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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

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
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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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