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Abstract

Fluctuations in phospholipid composition in infected cells during influenza A virus replication were analyzed using two
different susceptible host cell lines: H292 cells, exhibiting a rapid cytopathic effect, and A549 cells, exhibiting a retarded
cytopathic effect. Microarray analysis demonstrated that A549 cells recognized influenza A virus invasion, expression of
pathogen recognition genes was affected, and antiviral genes were activated. On the other hand, H292 cells did not display
such an antiviral state, and in these cells, rapid virus amplification and a rapid cytopathic effect were observed. Levels of
ceramide, diacylglycerol, and lysolipids were higher in virus-infected cells than in the corresponding mock-infected cells at
the later stages of infection. The accumulation of these lipids in [AV-infected cells occurred together with viral replication.
The relationship between the characteristic features of ceramide, diacylglycerol, and lysolipid in the plasma membrane,
where enveloped viruses are released, and their role in viral envelope formation are discussed. Our results indicate that viral

replication disturbs cellular lipid metabolism, with consequences for viral replication kinetics.

Introduction

Influenza A virus (IAV), a member of the family Ortho-
myxoviridae, is a negative-sense, single-stranded, segmented
RNA virus [1]. IAV is classified into subtypes based on vari-
ations in the viral hemagglutinin (HA) and neuraminidase
(NA), which are membrane glycoproteins that are present in
the virion envelope [2]. IAV circulates and causes seasonal
epidemics of disease and is known to have caused pandem-
ics. Every year, there are an estimated 1 billion cases of
TAV infection globally, of which 3 to 5 million are severe,
resulting in 290,000 to 650,000 influenza-related deaths [3].

The IAV virion binds to a specific receptor on the host
cell, and the viral RNA genome invades the cytoplasm by
uncoating of the nucleocapsid. The viral genome is then
amplified for replication and transcription, and viral pro-
teins are produced using the translational machinery of the
host cell. These viral proteins and nucleocapsids contain-
ing genomic RNA assemble into virions, and the progeny
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virions acquire a host-derived lipid envelope during bud-
ding at the plasma membrane [2]. Viral infection induces
different types of cellular responses in different cell types,
resulting in increased production of factors that participate
in the virus recognition mechanism, cytokine production,
including interferon production, and regulation of cellular
metabolism, including lipid metabolism [4-7].

The entry of virions into host cells starts with attach-
ment at the cell surface, where the assembly and release of
progeny virions also occur. The plasma membrane, which
separates the cell from the outside environment, is composed
of a lipid bilayer made up of phospholipids and cholesterol
and contains various glycoproteins and glycolipids. IAV
uses sialic acid on glycoproteins and glycolipids as an entry
receptor. The plasma membrane, which interacts with the
outside environment, is involved in a variety of cellular pro-
cesses such as the transport of materials, ion conductivity,
cell signaling, cell adhesion, endocytosis, and exocytosis. [7,
8]. Most of the phospholipids in the lipid bilayer are present
in one of six major glycerophospholipid types: phosphatidic
acid (PA), phosphatidylcholine (PC), phosphatidylethanola-
mine (PE), phosphatidylglycerol (PG), phosphatidylinositol
(PI), phosphatidylserine (PS), and sphingomyelin (SM) [8,
9]. Generally, PC is the major component of most mamma-
lian cell membranes, whereas PE is the most abundant in
purified virions [10]. The phospholipid composition of the
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host cell depends on the host species and differs between
mock-infected and virus-infected cells and also differs from
that of virions produced from these cells. There are also
differences in lipid composition between IAV strains [10].

IAV acquires its host-derived envelope during the bud-
ding of progeny virions. At the budding site, there is a
change in the phospholipid content of microdomains within
the host plasma membrane. Elevated sphingolipid turno-
ver and altered lipid composition of plasma membranes of
infected cells have been reported in infections with vari-
ous viruses [11], including human immunodeficiency virus
[12], flaviviruses [13], coronaviruses [14], IAV [15], vesic-
ular stomatitis virus [16], and rotaviruses [17]. Structures
referred to as “lipid rafts” are sites of assembly and budding
of various enveloped viruses as well as sites of viral binding
and entry [18, 19]. However, a convergent view of the role
of lipid metabolic pathways during influenza virus replica-
tion is lacking, particularly the pathways that are required
for the generation of the viral envelope, and their contri-
bution to virus pathogenicity is not well understood [20,
21]. Understanding the effect of phospholipid metabolism
on viral pathogenesis will provide important insights that
will aid in the development of therapeutic strategies against
microbial infections [22].

In the present study, we examined changes in the lipid
composition of the host plasma membrane at various stages
of IAV infection, using cells differing in IAV replication
kinetics. Major phospholipid classes in IAV- and mock-
infected cells were quantified by lipidomic analysis and
compared at different stages of virus infection. Altered
phospholipid metabolism, which is a hallmark of influenza
virus infection in vitro and in vivo, is of interest as a unique
pathogenicity-dependent signature for influenza virus. Here,
we focused on changes in the content in ceramides (CERs)
during virus amplification. It is known that CER accumula-
tion in the inner leaflet of the plasma membrane favors bleb-
bing and membrane evagination [21, 22, 24]. The interplay
between CER and IAV has not yet been fully elucidated, and
results of this study raise the question of a potential role for
CER during IAV infection.

Materials and methods
Virus and cells

A stock of influenza A/H3N2/Udorn/72 virus was used for
virus infection. The virus strain was grown in the chorioal-
lantonic fluid of 10-day-old chicken eggs. Aliquots of the
virus preparation were stored at -80°C until use. Human lung
carcinoma A549 cells (ATCC CCL185) and H292 cells (NCI-
H292, ATCC CRL1848) were used as host cells. Both cell
lines are fully permissive for influenza A virus infection. These
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cells were grown in RPMI-1640 medium supplemented with
10% fetal bovine serum and 100 IU of penicillin and 100 pg
of streptomycin (GIBCO, NY, USA) per mL.

Virus infection

A549 or H292 cells were infected with the A/H3N2/
Udorn/72 strain at a multiplicity of infection (MOI) of 3. The
virus titer (focus-forming units [ffu]/mL) was determined
using a fluorescent focus assay. After 1 h of adsorption, the
cells were washed with phosphate-buffered saline (PBS) and
incubated in serum-free RPMI-1640 medium under 5% CO,
at 37°C. At 4, 8, 12, and 24 h postinfection (hpi), infected
cells were prepared for subsequent experiments.

Directimmunofluorescence and staining
of virus-infected cells

Virus-infected cells were fixed with 80% acetone at 8 hpi
and stained with a diluted fluorescein isothiocyanate (FITC)-
conjugated monoclonal antibody against the influenza A
virus nucleoprotein (NP) (D67J; Pierce-Antibodies, MA,
USA). Images were taken under a fluorescence microscope
(Olympus CKX41, Tokyo, Japan) at 400x magnification.
For cell staining, the cells were fixed with 80% acetone and
stained with 0.5% amido black 10 B (Wako Pure Chemical
Corporation, Tokyo, Japan) in 45% ethanol and 10% acetic
acid as described previously [25, 26].

Microarray analysis of virus-infected cells

A549 or H292 cells were infected with the A/H3N2/
Udorn/72 strain at an MOI of 3. At 4 and 8 hpi, total RNA
was extracted from the virus-infected cells and the corre-
sponding mock-infected cells using an RNeasy Kit (QIA-
GEN Inc., CA, USA). A portion of the RNA preparation was
subjected to analysis using Agilent Expression Array Sure
Print G3 Human Gene Expression 8 X 60k ver. 2 (Agilent
Technologies, CA, USA). The expression levels of mRNAs
were analyzed using approximately 50,000 probes, allow-
ing full coverage of the human transcriptome. Using this
analysis with our RNA preparations, positive signals were
obtained with 7,681 and 7,924 probes in mock- or IAV-
infected A549 cells and H292 cells, respectively (Supple-
mentary Data 1). The expression levels of different genes
were compared between IAV-infected and mock-infected
cells.

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis

A549 and H292 cells infected with IAV or mock-infected
cells in 12-well culture plates were incubated for the
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Fig.1 (a) CPE due to IAV infection and (b) number of cells remain-
ing on the culture plate. IAV-infected H292 and A549 cells were
stained with FITC-conjugated anti-NP antibody or 0.5% amido black
at 8, 12, and 24 hpi. White scale bars, 100 pm; black scale bars, 5
mm. H292 cells were counted at 4, 8, and 12 hpi, and A549 cells
were counted at 4, 8,12, 24, and 48 hpi. The percentages are in com-
parison to mock-infected cells.

indicated times. After removal of the supernatant, the resi-
dent cells were washed with PBS and detached by treatment
with 500 pL of 0.25% trypsin containing 1 mM EDTA. Four
hundred microliters of the cell suspension was added to 600
pL of distilled water, as well as 10 puL of a mixture of inter-
nal standard for LC-MS/MS analysis containing standard
lysolipids and diacyllipids (as shown in Supplementary Data
2) and 3.7 mL of a chloroform-methanol mixture (1:2, v/v).
The mixed preparations were subjected to phase separation
by adding 1.25 mL each of chloroform and distilled water
acidified to pH 2-2.5, essentially as described by Bligh
and Dyer [27]. The chloroform phase was withdrawn and
evaporated, the residue was redissolved in 1 mL of mobile
phase, and 50 uL of 5 mM EDTA was added. Levels of
individual molecular species of lipids tested are tentatively
shown as pmol/10° cells based on peak ratios to the corre-
sponding internal standard. Total levels of each lipid class
were calculated semi-quantitatively as the sum of those of

the individual molecular species. The rest (100 pL) of the
cell suspension was used to count the cells.

The lipid profile of each cell preparation was determined
using an LC-MS/MS system composed of an LC-20AD
pump, SIL-20AC auto-sampler, CBM-20A system control-
ler, DGU-20A5R degasser, CTO-20A column oven, FCV-
20AH2 valve unit, and LCMS-8040 MS system equipped
with ESI as the ionization source (Shimadzu Corp., Kyoto,
Japan). The entire system was operated using LabSolutions
software. The analytical column was a Mastro2 C18 column
(2.0 x 150 mm; particle size, 5.0 um; Shimadzu Corp.). The
column was kept at 45°C during analysis. The mobile phase
consisted of a methanol-water mixture (95:5, v/v) containing
5 mM ammonium formate. Isocratic separation was achieved
using this mobile phase. The flow rate was maintained at 0.2
and 0.4 mL/min for the analysis of lysolipids and diacyllip-
ids, respectively. The injection volume was in the range of
5-40 pL. MS/MS parameters of each lysolipid and diacyl-
lipid are shown in Supplementary Data 2.

Real-time fluorescent quantitative PCR

A549 or H292 cells (10° cells/well in 48-well plates) were
infected with the A/H3N2/Udorn/72 strain at an MOI of 3.
At 8 and 12 hpi (both cell lines), and at 24 and 48 hpi (only
A549 cells only), total RNA was extracted from the infected
cells using a Luna Cell Ready Lysis Module (New England
Biolabs Inc., MA, USA). Some of the RNAs were analyzed
using a Luna Cell Ready One-Step RT-qPCR Kit (New Eng-
land Biolabs Inc., MA, USA) using the primers FLUAM-7F
(CTTCTAACCGAGGTCGAAACGTA), FLUAM-161-R
(GGTGACAGGATTGGTCTTGTCTTTA), and FLUAM-
49-P6 (FAM-TCAGGCCCCCTCAAAGCCGAG-BHQ1)
[28]. Briefly, the reverse transcription step was carried out
at 55°C for 10 min, followed by heat denaturation at 95°C
for 1 min. The qPCR step consisted of 45 cycles of 95°C for
10 s and 60°C for 30 s. The gPCR was performed using a
Thermal Cycler Dice Real Time System III (Takara, Japan).
The value obtained for the threshold cycle (Ct) was adjusted
for cell number in the corresponding culture and expressed
as a relative amount of viral RNA.

Statistical analysis

The results are expressed as the mean + standard devia-
tion (SD). Data were analyzed using JMP® 14.2 statistical
software (SAS Institute, Cary, North Carolina, USA). The
statistical significance of the differences among groups was
analyzed using Student’s t-test. P < 0.05 (shown as *) or P
< 0.01 (shown as **) were considered significant.
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Results and discussion

We performed a comparative lipid analysis with two cell
lines that differ in their sensitivity to influenza virus infec-
tion, with H292 cells exhibiting a stronger cytopathic effect
(CPE) than A549 cells. Immunofluorescence microscopy
showed that both cell lines were infected to a similar extent
by IAV. At 12 hpi, more than half of the H292 cells had
detached from the culture plate, and at 24 hpi, almost all
of the cells had detached. On the other hand, most of the

@ Springer

A549 cells remained attached to the culture plate at 12 hpi
(Fig. 1a). The number of attached cells on the culture plate
decreased as the virus infection progressed, and the rate was
faster for H292 cells than for A549 cells (Fig. 1b).

We also investigated how the kinetics of virus replica-
tion may be corelated with fluctuations in the lipid compo-
sition of the cells. IAV- and mock-infected H292 or A549
cells at 0, 4, 8, and 12 hpi were subjected to lipid profile
analysis (Supplementary Data 3). The total lipid content
per cell number (pmol/10? cells) in mock-infected cells was
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Table 1 Comparison of

‘ A H292 A549
diacyllipids in IAV- and mock-
infected H292 and A549 cells Mean*  SDY Inf/Mock®  P-value® Mean SD Inf  P-value/Mock
12 et PC Mock 568.6 50.7 1.33 0.014 Mock  678.1 540 1.19 0.138
Inf 7570 583 * Inf 809.0 99.9
PE Mock 3402 227 0091 0.283 Mock 1823 4.6 1.07 0.027
Inf 309.6 349 Inf 195.6 5.0 *
PG Mock 11.1 09 133 0.032 Mock 4.6 0.1 1.17 0.052
Inf 14.8 1.5 * Inf 54 0.3
PI Mock 242,66 22.1 0.92 0.486 Mock  199.9 84 1.04 0.266
Inf 2227  38.0 Inf 207.2 3.0
PS Mock  152.5 8.1 1.61 0.041 Mock  173.8 3.0 1.18 0.003
Inf 245.1 358 * Inf 204.4 5.7 wE
PA Mock 26.4 32 1.05 0.647 Mock 12.7 0.7 1.06 0.508
Inf 27.7 2.8 Inf 13.5 1.6
BMP Mock 7.4 0.5 0.55 0.013 Mock 5.6 0.9 093 0465
Inf 4.1 1.0 * Inf 5.2 0.3
DAG Mock 49.6 6.7 1.89 0.006 Mock 40.0 3.0 1.28 0.009
Inf 93.8 1.5 *oE Inf 51.2 2.6 ok
SM Mock 532 40 1.28 0.032 Mock 55.9 0.9 1.10 0.012
Inf 67.9 6.1 * Inf 61.6 1.6 *
CER Mock 5.1 05 218 0.007 Mock 1.7 0.1 1.41 0.085
Inf 11.1 1.2 ok Inf 2.4 0.4
Total Mock 1456.7 102.3 1.20 0.075 Mock 13546 385 1.15 0.065
Inf 1753.8 171.5 Inf 15553 103.7

#Mean (pmol/ 10? cells), PSD (standard deviation), Inf/Mock at 12 hpi (the number of virus-infected cells
divided by the number of mock-infected cells), YSignificant differences in the number (as shown in bold
type) of virus-infected cells compared to the number of mock-infected cells are indicated as follows: *, P <

0.05; **, P < 0.01.

determined at O h and 12 h, and in IAV-infected cells it was
determined at 12 hpi (Fig. 2a and e). At 12 hpi, the total
lipid content was reduced in both mock- and IAV-infected
cultures. The total activity of the lipid degradation pathway
surpassed that of the lipid synthetic pathway because of the
lack of a lipid supply when serum-free medium was used. In
addition, the total amount of diacyllipid was slightly reduced
in the infected cells (Fig. 2a and e).

The diacylphospholipid composition varies among dif-
ferent types of cells, and that of virions differs from that
of the infected cells from which they produced [10]. This
suggests that virus replication might alter the lipid profile
of the cell. The profiles of the major diacyl phospholipids in
mock- and virus-infected cells are shown in Fig. 2b and f.
PC is the major component in most mammalian cell mem-
branes [9, 10]. PC was found to be abundant in both cells
lines, but the relative amount of PE was found to be higher in
H292 cells. PI accounts for roughly 15% and PS accounts for
roughly 10% of total phospholipids, with minor differences.
The relative abundance of the different lipids was PC > PE
> PI > PS in H292 cells and PC > PI > PE = PS in A549
cells. Diacylglycerol (DAG) comprised 3—-5% of the total

lipids. Of the minor phospholipid classes, PG, PA, and bis-
(monoacylglycerol)-phosphatidic acid (BMP) represented
less than 1% of the total lipid content.

Sphingolipids, another phospholipid subfamily, were also
analyzed. SM is the most abundant member of this subfam-
ily [9, 29] and was found to constitute 3.5-4.5% of the total
lipid content in both cell lines. SM is more abundant in A549
cells than in H292 cells. CER, which is a central intermedi-
ate in sphingolipid metabolism and plays an important role
as a secondary messenger in diverse cell signaling pathways,
accounts for less than 1% of the lipid in these cells and is
more abundant in H292 cells than in A549 cells. Although
glycerophospholipids are sufficient to form membrane bilay-
ers by themselves, less-abundant lipid species, especially
sphingolipids, play an important role in determining the
biophysical and biological properties of lipid bilayers. For
example, a particular type of microdomain, called a lipid
raft, is enriched in cholesterol and sphingolipids and plays a
role in many biological processes, including numerous sig-
nal transduction pathways, apoptosis, and protein sorting
during both exocytosis and endocytosis, as well as being
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Fig.3 Changes in the DAG, CER, and SM content of IAV-infected
H292 or A549 cells. The relative amounts of DAG, CER, and SM
in TAV-infected cells compared to those in mock-infected cells were
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Fig.4 Quantitation of viral RNA by real-time RT-PCR. The relative
amount of viral RNA in the cells (equivalent to 10° cells) was cal-
culated using the Ct values obtained from H292 cells at 8 and 12 hpi
and A549 cells at 8, 12, 24, and 48 hpi.
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responsible for virus entry and viral assembly and release
[18, 23].

Viral infection can disturb many cellular metabolic pro-
cesses that are associated with lipid metabolism. We found
that the proportions of the major phospholipid classes
changed somewhat as IAV infection progressed. A difference
in the overall phospholipid composition of mock-infected
and IAV-infected cells was observed in both H292 (Fig. 2b-
d) and A549 cells (Fig. 2f-h), but the relative amounts of the
major glycerophospholipid classes did not show a marked
difference during infection in either cell type.

The effect of IAV on lipid composition was evaluated by
comparing the content of individual phospholipid classes
in IAV-infected and mock-infected cells at 12 hpi (Table 1),
and the relative amounts of PC, PG, PS, DAG, SM, and
CER were found to be increased by viral infection in H292
cells. Among the major glycerophospholipids, the largest
change was observed for PS (1.61-fold). Interestingly, a
1.89-fold higher level of DAG was found in IAV-infected
cells when compared to mock-infected cells. DAG is a cen-
tral and important lipid in glycerophospholipid metabolism
and acts as a second messenger, activating protein kinase C
in the signal transduction pathway. SM is the most abundant
membrane sphingolipid, representing 3.5-4.0% of the total
lipid content (Fig. 2b-d). The relative amount of SM was
1.28-fold higher in IAV-infected cells than in mock-infected
cells. Although the total amount of CER was much less than
that of SM, the relative content of CER in IAV-infected cells
compared to that in mock-infected cells was 2.18-fold higher
(Table 1). Sphingolipids are known to be responsible for
blebbing and curvature or evagination of the plasma mem-
brane, where assembly and release of IAV occurs.

In A549 cells, which are less sensitive to IAV infec-
tion and exhibit a slower development of CPE, the rela-
tive change in lipid composition due to infection was less
pronounced than in H292 cells. DAG (1.28-fold) and CER
(1.41-fold) increased at 12 hpi.

A time-course analysis was performed to examine
changes in the amounts of sphingolipids and DAG in H292
cells at 4, 8, and 12 hpi, and DAG and CER were found to
significantly increase with time postinfection (Fig. 3a). In
A549 cells, a similar effect was observed, but not until later
time points (24 and 48 hpi), which correlated with the slower
progression of CPE in A549 cells (Fig. 3b). The SM content
did not change significantly in either cell type.

To investigate changes in the amount of viral RNA in
infected cells, real-time RT-PCR analysis was performed
(Fig. 4). Total viral RNA (viral genome and messenger sense
RNA) was examined at 8 and 12 hpi in both cell lines and
at 24 and 48 hpi in A549 cells. Viral RNA amplification
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LPI | 8.0%
aLPG LPG | 0.7%
BlySoPAF |1 oPAF| 0.3%
BLPA LPA | 02%
aSPH SPH | 0.1%
Bs1P S1P | 0.0%
BlysoSM [ 555M | 0.0%

was found to be delayed in A549 cells compared to H292
cells, which correlated with the delayed cell death seen in
Fig.1. H292 cells produced 1.6 x 107 ffu of progeny virus
at per mL 24 hpi, and A549 cells produced 5.4 x 10° ffu/
mL at 24 hpi.

Taken together, our results suggest that viral replica-
tion brings about changes in phospholipid metabolism.
The relative amounts of CER and DAG in IAV-infected
cells increased with time, although their effect on the total
phospholipid content was small. DAG is a central lipid of
glycerophospholipid metabolism. Therefore, we believe it is
produced by increased degradation of glycerophospholipids

due to viral infection. CER is a central intermediate in sphin-
golipid metabolism. CER, which has a cone-shaped struc-
ture, influences membrane curvature and fluidity, leading to
positive curvature of the plasma membrane [23, 24]. There-
fore, the increase in CER would favor budding of virions.
We suggest that CER might also be an indicator molecule
of cellular dysfunction and cell death.

Virus infection affects total lysophospholipid content. In
H292 cells, the total amount of lysophospholipid at 12 hpi
was higher than in mock-infected cells (Fig. 5a). In A549
cells, the total amount of lysophospholipids was increased
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Table 2 Number of genes with expression levels that were altered by
at least 4-fold during IAV infection

H292 cells 4hpi  8hpi 4hpior8hpi 4 hpiand 8 hpi
Total 99 131 181 49
Upregulated 44 28 68 4
Downregulated 55 103 113 45

A549 cells

Total 157 311 426 42
Upregulated 113 251 346 18
Downregulated 44 60 80 24

mRNA levels were compared between IAV-infected and mock-
infected cells using microarray analysis (Supplementary Data 1).

at 12 hpi, and the increase became more prominent at later
times in proportion to virus replication (Fig. 5d).

The generation of lysolipids could be related to the degra-
dation of diacyllipids, which might disturb the structure and
dynamics of the cell plasma membrane. The amount of the
lysolipid monoacylglycerol (MAG) in H292 cells increased
from 39.7% in mock-infected cells to 65.9% in IAV-infected
cells at 12 hpi (Fig. 5b-c). In A549 cells, a similar increase
in MAG was detected (34.1% in mock-infected cells ver-
sus 55.7% at 12 hpi and 46.2% at 24 hpi in [AV-infected
cells; Fig. Se-g). The generation of MAG could be caused
by the degradation of lysophospholipids, which are deg-
radation products of diacylphospholipids. Alternatively,
MAG is produced from DAG by diacylglycerol lipase. The
increase in DAG levels in IAV-infected cells, as shown in
Fig. 3, would contribute to the increase in MAG levels. This
degradation is commonly caused by virus infection [12],
which disturbs lipid metabolism via generation of lysolipids
by phospholipases and lipases. Another important role of

lysophospholipids is to promote positive curvature by intro-
ducing inverted cone-shaped molecules into the membrane
[10]. Like CER, lysophospholipids might promote virus pro-
duction by disturbing the membrane structure.

H292 and A549 cells exhibit differences in their sensitiv-
ity to IAV infection, which could be observed in comparative
gene expression analysis. Microarray analysis showed that
7,681 genes were significantly expressed in [AV-infected
and mock-infected A549 cells and that 7,924 genes were
expressed in H292 cells (Supplementary Data 1). As shown
in Table 2, in A549 cells, 346 genes were upregulated by
more than 4-fold at 4 or 8 hpi as compared to those in mock-
infected cells, and 80 genes were downregulated by less than
4-fold. A total of 426 genes showed changes in expression
levels at the early stages of IAV infection.

In H292 cells, the expression of 181 genes was affected by
TAV infection, 113 of which were downregulated and 68 of
which were upregulated. Both cell lines showed altered pro-
files of gene expression in the early stages of IAV infection.
A549 cells, exhibiting retarded CPE, displayed increased
expression of many genes. In H292 cells, which are more
sensitive to IAV infection, the number of genes with altered
expression was lower and the number of upregulated genes
was smaller than the number of downregulated ones.

We then focused on genes related to pathogen recogni-
tion and sensing of viral infection, which provide the first
line of protection against invading pathogens acting either
to eliminate the pathogen or to maintain tolerance [4]. In
particular, the expression levels of virus-recognition genes,
including Toll-like receptors (TLRs), retinoic acid-inducible
gene I (RIG-I)-like receptors (RLRs), and nucleotide-bind-
ing oligomerization domain (NOD)-like receptors (NLRs),
were examined during the early stages of IAV infection
(Table 3). In A549 cells, the TLR3, MYD88, TRIM21,

Table 3 Genes related to pathogen recognition with altered levels of expression during IAV infection

Gene Description H292 A549 Accession no.
4 hpi 8 hpi 4 hpi 8 hpi
TLRs
TLR3 Toll-like receptor 3 0.34 0.62 0.17 4.15 NM_003265
MYDS8 Myeloid differentiation primary response gene 88 0.31 0.83 0.36 2.48 NM_002468
RLRs
TRIM21 Tripartite motif containing 21 0.02 1.77 0.72 3.74 NM_003141
RIG-I DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 0.26 1.02 1.05 4.62 NM_014314
(DDX58)
MAVS Mitochondrial antiviral signaling protein -3.05 -2.74 0.08 0.13 NM_020746
NLRs
NLRC5 NLR family, CARD domain containing 5 0.18 0.08 0.44 3.91 NM_032206
NOD2 Nucleotide-binding oligomerization domain containing 2 0.17 0.50 -0.08 2.61 NM_022162

Changes in gene expression of 4-fold or more (shown as log, values), as indicated by microarray analysis (Supplementary Data 1), are shown in
bold. mRNA expression levels were compared between IAV-infected cells and their corresponding mock-infected cells at 4 and 8 hpi.
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RIG-I, NLRCS5, and NOD?2 genes were strongly upregulated
at 8 hpi. In H292 cells, expression of these genes was lower,
and the expression of the MAVS gene, which contributes to
antiviral innate immunity, was prominently downregulated.
These genes are activated early in infection and are critical
for influenza virus cytopathogenesis. Pathogen-recognition
receptors activate specific signaling pathways that lead
to the expression of genes related to production of type I
interferons (IFNs) and inflammatory cytokines and trigger
apoptosis. In this study, genes encoding interferon regula-
tory factors, Jak/Stat signaling factors, and IFNs (especially,
IFN-As), as well as interferon-inducible genes, including
MX1, MX2, and 2’-5’-oligoadenylate synthetase 1, 2, and
3, were upregulated in IAV-infected A549 cells at 8 hpi,
but most of these genes were not significantly affected by
IAV infection in H292 cells (Supplementary Data 4 and 5).
These responses to IAV infection in A549 cells may serve as
a cellular defense mechanism to reduce potential cytotoxic
effects.

In conclusion, IAV infection alters cellular homeosta-
sis, disturbs the overall metabolic state of the cell, and can
ultimately result in cell death. The mechanism by which
this occurs is likely to depend on the cell type. Viruses can
induce cell death through apoptosis, necrosis, necroptosis,
and pyroptosis, but the mechanisms involved are not com-
pletely understood [30-35]. In this study, we used cells that
differ in their sensitivity to IAV infection. A549 cells can
recognize the invasion of pathogens and induce an antiviral
state or express interferon-related genes [6] (Table 2, Sup-
plementary Data 4). H292 cells do not recognize IAV, and
therefore, virus replication, disturbance of cellular metabo-
lism, and cell death occur more rapidly in these cells. We
found that replication of the virus and disturbance of phos-
pholipid metabolism (with a relative increase in CER, DAG,
and lysolipids) occurred simultaneously. Lipid metabolism is
involved in various cellular physiological states [9]. Expres-
sion of genes encoding enzymes involved in phospholipid
metabolism, including sphingomyelinase, ceramide syn-
thetase, and diacylglycerol lipase, did not change signifi-
cantly in the early stage of virus replication (Supplementary
Data 6), but the relative levels of CER and MAG increased
with time as IAV infection progressed. These lipids can have
a significant effect on the dynamics of the plasma mem-
brane, where envelope IAV particles assemble and bud. Pre-
vious studies have shown that ceramide is associated with
different pathobiological disorders, such as cancer, liver
disease, diabetes, cardiovascular disease, and lung inflam-
mation [7, 36—41]. Ceramide can also enhance or inhibit
viral replication, suggesting that clinical manipulation of
ceramide metabolism might be a potential strategy for com-
bating viral infections [11, 24, 42]. Further investigations are
required to gain a better understanding of the role of lipids

in the molecular pathogenesis of IAV, which might be useful
for the development new therapeutic strategies.
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