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ABSTRACT Annual influenza outbreaks are associated with significant morbidity
and mortality worldwide despite the availability of seasonal vaccines. Influenza
pathogenesis depends on the manipulation of host cell signaling to promote virus
replication. Ceramide is a sphingosine-derived lipid that regulates diverse cellular
processes. Studies highlighted the differential role of ceramide de novo biosynthesis
on the propagation of various viruses. Whether ceramide plays, a role in influenza
virus replication is not known. In this study, we assessed the potential interplay be-
tween the influenza A (IAV) and ceramide biosynthesis pathways. The accumulation
of ceramide in human lung epithelial cells infected with influenza A/H1NT1 virus
strains was evaluated using thin-layer chromatography and/or confocal microscopy.
Virus replication was assessed upon the regulation of the de novo ceramide biosyn-
thesis pathway. A significant increase in ceramide accumulation was observed in
cells infected with IAV in a dose- and time-dependent manner. Inoculating the cells
with UV-inactivated IAV did not result in ceramide accumulation in the cells, sug-
gesting that the induction of ceramide required an active virus replication. Inhibiting
de novo ceramide significantly decreased ceramide accumulation and enhanced virus
replication. The addition of exogenous Cg-ceramide prior to infection mediated an
increase in cellular ceramide levels and significantly attenuated IAV replication and
reduced viral titers (=1 log10 PFU/ml unit). Therefore, our data demonstrate that
ceramide accumulation through de novo biosynthesis pathway plays a protective
and antiviral role against IAV infection. These findings propose new avenues for de-
velopment of antiviral molecules and strategies.

IMPORTANCE Understanding the effect of sphingolipid metabolism on viral patho-
genesis provide important insights into the development of therapeutic strategies
against microbial infections. In this study, we demonstrate a critical role of ceramide
during influenza A virus infection. We demonstrate that ceramide produced through
de novo biosynthesis possess an antiviral role. These observations unlock new op-
portunities for the development of novel antiviral therapies against influenza.

KEYWORDS influenza virus, ceramide, ceramide analogue, ceramide synthase,
de novo pathway, serine palmitoyltransferase, sphingolipids

nfluenza A virus (IAV) is a major etiologic agent of acute respiratory tract infections.
Influenza infections are associated with a significant morbidity and mortality burden
worldwide. The Centers for Disease Control and Prevention (CDC) recently estimated
that influenza results in 650,000 deaths worldwide annually (1). IAV belongs to the
Orthomyxoviridae family, and it is divided into subtypes based on the surface proteins:

April 2019 Volume 93 Issue 7 e00053-19 Journal of Virology

Citation Soudani N, Hage-Sleiman R, Karam W,
Dbaibo G, Zaraket H. 2019. Ceramide
suppresses influenza A virus replication in vitro.
JVirol 93:€00053-19. https://doi.org/10.1128/
JVI.00053-19.

Editor Bryan R. G. Williams, Hudson Institute of
Medical Research

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Ghassan Dbaibo,
gdbaibo@aub.edu.lb, or Hassan Zaraket,
hz34@aub.edu.lb.

Received 11 January 2019

Accepted 14 January 2019

Accepted manuscript posted online 30
January 2019

Published 21 March 2019

jviasm.org 1

Downloaded from https://journals.asm.org/journal/jvi on 29 April 2024 by 212.98.144.19.


https://orcid.org/0000-0003-3807-6409
https://doi.org/10.1128/JVI.00053-19
https://doi.org/10.1128/JVI.00053-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:gdbaibo@aub.edu.lb
mailto:hz34@aub.edu.lb
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00053-19&domain=pdf&date_stamp=2019-1-30
https://jvi.asm.org

Soudani et al.

hemagglutinin (HA) and the neuraminidase (NA) (2, 3). Currently, HIN1 and H3N2
are the circulating influenza A virus subtypes among humans (4). Avian IAVs (e.g.,
H5N1 and H7N9) remain a public health concern due to their pandemic potential (2,
3, 5, 6). Antiviral drugs such as neuraminidase inhibitors are highly effective against
influenza; however, the propensity of the virus to mutate and develop resistant
mutations undermines the efficacy of these drugs (7-11). This highlights the urgent
need for new therapeutic targets that are not influenced by IAV genetic diversity
and yet capable of inhibiting its replication (12). Understanding the cellular mech-
anisms underlying virus replication can identify such host targets. Infection by IAV
is initiated through its binding to sialic acid receptors on the host membrane. After
endocytosis, the viral and endosomal membranes fuse and the viral genome is
released into the host cytoplasm (13). This genome consists of viral RNA bound to
RNA-dependent RNA polymerase to form viral ribonucleoprotein (vVRNP). The mid-
dle region of the VRNP is associated with an oligomeric nucleoprotein (NP) (5, 6, 14,
15). Viral RNA (VRNA) is transported from the cytoplasm into the nucleus, where it
undergoes transcription into viral mRNA. This process is primer dependent and is
orchestrated by the viral RNA polymerase that adds a short-capped primer derived
from host pre-mRNA transcripts in a process called cap-snatching. Then, it sutures
a poly(U) stretch near the 5’ end, resulting in autopolyadenylation (16, 17). The
newly formed viral transcripts are exported to the cytoplasm, where they are
processed by the host machinery to produce new viral proteins (18). In contrast,
VRNA synthesis is an unprimed process mediated by reverse transcription from viral
cRNA that acts as a template. The newly synthesized vRNA couples with nucleo-
protein to form VRNP that is exported from the nucleus to the cell membrane,
where the assembly of new virions occurs (13, 17, 18).

Sphingolipids are key lipid constituents of the plasma membranes of eukaryotes.
This lipid family consists of bioactive molecules that act as second messengers and
regulate a myriad of intracellular signals (19). Ceramide is a central intermediate in
sphingolipid metabolism. It is responsible for maintaining membrane dynamics, fluidity,
and internal membrane transport (20). Also, it plays a pivotal role in regulating cell
viability, senescence, differentiation, cell cycle, and stress response through a number
of signaling cascades (21-27). Ceramide is produced through three distinct metabolic
pathways: de novo biosynthesis, sphingomyelin (SM) hydrolysis, and salvage pathway.
De novo biosynthesis takes place in the endoplasmic reticulum (ER) and ER-associated
membranes. The process starts with the condensation of serine and palmitoyl coen-
zyme A, a rate-limiting step catalyzed by serine palmitoyltransferase (SPT), to produce
3-keto-dihydrosphingosine. The product is reduced to dihydrosphingosine (sphinga-
nine) and then acylated by ceramide synthase (CerS) to form dihydroceramide. Finally,
the desaturase inserts a double bond between carbons 4 and 5 of the sphingoid
backbone to produce ceramide, which is transported from the ER to the Golgi appa-
ratus to be further metabolized into complex sphingolipids (28). Ceramide can be also
produced by hydrolysis of SM, the most abundant membrane sphingolipid, which is
catalyzed by acid or neutral sphingomyelinase (SMase) enzymes within the plasma
membrane or lysosomes. In the salvage pathway, the ceramide pool produced from the
degradation of sphingolipids and glycolipids is hydrolyzed by ceramidases into sphin-
gosine and free fatty acid. Long-chain sphingoid bases can be recycled back into
ceramide by CerS or phosphorylated by sphingosine kinases to form sphingosine-1-
phosphate (S1P), which has potent bioactivities generally opposite to those of ceramide
(28-30). The spatial separation of the enzymes contributing to ceramide production
permits a differential regulation of these pathways.

Ceramide is associated with different pathobiological disorders such as cancer, liver
disease, diabetes, cardiovascular disease, and lung inflammation (31-35). Previous
studies demonstrated that drugs capable of inducing ceramide accumulation are
potential anticancer treatments (23-25, 29, 36-38). Ceramide can also enhance or
inhibit viral replication suggesting that clinical manipulation of ceramide metabolism
might be a potential target against viral infections (39-48). Some studies highlighted
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the role of STP in modulating IAV infection and replication (12, 49). However, the
interplay between ceramide and |IAV has not been addressed. Intriguingly, pathways
that are regulated by IAV and ceramide are interconnected, which raises the question
about a potential role for ceramide during IAV infection (25, 26, 50-53). In the present
study, we sought to determine the effect of ceramide produced through the de novo
and salvage pathways on IAV replication.

RESULTS

IAV infection triggers ceramide accumulation in a dose- and time-dependent
manner. First, we assessed whether IAV can trigger ceramide accumulation in infected
cells. A549 cells were inoculated with IAV (PR8) at increasing multiplicities of infection
(MOQls; 0.1, 1, 5, and 10). For noninfected controls (Mock), the cells were inoculated with
virus infection medium (VIM) only. After 48 h, the cells were trypsinized and washed
with phosphate-buffered saline (PBS). Lipid extraction was performed followed by
ceramide quantification using the DGK assay (Fig. 1a). Ceramide accumulation was
normalized with respect to total sample phosphate and calculated in terms of fold
change relative to Mock. Cells infected with as low as 0.1 MOI displayed a significant
increase in ceramide compared to Mock. The level of ceramide significantly increased
in a dose-dependent manner to reach its maximum with 1 MOl and plateaued at higher
MOlIs. We next assessed the time at which ceramide starts to accumulate in infected
cells. A549 cells were infected with 1 MOI, and the cells were harvested at selected time
points (6, 12, 24, 30, 36, and 48 h). At each time point, the fold change in ceramide level
in infected cells was calculated relative to the time matching Mock (Fig. 1b). A
significant increase in ceramide level was first observed at 24 h postinfection (hpi) and
continued to rise until 48 hpi. These findings were confirmed by using anti-ceramide
antibody and confocal microscopy (Fig. 1c and d). In order to verify that the ceramide
increase in response to IAV infection was not a specific response to the PR8 strain, we
assessed ceramide accumulation upon infecting cells with an influenza A/HTN1pdm09
virus (Cal07) using confocal microscopy (Fig. 1e). Ceramide level was increasing in
IAV-infected cells whereby Cal07 induced a 3-fold increase in ceramide level compared
to Mock that was similar to that produced in PR8-infected cells (Fig. 1f). In order to
investigate the involvement of ceramide during the early replication cycle of IAV, which
could have been missed with the used 1 MOI, we infected the cells with a high virus
inoculum (50 MOI) and assessed the ceramide levels at 6 and 24 hpi (Fig. 2a and b). The
ceramide levels could not be assessed at 48 hpi in the cells infected with 50 MOI due
to excessive cell death. Cells infected with 50 MOI displayed similar viability to Mock
and 1 MOI at 6 hpi; however, their viability was largely reduced (40% versus 75% with
1 MOI) at 24 hpi. No detectable change in ceramide was noted at the early time point
(6 hpi) in cells infected with 50 MOI relative to Mock (Fig. 2a and b). At 24 hpi, cells
infected with 50 MOI possessed higher levels of ceramide compared to 1 MOI (Fig. 2a
and b), probably because at the lower MOI a sufficient number of cells should be
infected in order to reach detectable variation in ceramide level. These findings
collectively suggest the minimal involvement of ceramide during the early replication
cycles of IAV and that several replication cycles are required to trigger the intracellular
accumulation of ceramide.

Ceramide accumulates in response to an active IAV infection. To verify that
ceramide accumulation depends on active virus replication, we assessed the level of
ceramide in cells infected with 1 MOI of UV-inactivated PR8. In this experimental setup,
IAV would be able to internalize but without further replication, and this was confirmed
by plaque assay (data not shown). After 48 h, we assessed ceramide accumulation by
immunostaining and the variation ceramide levels were assessed as intensity fold
change relative to the noninfected control (Mock). The cells that were infected with
UV-inactivated PR8 did not show an elevation of endogenous ceramide levels at 48 hpi
(Fig. 3a and b). These data show that ceramide accumulation is a specific response to
active 1AV infection, which requires IAV binding and replication.
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FIG 1 Ceramide accumulates in response to IAV infection in a dose- and time-dependent manner. (a) A549 cells were
infected with increasing virus titer of IAV (PR8) for 48 h, or (b, ¢, and d) with 1 MOI for the indicated time points. (e and
f) A549 cells were infected with Cal07 or PR8 at 1 MOI for 48 h. (a and b) Ceramide accumulation was determined using
(DGK) assay. For each condition, ceramide accumulation was normalized to total phosphate, and the ceramide fold
change was computed with respect to time matching noninfected controls (Mock). (c and e) Ceramide accumulation was
detected by confocal microscopy using fluorescent anti-ceramide antibody (green), nuclei were counterstained with
DAPI (blue), and IAV was visualized using anti-NP antibody (red) at X63 (c) and x40 magnifications. The intensity fold
change in ceramide levels between infected cells and time matching Mock was assessed in panels d and f. Statistical
significance was determined using the t test (*, P < 0.05) relative to time matching Mock.

Ceramide accumulation during IAV infection via the de novo biosynthesis.
Intracellular ceramide biosynthesis occurs through two pathways: the de novo and
salvage pathways (20). Many studies highlighted the role of these two pathways in
modulating the life cycle and replication of some viruses (40-42, 44, 48, 54-56). In our
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FIG 2 IAV infection does not induce ceramide accumulation at early viral replication cycles. (a) Ceramide accumulation was detected
by confocal microscopy in cells infected by IAV (PR8) using 1 and 50 MOI at the indicated time points (6 and 24 h) or those left
noninfected (Mock). Immunostaining was done using anti-ceramide antibody (green), nuclear stain DAPI (blue), and anti-NP antibody
(red) at X40 magnification. (b) The intensity fold change in ceramide levels was assessed between infected cells and time matching
Mock, Statistical significance was determined using the t test (*, P < 0.05) relative to time matching Mock.

study, ceramide levels significantly increased at later time points (starting 24 hpi)
post-IAV infection. Previous studies showed that the late accumulation of ceramide in
response to adenovirus infection or TNF-a treatment occurs through the de novo
biosynthesis pathway (48, 57). To verify whether the IAV-induced ceramide accumula-
tion is through the de novo pathway, we evaluated ceramide accumulation in infected
cells treated with de novo ceramide inhibitors myriocin (Myr), a selective inhibitor for
SPT, and fumonisin B1 (FB), a potent inhibitor of CerS (30). In this experimental setup,
A549 cells were treated with subcytotoxic concentrations of FB and/or Myr, as con-
firmed using an MTT assay (data not shown). After treating the cells with the selected
drug or vehicle for 2 h, the cells were infected with IAV (PR8) at 1 MOI. The variation in
ceramide levels in this experimental setup was assessed in terms of fold change relative
to the vehicle-treated noninfected control (Mock) (Fig. 4a). Blocking the first and
rate-limiting step of the de novo pathway using Myr resulted in a potent reduction in
ceramide accumulation compared to the vehicle-treated infected cells reaching base-
line level indicated by the Mock. The levels of ceramide in cells treated with FB or both
inhibitors were similar to Myr-treated cells. A similar pattern was observed by using
confocal microscopy (Fig. 4b and c). These findings suggested that the accumulation of
cellular ceramide in response to IAV infection is mainly driven via the de novo biosyn-
thesis pathway.

Inhibiting the de novo ceramide pathway promotes IAV replication and pro-
duction. The accumulation of ceramide during IAV infection suggested that it was
either required for virus replication or it was produced by the host as an antiviral
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FIG 3 Ceramide accumulation requires an active IAV infection. UV-inactivated virus (PR8) at 1 MOI was used to inoculate A549
cells. After 48 hpi, the cells were immunostained using fluorescent anti-ceramide antibody (green) and anti-NP (IAV) antibody
(red), and the nucleus was stained in blue using DAPI. The slides were visualized by confocal microscopy at x40 (a), and the
variation in intensity fold change between different conditions was calculated (b). Statistical significance was assessed using
the t test (*, P < 0.05) relative to time matching noninfected cells (Mock).

response. In order to address this question, we investigated the effect of inhibiting of
de novo ceramide pathway on virus replication at the level of RNA synthesis and virus
production. The inhibition of the de novo ceramide pathway was associated with a
significant increase in total viral RNA (Fig. 5a and c). This increase was observed as early
as 6 hpi in cells infected with 0.01 MOI (Fig. 5¢). On the other hand, in the cells infected
with an MOI of 1, the increase in viral RNA was observed at later time points (24 and
48 hpi) (Fig. 5a). This increase in total viral RNA upon inhibition of ceramide synthesis
resulted in an equivalent increase in virus production. A slight increase in viral progeny
was detected in cells infected with 1 MOI (Fig. 5b), and yet a more prominent increase
was obtained from the cells that were infected with the lower MOI (=1 log10 PFU/ml
unit) (Fig. 5d). Therefore, our data revealed that IAV replication and production is
enhanced upon blocking de novo ceramide biosynthesis, suggesting an antiviral role for
ceramide.

To understand the regulation of IAV replication upon inhibition of de novo ceramide,
we decided to measure the levels of the various viral RNA species in the presence of the
inhibitors. In order to distinguish between the different viral RNA species (vVRNA, cRNA,
and mRNA), cDNA was synthesized by reverse transcription (RT) using tagged primers
specific to each of the RNA species (Table 1). The hot start method was used in order
to eliminate nonspecific overlap between the three different RNA species. Then,
gRT-PCR was performed with one primer complementary to the tag sequence of RT
primers and the other primer complementary to viral RNA sequence (58). De novo
pathway inhibition using FB and/or Myr resulted in a significant increase in viral RNA
species at 6 hpi in cells infected with 0.01 MOI (Fig. 6a to c). This was similar to the
changes observed at the level of total viral RNA (Fig. 5¢). However, ceramide inhibition
using FB mediated a differential change in the levels of RNA species. The VRNA levels
in the infected cells that were pretreated with Myr or combined inhibitors increased by
6 hpi only. On the other hand, the infected cells that were pretreated by FB alone
demonstrated an increase in the VRNA levels at 6 hpi and at later time points as well,
albeit to a lesser extent compared to the early time point. In the case of mRNA, a slight
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FIG 4 IAV infection mediates ceramide biosynthesis through the de novo pathway. A549 cells were treated with 50 uM FB and/or
0.1 uM Myr or vehicle for 2 h. The cells were infected with IAV (PR8) at 1 MOI in the presence or absence of the inhibitor(s) or left
noninfected. After 48 h, ceramide accumulation was determined by two methods: DGK assay where ceramide fold change was
assessed with respect to time matching noninfected controls (Mock) (a) or by confocal microscopy (b and c). Immunostaining was
done using anti-ceramide antibody (green) and nuclear stain DAPI (blue) at X40 for panel b. (c) The intensity fold change between
different experimental setups and Mock was measured. Statistical significance was assessed using the t test (*, P < 0.05) relative to
IAV-infected, nontreated cells.

but significant drop in transcript levels was observed in cells treated with either one or
both inhibitors at 24 hpi (Fig. 6¢). Overall, the data indicate that inhibition of the de
novo biosynthesis pathway promotes IAV replication early during infection; however,
the effect on virus production is not observed until later time points (24 hpi), support-
ing the antiviral role of ceramide.

Exogenous C4-ceramide suppresses influenza virus replication. The increase in
virus replication upon inhibition of the de novo pathway suggested a potential antiviral
role for ceramide. To better assess this role of ceramide, we determined the effect of
treating the cells with C4-ceramide, a synthetic cell-permeable ceramide analogue, on
IAV production. According to previous studies, exogenous Cg-ceramide activates de
novo ceramide biosynthesis in A549 cells. In this process, the Cs-ceramide gets deac-
ylated then its sphingosine base gets reacylated by CerS to produce “endogenous”
long-chain ceramides (59). In this experimental setup, A549 cells were treated with
increasing concentrations of exogenous Cg-ceramide (10, 20, and 30 uM) for 24 h,
followed by infection with IAV (PR8) at 0.01 MOI. An MTT assay confirmed that none of
the used concentrations was toxic in A549 cells (Fig. 7a). After 24 hpi, ceramide levels
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FIG 5 IAV replication and production are enhanced upon inhibiting the de novo pathway. A549 cells were treated with
50 uM FB and/or 0.1 uM Myr or vehicle for 2 h. Cells were then infected with different viral titers of IAV (PR8) at the
indicated time points: 1 MOI (a and b) or 0.01 MOI (c and d). Replication of viral RNA was determined by gRT-PCR using
gene-specific primers and probes (a and c). Variation in the viral titer in response to treatment was measured by using a
plaque assay (b and d). The line represents the lowest detection limit indicated at 2.69 log10 PFU/ml, and ND represents
lack of virus detection in the tested samples. Statistical significance was assessed using the t test (*, P < 0.05) relative to

vehicle-treated IAV-infected cells (Mock).

in the treated-infected cells were compared to the control groups (treated/noninfected
or vehicle-treated/noninfected [Mock]) using immunofluorescent ceramide staining
(Fig. 7b and c). First, a dose-dependent increase in ceramide levels was observed in the
noninfected cells that were treated with increasing concentrations of Cg-ceramide.
These results confirmed the successful uptake and utilization of the exogenous
ceramide analogue. At high concentrations (20 and 30 uM), we did not detect a
large difference in fluorescence because the signal became saturated. Second, the
cells that were treated with exogenous ceramide and infected with IAV displayed a
higher increase in intercellular ceramide levels. Next, we investigated the effect of
boosting intracellular ceramide levels on virus production by means of plaque assay
(Fig. 7d). Treating the cells with 30 uM Cg4-ceramide suppressed virus replication to
below the detection limit (2.69 log10 PFU/mI). Lower C4-ceramide concentrations
(10 and 20 M) resulted in a less prominent but significant reduction in virus titer
(~0.7 log,, PFU/mI unit). These results confirmed the antiviral role of ceramide on
IAV production.
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TABLE 1 Primers and probes used in this study

Target  Primer or probe Sequence (5'-3') or source?
M gene  Forward BEI Resources NR-15594
Reverse BEI Resources NR-15595
Probe BEI Resources NR-15590
RNase P Forward BEI Resources NR-15612
Reverse BEI Resources NR-15613
Probe BEI Resources NR-15611
VRNA Reverse transcription GGCCGTCATGGTGGCGAATGAATGGACGGAGAACAAGGATTC
Forward GGCCGTCATGGTGGCGAAT
Reverse CTCAATATGAGTGCAGACCGTGC
cRNA Reverse transcription GCTAGCTTCAGCTAGGCATCAGTAGAAACAAGGGTA cTTT
Forward GCTAGCTTCAGCTAGGCATC
Reverse CGATCGTGCCCTCCTTTG
mRNA Reverse transcription CCAGATCGTTCGAGTCGT CTTTAATTGTC
Forward CCAGATCGTTCGAGTCGT
Reverse CGATCGTGCCCTCCTTTG
B-Actin  Reverse transcription  Oligo(dT)
Forward ATTGGCAATGAGCGGTTCC
Reverse GGTAGTTTCGTGGATGCCACA

9Tagged sequences are indicated in boldface.

DISCUSSION

Ceramide determines the curvature and fluidity of cell membranes and plays an
important role as a second messenger in diverse cell signaling pathways, including
immune responses (45, 60). Like other viral pathogens, IAV lacks the machinery
required for lipid biosynthesis. As it hijacks the host cellular machinery for its replication
(17, 61), newly assembled IAV acquires its envelope from the host membrane, where
sphingolipids are key constituents (62). Previous studies have shown that IAV requires
lipid rafts and intact sphingolipid biosynthesis for replication and morphogenesis
(62-66). Nonetheless, the full extent of the regulation of sphingolipid biosynthesis
during infection and its effect on virus replication remained unclear. In this study, we
demonstrated that endogenous ceramide levels increase in response to IAV infection in
a dose- and time-dependent manner. We showed for the first time that ceramide exerts
an antiviral role during IAV replication. This was evident by the enhanced IAV replica-
tion upon inhibiting the de novo biosynthesis pathway, while the addition of exoge-
nous ceramide suppressed virus production.

Endogenous ceramide biosynthesis occurs through the de novo biosynthesis and
salvage pathways (20). Several studies highlighted the role of these pathways in viral
infections and the disease manifestations, making them potential therapeutic targets.
It has been shown that pharmacological upregulation of ceramide using fenretinide
inhibited the human immunodeficiency virus (HIV) infection in TZM-bl cells (41). This
antiviral effect was mediated through the reduction of HIV entry and the perturbation
of host membrane structure leading to the production of noninfective viral progeny
(41). In a similar approach, Myr treatment successfully suppressed the hepatitis C virus
(HCV) replication (54). Also, adenovirus utilizes de novo ceramide biosynthesis to
regulate host SR proteins that are crucial for its pathogenesis (48). Recently, a differ-
ential role for de novo ceramide was revealed in the life cycles of two flaviviruses, the
West Nile and dengue viruses, both shown to trigger ceramide biosynthesis (60, 67).
Ceramide was found to be required for the efficient replication and production of West
Nile virus, whereas it exerts an antiviral function against dengue virus. Colocalization
between ceramide with viral protein was also observed in case of West Nile but not
dengue virus, suggesting that the former virus required ceramide for its replication,
whereas the latter probably utilized downstream sphingolipid by-products. In the
present study, inhibiting SPT and/or CerS, two key enzymes in the de novo biosynthesis
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FIG 6 Inhibiting de novo ceramide biosynthesis affects virus replication, transcription, and translation. The de novo ceramide pathway was inhibited using
50 uM FB and/or 0.1 uM Myr or vehicle for 2 h followed by infection with IAV (PR8) at an MOI of 0.01. Variation in viral RNA species in response to treatment
was measured using qRT-PCR after 6, 24, and 48 hpi. The levels of vVRNA (a), cRNA (b), and mRNA (c) were normalized relative to host B-actin. Fold change
was quantified relative to vehicle-treated infected cells (Mock). Statistical significance was assessed using the t test (*, P < 0.05) relative to Mock.
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FIG 7 Treatment with exogenous C,-ceramide induces ceramide accumulation and inhibits IAV propagation. Cells were treated with the
indicated concentrations of C,-ceramide for 48 h. (a) Cell viability was assessed using an MTT assay and is expressed as the percent viability
relative to untreated cells. A549 cells were treated with the indicated concentrations of C,-ceramide or with the vehicle for 24 h prior to
infection with 0.01 MOI of IAV (PR8). (b) Twenty-four hours after C6-ceramide treatment and/or virus inoculation, the cells were stained
with a fluorescent anti-ceramide antibody (green) and nuclear stain DAPI (blue) and then visualized by confocal microscopy (X63). (c) The
variation in intensity fold change between the different experimental setups and the vehicle-treated noninfected control (Mock) was
assessed. (d) Variation in the viral titer in response to treatment was determined using plaque assay. The line represents the lowest
detection limit indicated at 2.69 log10 PFU/mI. “ND” indicates the lack of virus detection in the tested samples. Statistical significance was
assessed using the t test (*, P < 0.05) relative to Mock.

pathway, in IAV-infected cells reduced ceramide levels to baseline level detected in
noninfected cells. These findings strongly indicate that IAV induces ceramide accumu-
lation mainly through the de novo pathway.

Two previous studies used prolonged (3 days) Myr or FB treatments to block
complex sphingolipid biosynthesis prior to IAV infection (68, 69). The first study, by
Tafesse et al., showed that the surface expression of IAV proteins (HA and NA) were
significantly reduced in cells that genetically lack SM synthase or those treated with
Myr, an SPT inhibitor, for 72 h. The prolonged treatment of the cells with Myr inhibited
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SM synthesis by reducing the availability of its precursor “ceramide” leading to a
decreased SM synthasel activity. Their results showed that SM is important for IAV
maturation beyond the trans-Golgi network (68). In the second study, prolonged
treatment of MDCK cells with FB was done to suppress glycosphingolipids (GSLs) and
sphingomyelin (SM) levels. This led to an altered distribution of the HA protein and
suppressed its incorporation into the plasma membrane, resulting in reduced virus
production. Their study highlighted the indispensable role of GSLs in IAV life cycle
whereby it contributes to the viral infection more potently than SM (69). In the present
study, we decided to investigate the direct role of ceramide produced through de novo
biosynthesis on AV replication without manipulating SM and GSL levels. Therefore, we
suppressed ceramide biosynthesis by treating the cells with FB and/or Myr for only 2 h
prior to infection. This resulted in increased replication of the virus genome (vVRNA and
cRNA) and synthesis of mRNA transcripts (particularly in Myr-treated cells) at 6 hpi. This
upregulation of viral RNA species translated to increased production of IAV at later time
points. The early suppression of IAV genome replication upon ceramide inhibition is
surprising given that significant accumulation of ceramide is only observed at later time
points. We speculate that subtle yet undetectable changes in ceramide levels during
the early replication cycle could be sufficient and responsible for triggering the early
effect observed on virus replication. The exact mechanism through which each of the
used drugs modulates viral RNA transcription and replication is not yet understood and
requires further investigation. Further studies are warranted to fully understand the
regulation of various stages of virus life cycle due to ceramide production in infected
cells.

The enhancement of virus propagation upon inhibiting ceramide biosynthesis
suggested that it plays an antiviral role during IAV infection. Therefore, we tested the
effect of treating the cells with exogenous Cg-ceramide on IAV production. Exogenous
Cg-ceramide enhanced the cellular ceramide levels and inhibited IAV replication by
orders of magnitude. These findings confirmed the antiviral role of ceramide during IAV
infection. Ceramide and sphingosine-1-phosphate (S1P) are intermediates in sphingo-
lipid biosynthesis. Ceramide can be converted to sphingosine through the action of
ceramidase enzyme. Sphingosine undergoes phosphorylation into S1P in a reversible
reaction by sphingosine kinase (SK), and the opposite reaction is catalyzed by sphin-
gosine lyase. Ceramide and S1P have opposing biological functions, and the balance
between the two interconvertible lipids is known as the sphingolipid rheostat (70). Seo
et al. previously showed that overexpression of S1P lyase, the enzyme responsible for
irreversible degradation of S1P, inhibited IAV propagation, whereas overproduction of
S1P through upregulation of sphingosine kinase 1 enhanced IAV replication (49, 71).
Also, it was shown in mice that inhibiting SK protects the mice from lethal IAV infection
(72). S1P has been shown to act as a noncompetitive inhibitor of CerS2, and thus its
overexpression could dampen the cellular levels of ceramide (73). Moreover, de novo
synthesis of ceramide was found to be upregulated in cells overexpressing S1P lyase
(74). Therefore, our results complement the previous findings since S1P formation will
reduce the cellular ceramide pool and thus increasing IAV replication (49, 71, 72).
Ceramide analogues and mimetics have been proposed as potential immunotherapeu-
tic remedies against viral infections (45). Furthermore, exogenous short-chained cer-
amides were shown to induce death in Kaposi's sarcoma-associated herpesvirus and
human T-cell leukemia-lymphoma virus-infected cells (40, 44, 55, 56), enhanced mat-
uration and activation of DCs in response to lymphocytic choriomeningitis virus and
IAV infections, and inhibited HIV and HCV viral replication (45). Therefore, targeting the
sphingolipid pathway in a way to enhance ceramide production or the use of ceramide
analogues could be a promising antiviral approach against influenza infections.

Our data, as well as those previously published (49, 71, 72), suggest that ceramide
and downstream products likely interferes with the IAV life cycle at various stages,
including replication, protein transport, and assembly. Confirming the biological sig-
nificance of our results in vivo is something that we are planning to investigate in future
work. However, minor differences in viral titers can result in a significant biological
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effect in vivo. For instance, Zaraket et al. showed that a mutation in HA of pathogenic
H5N1 mediates a 1- to 1.5-log10 PFU/mI unit decrease in virus titer in A549 cells but
significantly reduce virus replication in the lungs of ferrets (75). Further investigations
are required for better understanding of the exact cellular processes taking place
downstream ceramide in response to IAV infection.

MATERIALS AND METHODS

Reagents and antibodies. Fumonisin B1 (Enzo), myriocin (Sigma), Cs-ceramide (Sigma), anti-
ceramide antibody (Sigma), anti-NP antibody (Thermo Fisher Scientific), Alexa Fluor 488 goat anti-mouse
1gG antibody (Thermo Fisher Scientific), and Alexa Fluor 594 donkey anti-rabbit IgG antibody (Thermo
Fisher Scientific) were used in this study.

Cell culture. Madin-Darby canine kidney (MDCK; ATCC) and human lung adenocarcinoma epithelial
cell line (A549; ATCC) were cultured in Dulbecco modified Eagle medium-high glucose (Sigma) supple-
mented with 10% fetal bovine serum and 1% of 100 U/ml penicillin-streptomycin and maintained in 5%
CO, at 37°C.

Virus propagation and titration. MDCK cells were infected by IAV A/Puerto Rico/8/34 (PR8) or
A/California/07/2009 (Cal07) prepared in VIM composed of minimal essential media (MEM) supple-
mented with bovine serum albumin (BSA; 0.3%), penicillin-streptomycin (5%), MEM vitamin (5%),
glutamine (2 mM), and gentamicin (0.04 mg/ml). Infection was done using an MOI equivalent to 0.01
PFU/cell. Adsorption was allowed for 1 h accompanied by gentle shaking every 15 min. The infected cells
were incubated in VIM containing 1 ug/ml TPCK-trypsin (Sigma) for 48 to 72 h postinfection (hpi). After
observing the cytopathic effect, the supernatant containing the virus was collected and stored at - 80°C.
Virus titration was performed using a plaque assay. Briefly, MDCK cells were seeded at 7 X 10° cells per
well in 6-well plates to form a homogeneously confluent monolayer. The cells were then washed with
PBS with calcium and magnesium, and 10-fold serial dilutions of the virus were prepared. Virus dilutions
(200 pl) were added to each well and incubated at 37°C for 1 h (shaking every 15 min). The cells were
covered with 3 ml of freshly prepared agarose (0.5%) nutritive overlay. The dishes were kept at room
temperature for 10 min to allow their solidification and then incubated at 37°C. After 72 h, the agarose
overlay was removed, and the cells were fixed/stained with crystal violet solution.

Inhibitors and exogenous ceramide. A dosing regimen was selected upon testing the cytotoxic
effect of the drugs on A549 cells. Fumonisin B1 (FB, 50 uM), myriocin (Myr, 0.01 uM), or combination of
both drugs were used to inhibit de novo ceramide biosynthesis. The cells were incubated with the
inhibitor(s) for 2 h, followed by infection at 0.01 or T MOI. The inhibitors were maintained in the media
for the duration of the experiment.

A549 cells were treated with increasing concentrations (10 to 30 uM) of exogenous C,-ceramide for
24 h, followed by infection with IAV at 0.01 MOI. The short-chained ceramide analogue was maintained
in the culture media throughout the experiment. The variation in viral titers between the different
experimental conditions was measured by using the plaque assay.

The effect of Cs-ceramide on the viability of A549 cells was assessed using an MTT assay. Briefly, cells
were cultured in 96-well plates at a seeding density of 2 X 10 cell per well. Then, the cells were treated
with Cg-ceramide (10, 20, and 30 wM). After 48 h, 20 ul of the tetrazolium dye (MTT) was added, and the
cells were incubated at 37°C for 2 h. During this time the viable cells would reduce MTT into an insoluble
formazan, which is solubilized using 100 ul of isopropanol. The absorption was measured using spec-
trophotometer at a wavelength of 595 nm.

Lipid extraction and ceramide quantification. Cell pellets were lysed in an organic solvent
(chloroform-methanol), and lipids were extracted according to the Bligh and Dyer method (76). Two
aliquots were dried by speed vacuum and used for ceramide and phosphate measurements, respectively.
Ceramide levels were assessed using the diacylglycerol kinase (DGK) assay as described previously (25,
26, 77). In short, lipids were incubated with 20 ul of B-octylglucoside/dioleoyl-PG micelles (7.5%), 70 ul
of the reaction mixture (1 mM dithiothreitol, 5 ug DGK) and 10 ul of ATP mixture (2.5 mM ATP and 0.13
wuCi/ul adenosine 5'-triphosphate [y-32P]JATP) for 30 min at room temperature. After several steps of
adding organic solvents and water followed by centrifugation, the lower phase was removed and dried
by speed vacuum. The dried lipids from the samples and standards were resuspended in 50 ul of 9:1
chloroform-methanol, and the lipid species were separated using thin-layer chromatography plates
(Whatman). Radioactive ceramide species were detected using X-ray films by autoradiography. The area
of interest was scraped and its radioactivity was measured by liquid scintillation. Ceramide levels were
quantified according to the standard curve.

Reverse transcription and quantitative RT-PCR. Total RNA was extracted using a PureLink Viral
RNA/DNA minikit (Invitrogen) according to the manufacturer’s specifications. Quantitative reverse
transcription-PCR (RT-PCR) was done using primers and probes targeting the M gene (IAV) and host
RNase P as a control housekeeping gene (Table 1). One-Step RT-PCR AgPath-ID (Thermo Fisher Scientific)
was used to amplify the target according to the following protocol: 45°C for 10 min, 95°C for 10 min, and
then 45 cycles of 95°C for 15 s and 55°C for 1 min. The level of total viral RNA was normalized with respect
to RNase P.

To quantify the individual viral RNA species, total RNA was extracted using TRIzol (Sigma) according
to the manufacturer’s protocol. The RNA concentration was measured using DeNovix DS-11 spectro-
photometer. cDNA complementary to the VRNA, cRNA, and mRNA species were synthesized from 1 ug
of RNA by using a RevertAid First Strand cDNA synthesis kit (Thermo Fisher). Hot-start reverse transcrip-
tion was performed in the presence of 5 uM tagged primers specifically targeting the individual RNA
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species of PR8 (modified from Kawakami et al.) (Table 1) (58). The mixture was heated to 65°C for 10 min,
chilled for 5 min, and heated again at 60°C for 5 min. Reverse transcription was initiated by heating at
42°C for 1 h, followed by enzymatic inactivation at 70°C for 5 min. qRT-PCR was performed using the
tagged primers listed in Table 1 and SYBR Green JumpStart Tag ReadyMix (Sigma) on a CFX96 real-time
system (Bio-Rad, Hercules, CA). The PCR conditions were as follows: 94°C for 10 min, 40 cycles of 94°C for
15's, 60°C for 1 min (68°C for vRNA), and 72°C for 1 min. Host B-actin was used as a housekeeping gene
to normalize the levels of the viral RNA species (78). Primer efficiency was tested for all used primers, and
quantification was done according to the Livak method (79). The fold change in viral RNA was assessed
with respect to nontreated infected cells.

Immunocytochemistry. A549 cells grown on 18 mm coverslips were infected with 1AV at 80%
confluence. The cells were fixed at the required time points using 4% paraformaldehyde for 15 min and
permeabilized (0.2% Triton X-100 in PBS) for 20 min. The blocking solution (1% BSA and 0.1% Triton
X-100 in PBS) was applied for 1 h, followed by overnight incubation with monoclonal antibody (1:100) in
blocking buffer. The cells were then washed with PBS-Tween (0.1%) and incubated with the fluorescent
secondary antibody (1:250) for 1 h. Finally, the cells were mounted with 200 ul of mounting medium and
visualized using a laser scanning confocal microscopy (Zeiss LSM710) 40X and 63X oil immersion
objective lenses. The pinhole was maintained at 1 Airy unit (Au), and multitrack acquisition setting was
set to avoid interchannel cross talk. Intensities were quantified using 6 to 10 images from each
experimental condition using ZEN 2 (blue edition).

Statistical analysis. Statistical analysis was performed using the Student t test equipped with Excel
2016 (Microsoft, Redmond, WA). The results are presented as means = the standard deviations of
duplicates from two to three independent experiments.
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