1 h. The virus
inoculum was removed, cells were washed with PBS, and fresh DMEM
supplemented with 0.1% BSA and 0.5 μg/ml TPCK-trypsin was added
to the cells. Cells were harvested at 5 h and 24 h post infection. Total
cell lysates were collected bywashing the cells oncewith PBS and lysing
cells with 2% SDS for immunoblot analysis. Fractionated lysates were
harvested by washing the cells with PBS, adding 0.5% NP40 supple-
mented with Complete Protease Inhibitor (Roche) to the cells and incu-
bating on ice for 30min. The lysateswere then collected and centrifuged
at 2500 ×g for 10 min to generate soluble cytoplasmic and pelleted nu-
clear fractions. Each fraction was brought up to equal volumes with a
final concentration of 2% SDS for gel electrophoresis and immunoblot
analysis. Immunoblots were performed using commercially available
primary antibodies coupled with secondary antibodies containing a
conjugated IRdye® (Supplementary Table S2). Blots were visualized
using a Licor® Odyssey scanner. Band intensities were quantified by
densitometry using ImageJ software and normalized to the expression
levels of actin. Each experiment was replicated at least 3 times, the
means and standard errors are graphically presented. A one-way
Anova with a Dunnett post-test was used to determine any significant
changes between the various virus strains tested, and a one-way
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Anovawith a Bonferroni post-testwasused todetermine any significant
changes between the fractions tested.

2.6. mTOR/AKT Pathway Analysis

A549 cells were seeded 24 h prior to use so that they were 80% con-
fluent at the time of infection.Cells were washed with DMEM supple-
mented with 0.1%BSA and infected at an MOI of 7 for one hour. The
virus inoculum was removed, cells were washed with PBS, and fresh
DMEM supplemented with 0.1% BSA and 0.5 μg/ml TPCK-trypsin was
added to the cells. Cells were harvested at 5 and 24 hpi. Media were re-
moved and the cells were washed with PBS. Ice-cold 1× MILLIPLEX®
MAP Lysis Buffer(EMD Millipore, Merck KGaA, Darmstadt, Germany)
was added to the cells. Cells were collected and incubated at 4 °C with
gentle rocking for 10–15 min. Viruses in samples were inactivated by
5MRADS of gamma irradiation for safe removal from BSL-4. Samples
were clarified by centrifugation at 2500 ×g for 10 min and protein con-
tent was determined using the Qubit Protein Assay Quantification Kit
(Life Technologies) as per manufacturer's recommendations. The phos-
phorylation states of various proteins from the mTOR/AKT signaling
pathway and of NFκB were determined using the Milliplex MAP Akt/
mTOR Phosphoprotein 11-plex Magnetic Bead Kit and the Milliplex
MAP Phospho-NFκB (Ser536) Magnetic Bead MAPmate (Life Technolo-
gies) as per manufacturer's instructions. The bead counts were normal-
ized to protein concentrations and themeans and standard errors were
calculated. Each of three biologic assays was run in triplicate. Results
were compared to mock-infected samples at their respective time
points and a t-test was used to determine their significance.

2.7. Rapamycin Treatment and Viral Replication Analysis

A549 cells were seeded 24 h prior to use so that they were 80% con-
fluent at the time of infection.Cells were washed with DMEM supple-
mented with 0.1%BSA and infected at an MOI of 0.01 for 1 h. The virus
inoculum was removed, cells were washed with PBS, and fresh DMEM
supplemented with 0.1% BSA, 0.5 μg/ml TPCK-trypsin and (0–10 nM)
rapamycin was added to the cells. Media were replaced at 5 or 24 hpi
with fresh DMEM supplemented with 0.1% BSA and 0.5μg/ml TPCK-
trypsin. Infections were allowed to continue for a total of 48 h.Superna-
tants were harvested and viral titers were quantified by an endpoint
Spearman-Karber TCID50 calculation. Using GraphPad's model compar-
ison analysis, the results were compared to two models, a horizontal
line, which indicates that there are no changes in response to rapamycin
treatment, and a 4-parameter dose-response curve, where rapamycin
has a dose-dependent effect on viral replication. The predicted model
and its probability of being correct was reported.

3. Results

3.1. Influenza Virus Infection Induces Significant Up- and Down-Regulation
of Numerous Cellular Proteins

A549 cells were infected with the highly pathogenic 1918 influenza
virus strain (IAV1918).Preliminary analyses of cell viability throughout
infection indicated that 24 hpi was the optimal time to process the
cells for analysis, since signs of infection were present but the majority
of cells were still viable (Fig. 1A and B). Furthermore, immunostaining
for viral non-structural protein 1 (NS1) confirmed that N80% of cells
were infected by this time under our experimental conditions
(Fig. 1C). Thus, we selected 5 hpi as an early time point and 24 hpi as
a later time point for analyses.

Infected andmock-infected cells were harvested, separated into nu-
clear and cytoplasmic fractions, and lysates were processed for mass
spectrometry analyses. Each experimental analysis identified ~
1350–2050 proteins in the cytoplasmic fractions and ~ 450–950 pro-
teins in the nuclear fractions at ≥99% confidence and with ≥2 peptides
(Fig. 2A), leading to the overall identification of 3020 proteins from
113,485 L:H peptide pairs. The significance of protein dysregulation
was assessed bymultiple means. Significance of proteins detected mul-
tiple times were determined by t-test. In addition, to facilitate inter-
experiment comparisons, and to assess significance of proteins detected
only a single time, but with ≥2 non-redundant peptides, all L:H ratios
were converted into Z-scores to determine each protein's quantitative
deviation from each population's mean as described [12]. Protein dys-
regulation was considered significant if t-test p values were b0.05. Pro-
tein dysregulation was also considered significant if the protein was
detected and measured multiple times and each of its Z-scores were
≥1.960σ or ≤−1.960σ (=95% confidence). Z-scores ≥ 2.576σ or
≤−2.576σ (=99% confidence) were considered significant if proteins
were detected and measured only a single time. For further stringency,
average fold-change cut-offs of ±50%, which resulted in fold-change ≥
1.5-fold, if upwards, or ≤0.667-fold, if downward, compared to mock
were applied to proteins detected multiple times and fold-change cut-
offs of ±75%, representing ≥1.75-fold if upwards or ≤0.5714-fold if
downward compared to mock were applied to proteins detected only
a single time. Label swapping identified 24 proteins (including keratins,
S100 calcium binding proteins, and albumin pre-protein) that were sig-
nificantly regulated in one direction under one L:H labeling condition,
but significantly regulated in the opposite direction under reciprocal la-
beling conditions and which thus likely represent contaminants; these
were computationally removed from the dataset and from further con-
sideration as described [48].

By using these Z-score criteria and removal of probable contami-
nants, we identified a total of 79 proteins that were significantly up-
regulated at either 5 or 24 hpi in either the cytoplasmic or nuclear frac-
tions and 98 proteins that were significantly down-regulated (Table 1).
A few proteins were found significantly regulated in multiple time
points or sub-cellular fractions. For example, the 205kD nucleoporin
(Nup205) protein was up-regulated in the cytoplasmic fraction at
both 5 and 24 hpi, SC11A was up-regulated at 24 hpi in both the cyto-
plasmic and nuclear fractions, the lamin B receptor (LBR) was up-
regulated in nuclear fractions at both 5 and 24 hpi, and the β-induced
transforming growth factor (BGH3) was down-regulated at 5 hpi in
both the cytoplasm and nucleus (Table 1). A few proteins (H2B1C,
SPD2B, RFC5, RM04, IBP7, and RAB3B) were consistently up-regulated
in one sample but consistently down-regulated at either another time
point or in another sub-cellular fraction, suggesting either temporal or
spatial re-distribution.

Up-regulated proteins are associated with responses to stress, stim-
ulus and virus, acetylation, cell structure, defense responses, andprotein
binding, whereas down-regulated proteins are associated with alterna-
tive splicing, localization, transport, protein binding, and nucleoside,
nucleotide and nucleic acid metabolism.

Proteins, and their levels of regulation, were analyzed by DAVID
[17,36,37] and by Ingenuity Pathways Analysis (IPA). These analyses
measured numerous classes of proteins (Fig. 3A, left). While many
members of most classes of proteins were up or down-regulated at 5
hpi, it is striking that all proteins in the phosphatases, kinases, trans-
membrane receptors, and translation regulator classes were upregu-
lated, while all cytokines and a predominant fraction of transporters
were downregulated (Fig. 3A, middle). By 24 hpi, there was a very evi-
dent shift in the expression patterns for members of some classes of
proteins. For instance, transcription regulators, which showed mixed
up or down regulation at the early time point were exclusively down-
regulated at 24 hpi. Transmembrane receptors and translation regula-
tors that were all up-regulated at 5 hpi were all down-regulated by
24 hpi, while most kinases, which were all up-regulated at 5 hpi were
mostly down-regulated by 24 hpi. The phosphatases were further
enriched among the up-regulated proteins by 24 hpi. IPA identified 10
pathways with 5 or more focus molecule members identified from
SILAC analysis among the regulated proteins. The top 5 pathways,
each with 14 or more identified molecules, were cellular movement,
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Fig. 1. Cell viability and 1918 infectivity. A549 cells were infected with 1918 at an MOI of 7 and harvested at 5, 24, and 48 h post-infection. (A) Cells were visualized by bright-field
microscopy and assessed for the presence of cytopathic effect. (B) Cells were then treated with XTT and 3 h post treatment absorbances were read at 450 nM. Cell viability was
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developmental disorders, cell cycle, molecular transport, and cellular
development (Fig. 3B; Supplementary Fig. S1). There were large num-
bers of proteins whose quantities changedwhen comparing 5 hpi path-
ways to 24 hpi pathways. For example, LBR was up-regulated at both 5
and 24 hpi but SMAD2 (andmany other pathwaymembers) were unaf-
fected at 5 hpi and significantly down-regulated at 24 hpi (Table 1,
Fig. 3B, Network 1). Similarly, most of the other top pathways had larger
numbers of down-regulated proteins at the later time point. IPA identi-
fied numerous canonical pathways, diseases and biological functions
that were significantly dysregulated, and/or that were predicted by Z-
score analysis to be highly positively or negatively activated (Table 2).
These observations were also complemented by DAVID analyses,
which identified various proline dioxygenases and nucleotide binding
activities (among others) as major up- and down-regulated molecular
functions, and oxygen reduction and macromolecular complex organi-
zation and assembly as major biological processes (Fig. 4). The PI3K/
mTOR/Akt canonical signaling pathway was one of the significantly af-
fected ones (Table 2; Supplementary Fig. S2), supporting someof our re-
cent observations about the role of this pathway in IAV replication [96].
To validate results obtained bymass spectrometry, we selected five dif-
ferentially regulated proteins from Table 1, which targeted the various
network and canonical pathways.These targetedproteins demonstrated
clear changes in regulation, were detected in multiple experiments by
mass spectrometry, and had reliable antibodies available for use. Using
a similar experimental design as in the SILAC experiments, cellswere in-
fected at high multiplicity of infection (MOI) with 1918 virus (1918).
The cells were fractionated into cytoplasmic and nuclear components
and the expression levels of kinesin family 22 protein (KIF22), LBR, nu-
clear export factor 1 (NXF1), Nup205and Rab5b were assessed (Fig. 5).
The non-biased SILAC screen demonstrated KIF22 up-regulation in the
nuclear fraction at 5 hpi (Table 1) and that the protein was not detected
in the cytoplasm or at later time points. Immunoblot analysis confirmed
a statistically significant upregulation of KIF22 in the nucleus at 5 hpi
but also demonstrated continued elevated expression at 24 hpi. In addi-
tion, KIF22 was detected in the cytoplasm although there was no statis-
tically significant change observed with infection (Fig. 5B). The SILAC
screen indicated LBR was up-regulated in the nucleus at both 5 and
24 hpi (Table 1) and similar trends were observed by immunoblot anal-
ysis (Fig. 5C). Although LBR was not detected in the cytoplasmic frac-
tions by SILAC, immunoblot analysis, which is generally more
sensitive, showed that LBRwas also significantly up-regulated in the cy-
toplasm by 24 hpi (Fig. 5C). SILAC showed a 5-fold (2.2 log2-fold) de-
crease in NXF1 abundance in the nuclear fraction at 5 hpi and a no
decrease at 24 hpi (Table 1) and immunoblot analysis demonstrated a
slight decrease in NXF1 nuclear protein expression at 5 hpi and then a
slight up-regulation at 24 hpi (Fig. 5D). While NXF1 was detected in



Fig. 2. Venn diagrams of protein distributions. A. Distribution and overlap of identified and measured proteins in each of the three replicates from each of the four indicated samples. The
overall numbers of unique proteins in each of the 4 samples as well as in each replicate (#1, #2, and #3) are indicated. B. Distribution and overlap of measured proteins from both time
points and from both sub-cellular fractions. C. Volcano plots of proteins' fold-change (expressed as Log2 on X-axis) versus p-value (expressed on y-axis). Each protein is depicted by an
individual circle. Proteins significantly up-regulated ≥1.5-fold (=0.585 Log2) by infection, if measuredmultiple times, or significantly up-regulated ≥1.75-fold (=0.807 Log2), if measured
a single time, are indicated by red circles; proteins significantly down-regulated to ≤0.667-fold (=−0.585 Log2), if measured multiple times, or significantly down-regulated to ≤0.5714-
fold (=−0.807 Log2), if measured a single time, are indicated by green circles,

146 C. Ranadheera et al. / EBioMedicine 32 (2018) 142–163
SILAC cytoplasmic fractions, its expression level was not significantly al-
tered due to infection.However, immunoblot analysis showed it slightly
up-regulated at both time points (Fig. 5D). A lower level of NXF1 was
expressed in the nucleus than in the cytoplasm, and infection resulted
in reduced levels by 5 hpi that rebounded above the mock level by
24 hpi. Cytoplasmic Nup205 expression was similarly elevated when
assessed by both SILAC and immunoblotting methods at 5 and 24 hpi
(Table 1, Fig. 5E) but remained unchanged in the nucleus. Finally,



Table 1
A549 cell proteins affected by 1918 infection.
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Significance assumed ifmeasured ≥2 times and up-regulated ≥1.5-fold, or if down-regulated to ≤0.667-fold compared tomock; or ifmeasured only once and up-regulated ≥1.75-fold, or
if down-regulated to ≤0.571-fold compared to mock, as determined by t-test or z-score analysis and as described in reference #19.
1The number of replicates from which protein quantities were measured.
2Infected: mock-infected ratio.
3Red highlight indicates significant up-regulation; green indicates significant down-regulation. Proteins arranged top-to-bottom in each half of table frommost regulated to least reg-
ulated and sorted from Cytoplasm 5 h - Nucleus 24 h.
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SILAC showedRab5b up-regulation in the cytoplasmic fraction at 24 hpi,
although it was not detected at the earlier time point and immunoblot
showed significant up-regulation of Rab5b at both 5 and 24 hpi
(Fig. 5F). Rab5bwas not detected in nuclear fractions bymass spectrom-
etry (Table 1), and was barely detectable by immunoblotting. Thus,
while not perfect correlation, there was general consistency between
the non-biased SILACmethod and themore targeted andmore sensitive
immunoblotting method. Minor differences in degree or direction of
measured regulation might be attributable to inherent differences in
sampling (partially degraded proteins would not be measured by im-
munoblot but their peptides would be detected by MS) or by inherent
differences in the sensitivity of each method.

3.2. Differential Host Responses Are Induced by Different IAV Strains

Wehave previously described host proteomic responses to infection
by the lab and mouse-adapted IAV strain A/Puerto Rico/8/34 (H1N1)
[12] and we also previously showed that highly pathogenic avian influ-
enza virus strains H5N1 and H7N9 induced more profound alterations
than the seasonal or 2009 pandemic IAV H1N1 strains [81]. To extend
our findings with the 1918 virus to other influenza strains, we then
used immunoblotting to determine whether KIF22, LBR, NXF1,
Nup205 and Rab5bwere similarly or differentially induced or repressed
by representatives of each of the other virus subtypes. As a control, the
1918 virus was used to confirm our previous findings, and we included
three additional H1N1 strains: A/Mexico/InDRE4487/2009 (Mx10), a
2009 pandemic H1N1 isolate from a patient in Mexico; A/Canada/
RV733/2007 (RV733), a seasonal strain from 2007 that was isolated
from an infected patient in Canada; and A/USSR/90/1977 (U77), a pa-
tient isolate collected during the re-emergence of the H1N1 subtype in
1977. We also included two avian-origin viruses associated with highly
pathogenic infection in humans: A/Vietnam/1203/2004 (V1203), a
H5N1 virus isolated from a patient from Vietnam in 2004; and A/
Anhui/1/2013 (Anh2013), a H7N9 virus isolated from a patient in
China in 2013. A549 cells were infected with the abovementioned
panel of viruses at an MOI of 7. Total cell lysates were collected 24 hpi
and analyzed by immunoblotting. The 1918-infected cells demon-
strated similar protein expression patterns (Fig. 6) as seen in the previ-
ous experiment (Fig. 5). There were a fewminor changes in expression
levels of the five proteins but that would be expected when comparing
fractionated samples (Fig. 5) to total cell lysates (Fig. 6). The human
H1N1 strains 1918, Mx10, RV733, and U77; and avian-origin H7N9
(Anh2013) viruses all up-regulated expression of KIF22 to similar levels
upon infection. Interestingly, there was statistically significant down-
regulation of KIF22 expression when cells were infected with V1203
(Fig. 6A, p b 0.01). There was a statistically significant difference be-
tween the LBR expression profiles of 1918-infected cells compared to
the other strains that were tested. 1918-infected cells had elevated
levels of LBR at 24 hpi, while the other tested strains all showed an inhi-
bition of LBR expression (Fig. 6B, p b 0.01). NXF1 expression wasmildly
elevated in cells infected with the human H1N1 viruses or the avian
Anh2013; however, when infected with V1203 there was a significant
inhibition of NXF1 expression at 24 hpi (Fig. 6C, p b 0.001). While
there was no statistically significant difference in the expression pat-
terns of Nup205 between cells infected with this panel of viruses, U77
and V1203 tended to trend lower when Nup205 expression was
assessed (Fig. 6D). Finally, Rab5b expression profiles had a statistically
significant difference between 1918-infected cells and the other strains
tested. Infectionwith 1918 caused the highest increase in Rab5b expres-
sion, Mx10, U77, RV733 and Anh2013 caused mild elevation, while
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most strikingly infectionwith V1203 resulted in a decrease in Rab5b ex-
pression (Fig. 6E, p b 0.001).

Our lab focuses on identifying changes in the host response caused
by influenza virus infections for a variety of different strains to better
delineate viral life cycles and features of pathogenesis [12,48,81,96].
To provide more evidence that the changes we observed in protein
expression profiles correlated with a pathway response required for in-
fluenza infection/propagation, we looked at whether infection altered
signaling pathways that are linked to expression of the proteins
assessed in this study. Previously, utilizing a lab-adapted A/Puerto
Rico/8/34 (H1N1) (PR8) strain, we identified changes in apoptosis and
autophagy and the PI3K/Akt/mTOR regulatory pathway was suggested



Table 2
Most significant canonical pathways, diseases and biological functionsa.

−Log10
p-value

Activation Z
score

Top canonical pathways
EIF2 signaling 64.2 ↑b 3.6927
Regulation of eIF4 and p70S6K signaling 34.1 0.6882
Mitochondrial dysfunction 28.3
Protein ubiquitination pPathway 27.5
mTOR signaling 24 ↑ 0.9285
Oxidative phosphorylation 21.9
Remodeling of epithelial adherens junctions 20.3 −0.6882
tRNA charging 16.1
Integrin signaling 14.8 0.1280
Actin cytoskeleton signaling 13.3 −0.7620
Caveolar-mediated endocytosis signaling 12
NRF2-mediated oxidative stress response 11.9 −0.3651
14-3-3-mediated signaling 6.33 ↑ 2.1213
HIPPO signaling 6.29 ↓ −2.0000
Hypoxia signaling in the cardiovascular system 5.12 ↑ 2.0000
Ephrin B signaling 4.84 ↓ −2.3238
Cell cycle: G2/M DNA damage checkpoint regulation 4.57 ↑ 2.3094
ERK5 signaling 2.26 ↑ 2.6726

Top diseases & bio functions
Cell death and survival 60.97 ↓ −2.2470
Cancer, cell death and survival, organismal injury and
abnormalities, tumor morphology

55.97 ↓ −2.8300

RNA post-transcriptional modification 54.57 −0.1250
Infectious diseases 50.88 ↓ −2.2170
Cellular growth and proliferation 49.22 −0.3250
Protein synthesis 47.74 −0.7560
RNA post-transcriptional modification 35.82 −0.3440
Cell cycle 7.96 ↓ −2.6300
Cell-to-cell signaling and interaction 6.99 ↓ −2.2720

a As determined by Ingenuity Pathway Analysis®.
b Up-arrows indicate pathway or function positive activation; down-arrows indicate

negative activation. Bolded Z-score values indicate significance N +1.96 or b 1.96 sigma.
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to play a role [96]. Our data using the 1918 strain also confirmed the
PI3K/Akt/mTOR pathwaywas affected during infection (Supplementary
Fig. S2). Furthermore, we noted that four of the five proteins (excluding
KIF22) we analyzed interact with the PI3K/AKT/mTOR signaling cas-
cade, a pathway that is responsible for regulating the cell cycle and cel-
lular survival. PI3K, AKT and mTOR are the central junctions of this
pathway. Cell surface receptor tyrosine kinases, (RTK) respond to vari-
ous growth factors, cytokines and hormones and activate phos-
phatidylinositol 3-kinase (PI3K) which in turn promotes production of
phosphatidylinositol 3,4,5-trisphosphate (PIP3).PIP3 recruits and acti-
vates AKT and mTOR is activated by the activities of PI3K and AKT.
AKT and mTOR exert a variety of upstream and downstream effects
such as control of protein transcription and translation, autophagy,
lipid synthesis and mitochondrial function (Fig. 7). We compared the
phosphorylation states of a variety of proteins within this pathway be-
tween mock-infected cells and cells infected with 1918, Mx10, RV733,
V1203 and Anh2013 as previously described. Cells infected with 1918
showed reduced phosphorylation levels of proteinswithin this pathway
at 5 hpi (Fig. 8A). By 24hpimany of the proteins had returned to normal
phosphorylation levels, specifically AKT and mTOR (Fig. 8B). Mx10
demonstrated very similar results to those of the 1918 group. At 5 hpi,
Mx10-infected cells demonstrated an overall decline in phosphoryla-
tion of proteins from the AKT/mTOR pathway (Fig. 8B), and by 24 hpi
the phosphorylation levels had almost completely returned to steady
state levels observed in mock-infected samples (Fig. 8B). When cells
were infected with a seasonal H1N1 strain, RV733, a few proteins
from the AKT/mTOR pathway had reduced phosphorylation at 5 hpi
and by 24 hpi almost the entire pathway was dephosphorylated, dem-
onstrating a slower inhibition of the pathway (Fig. 8). It is not known
whether the pathway returned to steady state levels as occurred for
the other H1N1viruses tested after 24 h. Interestingly, the two tested
avian viruses (V1203 and Anh2013) behaved differently.At 5 hpi both
viruses exhibited decreased phosphorylation of a number of proteins
in the AKT/mTOR pathway, as seen with the H1N1 viruses; however, a
notable distinction between the avian and H1N1 strains was the ob-
served early phosphorylation of AKT and either GSK3α or GSK3β de-
pending on the virus (Fig. 8A). GSK3α and GSK3β play redundant
roles in the pathway; they both are phosphorylated by AKT, and in
turn their activity is inhibited. Therefore, an increase in AKT activation
would correlatewith an increase in phosphorylation of either GSK3 spe-
cies. By 24 hpi, V1203-infected cells demonstrated further and signifi-
cant decrease in phosphorylation of almost all of the proteins
assessed, including GSKα, GSKβ and AKT, while several proteins in the
Anh2013-infected cells returned to steady state levelswith a few excep-
tions (Fig. 8B).

From our previous data, we saw that the two pandemic viruses,
1918 and Mx10, responded similarly; at 5 hpi there was a general de-
pression of the AKT/mTOR pathway followed by a return to steady
state levels by 24hpi. V1203 and RV733 also demonstrated a depression
of the AKT/mTOR pathway but it was delayed compared to 1918 and
Mx10, while Anh2013 appeared to alter only the phosphorylation
state of a few proteins in the pathway and an overall depression of
the pathway was not observed at any time point. This outcome sug-
gested that influenza virus infection may be selectively influencing
the pathway to promote viral replication. Focusing on the role of
mTOR, we used rapamycin, an inhibitor that specifically targets the
mTORC1 complex. Here we assessed whether the inhibition of
mTORC1 would affect influenza virus replication. Cells were infected
with 1918, Mx10, RV733, V1203 or Anh2013, treated with rapamycin
for either 5 or 24 h and viral replication was assessed at 48 hpi. Mx10,
RV733, V1203 and Anh2013 virus replication were unaffected by treat-
ment with rapamycin; however, 1918 replication was severely im-
paired by treatment with rapamycin, regardless of the time of
treatment, suggesting a requirement for mTORC1 activity in early repli-
cation events of the 1918 virus (Fig. 9). A striking difference in the rep-
lication of the 1918 virus and the other viruses evaluated is that the
1918 virus replicates to at least 2–3 log10 higher titer when rapamycin
is absent or at low, non-inhibitory concentrations.Following treatment
at doses in the range of 1–10 nM, replication of the 1918 virus was re-
duced to levels that are similar to those observed with viruses that are
not sensitive to rapamycin.This outcome suggests that the capacity of
the 1918 virus to grow to significantly higher titers in A549 cells, com-
pared to the other viruses, is dependent on the activity of mTOR, most
probably in the context of its role in the mTORC1 complex.

4. Discussion

A number of genome-wide RNAi screens, mRNAmicroarray screens
and yeast 2-hybid assays have defined cellular networks that are re-
quired for, or manipulated by, influenza infection. These studies have
identified N1400 protein targets that may be worth further analysis
[92]. Themajority of these studieswere performedwith less pathogenic
influenza virus strains and there was very little overlap between most
studies. Because viral infection leads to bothqualitative andquantitative
effects on host gene expression and function, we have complemented
these previous studies by performing quantitative proteomic assess-
ments of influenza infections to further define the effects of influenza
virus infection on host functions. Our earlier studies focused on quanti-
tative analyses of host protein responses to the mouse-adapted and at-
tenuated PR8 strain in both cultured A549 [12] and primary
bronchotrachial cells [48] and on high-pathogenic avian virus strains
in A549 cells [81].

We assessed changes in the host's global protein response after 1918
influenza virus infection by mass spectrometry. A previous study using
microarray technology indicated the presence of a strong inflammatory
cytokine/chemokine response but a diminished downstream antiviral
response in non-human primates infectedwith 1918 [47]. Interestingly,
using mass spectrometry, we identified a small proportion of cytokines
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Fig. 5. Host protein expression profiles of nuclear and cytoplasmic fractions from 1918 infected cells. (A) Cells were fractionated and separated into nuclear and cytoplasmic fractions.
Immunoblot analysis was conducted to ensure fractionation was complete. Histone H3 is found in the nucleus, Lamin is located in the nuclear envelope, actin is present in the
cytoplasm, and α tubulin is situated in both the nucleus and cytoplasm. (B-F) A549 cells were infected with 1918 at an MOI of 7 and harvested at 5 and 24 h post-infection. Cells were
fractionated and analyzed by immunoblot for specific proteins identified from the mass spectrometry analysis. Protein expression was quantified by densitometry and normalized to
the expression of actin. The fold increase in protein expression was determined by comparing mock and infected samples. The means and standard error of the means were calculated
from three separate protein expression experiments. A one-way Anova with a Bonferroni post-test was used to determine any significant changes between the fractions tested.*p-
value b 0.05, **p-value b 0.01, ***p-value b 0.001.
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involved in antigen processing andMHCpresentation thatwere dysreg-
ulated (Fig. 2A; Fig. 3A). In contrast to the previous study, which mea-
sured mRNA levels, we observed mildly decreased protein expression
Fig. 4.Geneontology analyses of up-regulated anddown-regulatedproteins. The proteins identi
gene identifications converted by that program, and ontological functions determined by GOTE
levels compared to mock-infected cells. This apparent discrepancy in
the antiviral responsesmay be an artefact of using an in vitro cell culture
system versus a fully immunocompetent animal model, or a result of
fied in Table 1were imported into theDAVID geneontology suite of programs at theNIAID,
RM. Only ontological functionswhose p values are b0.05 are indicated.□ , 5 hpi;■ , 24 hpi.



Fig. 6. Host protein expression profiles after IAV infection.A549 cells were infected with various influenza A viruses at an MOI of 7. Cell lysates were collected at 24 hpi and analyzed by
Immunoblot. Protein expression was quantified by densitometry and normalized to the expression of actin. The fold increase in protein expression was determined by comparing mock
and infected samples. Themean and standard error of themeanwas calculated from three separate protein expression experiments. A one-way Anova with a Dunnett post-test was used
to determine any significant changes between the strains tested and 1918.*p-value b 0.05, **p-value b 0.01, ***p-value b 0.001.
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variation between two different technologies. Thus, we investigated a
more highly affected pathway.

Our proteomic analysis pointed to the dysregulation of the AKT/
mTOR pathway by the 1918 virus. Using a variety of cell-based assays
we verified the altered expression states of proteins involved in this
pathway and the altered phosphorylation state of the AKT/mTOR path-
way with 1918 infection. Furthermore, we then demonstrated that
among our panel of different viruses, only the 1918 strain was sensitive
to the effects of rapamycin, suggesting that 1918 has a unique way of
utilizing the AKT/mTOR pathway to promote viral replication by main-
taining mTORC1 activation. This distinct response to the modulation of
the AKT/mTOR pathway could be a factor which plays a role in confer-
ring the unique and significant virulence and/or transmissibility of this
strain.

The PI3K/AKT/mTORpathway is known to play a role in viral replica-
tion of a number of RNA and DNA viruses by regulating apoptosis, cell
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survival and host transcription and translation [8,13]. When PI3K is ac-
tivated, it triggers AKT phosphorylation, which in turn leads to mTOR
activation [5,20,22,31,72,73,77–79,84]. mTOR, a serine/threonine sig-
naling kinase, forms two distinct complexes. The first, mTORC1 consists
ofmTOR, Raptor, Glb andDEPTOR and acts as amaster growth regulator
[44,45]. It controls major anabolic processes by activating protein syn-
thesis, lipogenesis and energy metabolism, and inhibiting autophagy
[33,38,44]. The second complex, mTORC2, comprised of mTOR, Rictor,
GbL, Sin1, PRR5/Protor-1 and DEPTOR regulates cell proliferation
[25,72]. mTORC2 functions as a regulatory kinase of AKT, PKCα and
SGK1 [5,72,73,84].mTORC1 and AKT subsequently activate GSK3,
p70S6K and4E-BP and their effector proteins to initiate host transcription
and translation.Many viruses are able to manipulate GSK3, p70S6K, 4E-
BP, and their effectors, to inhibit cellular transcription and translation
and allow for the production of viral proteins [9–11,14,19,63,76,93]. Our
results demonstrate a suppression of the PI3K/AKT/mTOR pathway,
which includesmany of the proteins responsible for cellular transcription
and translation (Fig. 8). It is likely that influenza viruses use inhibition of
this pathway to minimize cellular transcription and translation while
augmenting viral transcription and protein production.It is widely
known that influenza virus infection shuts off host transcription and
translation by decreasing production of cellular mRNA and the
nucleocytoplasmic transport of cellular mRNA [27,41–43]. Previously,
we demonstrated that viral translation increased in response to the sup-
pression of the mTOR pathway during infection with PR8 but production
of progeny virus was impaired [96]. This supports our finding, for the ob-
served temporal depression of the mTOR pathway at early time points.
This suppression of the the mTOR pathway is necessary to promote
viral translation, a necessary requirement to promote viral genome repli-
cation and once ample viral proteins have been synthesized the pathway
returns to a steady state level to allow for the continuation of the viral life
cycle and production of viral progeny.

The eIF4F complex, made up of eIF4E, a downstream effector mole-
cule of mTORC1 responsible for binding the cap of cellular mRNAs, the
RNA helicase eIF4A, and eIF4G, a scaffolding protein, is necessary for
protein translation. However, it was demonstrated that when eIF4E is
functionally impaired, influenza translation still occurs [9]. The virus
was able to overcome the need for eIF4E by the presence of the viral
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Fig. 8. The phosphorylation state of proteins found in themTOR/AKT signaling cascade.A549 cells were infectedwith various influenza A viruses at anMOI of 7.Cells lysateswere collected
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polymerase. The viral polymerase remains associated with the cap of
the viral mRNA and eIF4A and eIF4G are subsequently recruited to
maintain a functional eIF4F complex to initiate viral translation [9].
The inhibition of eIF4E activation is the likely mechanism causing the
suppression of host translational activities by preventing the formation
of a functional eIF4F complex. Viral translation can still occur, since the
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viral polymerase is capable of functioning as eIF4E to allow for the for-
mation of the eIF4F complex. Our results demonstrate the inhibition of
mTOR, which prevents eIF4E activation, and supports the observation
that influenza virus infection inhibits cellular transcription and transla-
tion (Fig. 7). Interestingly, we observed that the inhibition of mTORC1
with rapamycin for prolonged periods does not impair virus replication
for most of the viruses we tested, whereas our previous study demon-
strated that PR8 replication was impaired with prolonged rapamycin
treatment [96]. We observed a similar situation for the 1918 virus.
PR8, isolated in 1934 and descended from the 1918 virus, is one of the
oldest isolates that is routinely studied. The other strains tested in this
study were isolated more recently, from 2007 to 2013. We could be ob-
serving an evolutionary adaptation in how the viruses use the PI3K/
AKT/mTOR pathway that could be responsible for these differences.

Nucleocytoplasmic transport of molecules across the nuclear mem-
brane is also important for influenza virus replication. NXF1 is essential
for the transport of cellularmRNAs, containing exon-exon junctions, out
of the nucleus [15,68]. NXF1 is also essential for influenza virus replica-
tion [6,32,40,74] but the role of this pathway has not been well defined.
While the export of viral RNP structures out of the nucleus occurs
through the interaction between NEP and the CREM1 export pathway
[58], the NS1 protein is able to interact with NXF1 and prevent the ex-
port of cellular mRNAs [74] (Fig. 7). We observed that influenza infec-
tion caused NXF1 to be upregulated at later time points, which could
be the host's attempt to subvert the effects of NS1. Alternatively, the
virus may also be able to use the NXF1 export pathway in addition to
the CREM1 pathway. Interestingly, the influenza NS1 protein is also ca-
pable of binding p85β, the PI3K regulatory subunit, and stimulating
PI3K kinase activity [20,22,31,77–79] (Fig. 7). However, the activation
of PI3K activity is limited to IAV while PI3K activation remains un-
changed by influenza B viruses [21]. One study linked the PI3K/AKT/
mTOR pathway as a regulator of NXF1-mediated cellular mRNA export
from the nucleus [67]. Inhibition of PI3K, AKT and mTOR activation
allowed for increased NXF1 mediated-export of cellular mRNA from
the nucleus and activation of the pathway caused retention of cellular
mRNA in the nucleus[67] (Fig. 7). We tested three H1N1 strains, 1918,
Mx10 and RV733, and two avian-origin influenza strains, V1203
(H5N1) and Anh2013 (H7N9) that exhibit high virulence in human in-
fections. Interestingly, all three H1N1 strains demonstrated a decrease
in mTOR and AKT activation; 1918- and Mx10-mediated mTOR and
AKTactivation occurred at early time points post infection,while the de-
crease occurred at later time points for RV733, suggesting reduced up-
stream activation of PI3K, which was confirmed by the observed
inhibition of IR and IGF1R activation. Of note, the two avian influenza vi-
ruses caused significant AKT activation, suggesting instead the activa-
tion of PI3K for these viruses. Interestingly, IR activation was
depressed during infection with the avian strains; however, IGF1R
remained at baseline levels suggesting some degree of PI3K activation.
Thus, influenza virus-induced signaling appears to be strain specific.
Our data demonstrated an initial downregulation of NXF1 in the nuclear
fraction and an upregulation in the cytoplasmic fraction at 5 h post in-
fection during 1918 influenza virus infection (Fig. 5), suggesting a shift
away from normal steady state equilibrium towards nuclear export of
mRNA. By 24 hpi, NXF1 expression returned to steady state levels in
the nuclear fraction but remained slightly upregulated in the cytoplas-
mic fraction (Fig.5). This correlated with the observed inhibition of the
AKT/mTOR pathway at 5 hpi and then its return to steady state levels
at 24 hpi. Interestingly,when the expression profiles of NXF1were com-
pared to other viruses at 24 hpi, most viruses responded similarly to the
1918 strain (Fig. 6). The inhibition of the AKT/mTOR pathway and in-
creased shift of NXF1 into the cytoplasm at early time points is consis-
tent with increased NXF1-mediated mRNA nuclear export and may
indicate a novel role for this pathway in viral replication. Since expres-
sion of NS1 is linked to the retention of cellular mRNA in the nucleus
[74,81], thismay favor the export of viralmRNA. Furthermore, retention
of host mRNA in the nucleus could aid in virus-mediated cap snatching,
a unique phenomenon in which the first 10–20 nucleotides of cellular
pre-mRNA is removed andused as primer for viralmRNA synthesis. Fur-
thermore, the accumulation of cellularmRNA in the nucleuswould sub-
sequently decrease host translation allowing the host machinery to be
available for viral replication. Our data show that the inhibition of
mTORC1 does not affect viral replication for most viruses, confirming
the idea that the host will favor virus replication over cellular transcrip-
tion/translation. This suggests that the viral-induced inhibition of the
PI3K/AKT/mTOR pathway and its downstream effect on NXF1 could
play a role in diverting host machinery towards supporting viral func-
tionality. Interestingly, the inhibition of mTORC1 has a unique effect
on 1918 replication. We observed inhibition of 1918 replication by the
prolonged inhibition of mTORC1, suggesting that a balance between
mTOR inhibition for some steps in the viral life cycle and its ability to
maintain production of progeny virus must be maintained, a unique
finding for this strain of influenza.

LBR and Rab5 were two proteins differentially expressed in 1918-
infected cells compared to other strains of influenza virus. LBR, a dual
functioning protein, contains an N-terminal domain found in the nucle-
oplasmwhere it interacts with B-lamins, heterochromatin and chroma-
tin binding proteins, aiding in the maintenance of chromatin structure
as well as nucleus reformation after mitosis, and a C-terminal domain
anchoring LBR to the inner nuclear membrane [18,52,54,66,82,94,95].
The LBR C-terminal domain has sterol reductase activity [64,71,80],
which is important for cholesterol synthesis. The role that LBR plays in
maintaining the lamina structure of the nuclear membrane may indi-
rectly regulate transport of viral gene products in and out of the nucleus
(Fig. 7). Little is known about the interaction between LBR and the PI3K/
AKT/mTOR pathway; however, it was recently discovered that AKT is
able to phosphorylate Arginine-Serine residues in theN-terminal region
of LBR [90]. The phosphorylation of this protein causes a conformational
change, detaching the peripheral heterochromatin from the inner nu-
clear membrane, causing LBR to become highly mobile, thus fostering
the destabilization of the nuclear envelope for mitosis [90]. During this
process, the stability of the nuclear pores complexes will be compro-
mised, impairing nuclear transport. The inducible sterol reductase activ-
ity of LBR could also have a role in the production of lipids required for
viral replication (Fig. 7). A previous study identified LBR as being mod-
erately upregulated when A549 cells were infected with a 2009 pan-
demic H1N1 isolate by mass spectrometry [16]. Unfortunately, we
were not able to demonstrate similar results in our study; however,
the isolate (Mx10) used in this study was not employed in mass spec-
trometry experiments, but was used solely for biological validation, an
approach which was not done in the previous study. Therefore, a direct
comparison of results is difficult. We show that LBR was upregulated at
both 5 h and 24 h after infectionwith 1918, an observation thatwas dis-
tinctively different from the other strains tested in our study. Our find-
ings suggest a novel role of LBR in the 1918 virus life cycle by
accommodating increased nuclear stability, promoting viral nuclear
transport, and aiding lipid production involved in virus budding and
egress; however, further studies to confirm the role of LBR in the 1918
life cycle are needed.

Rab5 is a GTPase which regulates the endocytic pathway [97], con-
trols homotypic fusion of endosomes [3,30], vesicle movement on mi-
crotubules [35] and Rab GTPase conversion [70]. The elevated
expression of Rab5 GTPases has been implicated in decreasing insulin-
mediated activation of PI3K [51] downstream of mTORC1 activation
[7,24,50] (Fig. 7). The decline inmTORC1 activity in circumstances of el-
evated Rab5 is the result of Rab5misdirectingmTORC1 away from lyso-
somal compartments and into swollen vacuolar-like structures,
preventing mTORC1 from being phosphorylated by Rheb or Rag [7,50].
We showed Rab5b is upregulated during infection with 1918 influenza
virus but not by the other strains assessed (Table 1, Figs. 5 and 6), indi-
cating Rab5 expression may have a unique role in the 1918 virus life
cycle. These results are consistent with previous reports that Rab5 ex-
pression inhibits the PI3K/AKT/mTOR signaling cascade [7,24,50].
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Based on these reports, we may extend the possibility that 1918 infec-
tion induces an increase in Rab5 expression as a mechanism to inhibit
mTORC1 phosphorylation through its ability to sequester mTORC1
away from sites of PI3K/AKT/mTOR signaling activity [7,24,50]. How-
ever, our results also demonstrate a temporal depression of the PI3K/
AKT/mTOR pathway by the other strains assessed (Fig. 8). While Rab5
may play a role in the depression of this pathway for 1918, it is not
the only factor responsible, since 1918 replication was distinctly sensi-
tivity to the inhibition of mTORC1 phosphorylation by rapamycin treat-
ment (Fig. 9). The distinct expression profile of Rab5 and its sensitivity
to mTORC1 inhibition by 1918 infection compared to other influenza
strains may be correlated; however, follow up investigations into the
1918
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Fig. 9. Increased suppression ofmTORC1 activation negatively affects 1918 viral replication. A54
with varying amounts of rapamycin for 5 or 24 h.At 48 hpi, supernatantswere harvested and vir
variable slopemodels to fit the data. A horizontal linemodel suggests there was no effect on vir
that there was a dose-dependent response to treatment.
role of Rab5would be needed to fully understand thismechanism of ac-
tion. mTORC1 is known to negatively regulate autophagy; therefore, a
decrease in mTORC1 activity by Rab5 expression will have a positive ef-
fect on the induction of autophagy activity [50]. Autophagy is responsi-
ble for the degradation of cellular organelles and protein aggregates of
long-lived proteins [55]. Macroautophagy is the best understood path-
way of autophagy and has roles in both innate and adaptive immune re-
sponses [75]. A two-membrane vesicle forms around its target to
generate an autophagic vesicle. This vesicle will then fuse with late
endosomes and lysosomes for substrate degradation. Many viruses
have evolved subversion strategies, which allow them to benefit from
host-mediated autophagy [4,23,26,34,46,69,85]. The influenza virus
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M2-ion channel protein plays a role in subverting autophagy by
blocking fusion of the autophagosome with the lysosome [4,26] and
can further utilize the autophagy machinery as a source of materials
needed for virus budding and virion stability [4] (Fig. 7). While the
1918 virus may use Rab5 as an inhibitor of the PI3K/AKT/mTOR path-
way, subsequently causing the activation of autophagy, other strains
may have evolved alternative strategies to do the same thing.

In conclusion, we found that 1918 infection temporally inhibits the
mTOR pathway, while effectively promoting viral replication; however,
the robust and prolonged depression of mTOR by rapamycin severely
impairs 1918 replication. This suggests that 1918 virus-mediated
mTOR activity inhibition is tightly regulated both temporally and by de-
gree to promote 1918 replication. Deviation from this balance of activity
would have detrimental effects. Our study suggests that infection of
A549 human lung cells with influenza viruses alters host nucleo-
cytoplasmic shuttling of molecules across the nuclearmembrane, cellu-
lar transcription and translation activities, and host synthesis of lipids
through a dysregulation of the PI3K/AKT/mTORpathway. Among the vi-
ruses we compared, we observed a unique expression profile of two
host proteins, LBR and Rab5b proteins in 1918 infected cells. The tempo-
ral increase in Rab5b expression could play key roles in transient de-
pression of the PI3K/AKT/mTOR pathway. Likewise, the general
upregulation of LBR could have a role in increased cholesterol synthesis
and its overall increase in post-translational phosphorylation by AKT
due to increased expression levels, which could have downstream ef-
fects on the stability of the nuclear envelope and subsequently nuclear
transport. The findings we have presented in this study complement
and bridge some gaps between other reports, together providing a
more coherent picture of how influenza viruses highjack the host re-
sponse and the possible mechanisms required to mediate virus replica-
tion. Moreover, our work paves the way for further research on the
relationship between 1918 infection and the PI3K/AKT/mTOR signaling
pathway and the host mechanisms responsible for facilitating virus rep-
lication and in determining levels and severity of pathogenesis.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.05.027.
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