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The Journal of Immunology

Sphingosine 1-Phosphate Lyase Enhances the Activation of

IKK« To Promote Type I IFN–Mediated Innate Immune

Responses to Influenza A Virus Infection

Madhuvanthi Vijayan,*,† Chuan Xia,*,† Yul Eum Song,† Hanh Ngo,*,† Caleb J. Studstill,*,†

Kelly Drews,‡ Todd E. Fox,x Marc C. Johnson,† John Hiscott,{ Mark Kester,x

Stephen Alexander,‖ and Bumsuk Hahm*,†

Sphingosine 1-phosphate (S1P) lyase (SPL) is an intracellular enzyme that mediates the irreversible degradation of the bioactive

lipid S1P. We have previously reported that overexpressed SPL displays anti-influenza viral activity; however, the underlying

mechanism is incompletely understood. In this study, we demonstrate that SPL functions as a positive regulator of IKK« to propel

type I IFN–mediated innate immune responses against viral infection. Exogenous SPL expression inhibited influenza A virus

replication, which correlated with an increase in type I IFN production and IFN-stimulated gene accumulation upon infection. In

contrast, the lack of SPL expression led to an elevated cellular susceptibility to influenza Avirus infection. In support of this, SPL-

deficient cells were defective in mounting an effective IFN response when stimulated by influenza viral RNAs. SPL augmented the

activation status of IKK« and enhanced the kinase-induced phosphorylation of IRF3 and the synthesis of type I IFNs. However,

the S1P degradation-incompetent form of SPL also enhanced IFN responses, suggesting that SPL’s pro-IFN function is indepen-

dent of S1P. Biochemical analyses revealed that SPL, as well as the mutant form of SPL, interacts with IKK«. Importantly, when

endogenous IKK« was downregulated using a small interfering RNA approach, SPL’s anti-influenza viral activity was markedly

suppressed. This indicates that IKK« is crucial for SPL-mediated inhibition of influenza virus replication. Thus, the results

illustrate the functional significance of the SPL–IKK«–IFN axis during host innate immunity against viral infection. The Journal

of Immunology, 2017, 199: 677–687.

T
he type I IFN response is a first line of defense in the innate

immune system that protects the host from pathogenic

viral infections (1, 2). The potent antiviral activity of

type I IFNs, which include 13 isotypes of IFN-a and a single

IFN-b, has been observed during infections by numerous vi-

ruses, including influenza (3, 4). Influenza virus infection induces

type I IFNs upon cellular sensing of viral RNA (vRNA) products,

primarily by RIG-I, which recognizes the 59ppp moiety on in-

fluenza vRNAs (5–7). Upon activation of RIG-I, the downstream

adaptor protein MAVS is engaged, followed by recruitment of

the kinases IKKε and TBK1 (8), both of which can phosphory-

late IRF3 and IRF7. Phosphorylated IRF3 and IRF7 act as the

major transcription factors that drive the production of IFN-b

and IFN-a4, followed by the production of other IFN-a subtypes

(9). Binding of IFNs to the cognate receptor (IFNAR) triggers

the activation of the JAK–STAT signaling pathway (10), which

culminates in the transcriptional induction of an array of IFN-

stimulated genes (ISGs), including MX1, ISG15, OAS1, ISG56,

and RIG-I. The ISG products act in concert to limit virus rep-

lication, launching the antiviral status (11). The importance

of the IFN response upon viral infection is emphasized by the

fact that many pathogenic viruses have evolved to antagonize the

type I IFN signaling pathway to a certain extent (4, 12, 13).

However, despite extensive investigation, the regulatory mech-

anism of the type I IFN production pathway is not fully under-

stood. Therefore, it is important to identify novel cellular factors

that regulate type I IFN synthesis and unravel the detailed mo-

lecular action mode for type I IFN responses against microbial

infections.

Sphingosine 1-phosphate (S1P) lyase (SPL) is an intracellular

enzyme that catalyzes the irreversible cleavage of the bioactive

lipid S1P at its C2-C3 carbon into by-products (i.e., hexadecenal

and phosphoethanolamine) (14, 15). SPL has been reported to be

localized to the endoplasmic reticulum (ER) and is also found in

the mitochondrial-associated membrane, which is associated with

mitochondria and the ER (14, 16, 17). Because S1P is a bioactive

lipid (18–20), SPL has been implicated in diverse cellular

processes and diseases, such as cancer, immunity, inflammation,

and development (21–26). Yet, a direct role for SPL in the context
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of the innate immune response to virus infections has not been

characterized.

We have previously reported that cells constitutively over-

expressing SPL were resistant to the replication of influenza A

virus (IAV) (27, 28). In this study, we have characterized the

contribution of endogenous SPL to the type I IFN production

pathway when a pattern recognition receptor, such as RIG-I,

is stimulated following virus infection. We found that endo-

genous SPL is critical for eliciting an effective IFN response

upon cellular recognition of influenza vRNAs. More impor-

tantly, SPL binds to the kinase IKKε, thereby increasing its

activation to promote the synthesis of type I IFN. Collectively,

our results demonstrate that SPL is a host factor that augments

type I IFN responses during virus infection. Further, this study

delineates the relationship between IKKε and SPL, which

provides a mechanistic understanding of the pro-IFN activity

of SPL.

Materials and Methods
Cell lines and transfection

293T cells and human lung epithelial A549 cells were cultured in DMEM
(Life Technologies), as described elsewhere (29, 30). MDCK cells were
cultured in MEM Eagle (Mediatech). Cells were cultured in a CO2 incu-
bator at 37˚C, and all media were supplemented with 10% FBS (HyClone)
and penicillin (100 U/ml)/streptomycin (100 mg/ml) (Invitrogen). Lip-
ofectamine 3000 transfection reagent (Invitrogen) was used to transfect
plasmid DNA into A549 cells in 24-well plates, at a concentration of 500
ng/ml of the indicated plasmid DNA, following the protocols recom-
mended by the manufacturer. Empty vector plasmids were used to ensure
equal total amounts of DNAwere being transfected into each sample. Also,
equal amounts of transfection reagent were used for all of the samples,
including negative controls. For transfection of DNA into 293T cells,
LipoD293 transfection reagent (SignaGen Laboratories) was used,
according to the manufacturer’s instructions, in 24- or 6-well plates.
Lipofectamine RNAiMAX was used to perform small interfering RNA
(siRNA) transfections on 293T cells in 24-well plates. For SPL-
reconstitution experiments, we have used a transient transfection ap-
proach to overexpress SPL protein in SPL-deficient cells. SPL-knockout
(KO) cells (23 105) were transfected with 0.5 mg of SPL or SPL(K353L)-
encoding plasmid, and the expression of SPL was confirmed by Western
blot analysis.

DNA vector constructs

Mammalian expression plasmids encoding wild-type (WT) SPL constructs,
including pc-hSPL and pc-hSPL-GFP, and the enzymatically inactive
mutant SPL constructs, including pc-hSPL(K353L) and pc-hSPL(K353L)-
GFP, were provided by Julie D. Saba (Children’s Hospital Oakland Re-
search Institute, Oakland, CA) (31). The mutation site sequences in the
SPL(K353L) constructs were confirmed by DNA sequencing at the DNA
core facility (University of Missouri). Mammalian expression plasmids
encoding Flag-tagged IKKε, Myc-tagged TBK1, IRF3, Flag-tagged IRF7, and
luciferase reporter constructs IFN-a1/pGL3 and IFN-b/pGL3 were used pre-
viously (8, 32). To generate the hemagglutinin (HA)-tagged SPL construct, the
SPL-coding sequence from pVB003-Flag-hSPL (23) was amplified by PCR
using forward primer 59-CGGAATTCGCCCTAGCACAGACCTTCTGAT-39
and reverse primer 59-GGGGTACCTCAGTGGGGTTTTGGAGAAC-39. The
amplified full-length SPL-encoding PCR fragments were treated with EcoRI/
KpnI and inserted into an EcoRI/KpnI-digested pCMV-HA vector, which was
provided by Dr. David Pintel (University of Missouri). The nucleotide se-
quences of the subcloned full-length HA-tagged SPL construct were confirmed
by DNA sequencing.

Viruses

Influenza A/WSN/33 (H1N1) virus was initially provided by Yoshihiro
Kawaoka (University of Wisconsin–Madison, Madison, WI). MDCK
epithelial cells were used to amplify the virus. Virus infection and ti-
tration studies were performed as described previously (27, 29, 30). For
the infection studies, cells were infected with IAV for 1 h and then
incubated with the medium. The supernatants containing infectious
viruses were harvested for the titration by plaque assay on MDCK cells.
For the plaque assay, using serial dilutions of culture supernatants,
viruses were adsorbed onto 3 3 105 MDCK cells per milliliter for 1 h

and then the cells were incubated with 23 Eagle MEM (Life Tech-
nologies) mixed with an equal portion of 1% agarose (SeaKem ME
Agarose). Cells were fixed with 25% formalin and stained with Crystal
Violet after 2–3 d of incubation to count plaques that are generated by
viral cytopathic effects.

CRISPR-Cas9 knockout of SPL

293T stable cell lines knocked out for SPL were generated by transduction
with lentiCRISPR v2 (a gift from Feng Zhang, Massachusetts Institute
of Technology, Cambridge, MA; Addgene Plasmid 52961) (33). Puro-
mycin selection was performed, followed by single-cell isolation and
clonal expansion. Target sequences used as guide RNA sequences were
59-GGTCCCATTGACGAAGATGATGG-39 (exon 9) and 59-GCATCA-
CATTACTACACGCCCGG-39 (exon 14). To verify disruption of the
SGPL1 gene open reading frame, genomic DNA from the cell lines was
extracted and PCR amplified with flanking primers to amplify the tar-
get region. Primer sequences used for PCR from genomic DNA are
59-CCCTCACTGTGGGATCACTTC-39 and 59-AACGGCTAGTCAA-
CAGGAGG-39 for exon 9 and 59-TGACACCCCAAGCATGAGAG-39
and 59-GATGTCTGTGGCAAAGGGGC-39 for exon 14. Among KO
cells, two cell lines were chosen and used in this study based on the loss
of SPL protein expression. Exon 9–KO cells (KO-1) used in the study
had a deletion of 9 and 27 nucleotides in each chromosome, and exon
14–KO cells (KO-2) had an insertion of 1 and 2 nucleotides in each
chromosome.

Western blot analysis and Abs

Western blotting was performed as described elsewhere (27, 29, 30, 34).
Cells were lysed using 23 sample buffer containing 2-ME and boiled at
95˚C for 10 min. Equal amounts of protein samples were loaded onto a
12% SDS-PAGE gel, followed by transfer of resolved proteins from the gel
to nitrocellulose membranes (Bio-Rad). Membrane-bound Abs were de-
tected using an ECL substrate (Thermo Scientific). Abs against influenza
viral NP and M1 were purchased from Abcam; Abs against influenza viral
NS1, M2, actin, and SPL were purchased from Santa Cruz Biotechnology;
Abs against human GAPDH, ISG56, RIG-I, p-IRF3 (Ser396), IRF3, p-IKKε

(Ser172), IKKε, p-TBK1 (Ser172), TBK1, Myc tag, GFP, p-STAT1 (Tyr701),
FLAG tag, and HA tag were purchased from Cell Signaling Technology.
Ab against influenza H1N1 NS2 was purchased from GenScript. All of the
data presented were repeated at least twice with independent experimental
settings.

Real-time PCR

Total cellular RNA (cRNA) was extracted using TRI Reagent (Sigma-
Aldrich), according to the manufacturer’s instructions, and treated
with DNase I (Thermo Scientific) to remove contaminating DNA. Iso-
lated RNA was reverse transcribed using random hexamers (Invitrogen)
or the forward NP primer for amplifying IAV-NP negative-sense NP
RNA or the reverse NP primer for amplifying IAV-NP positive-sense NP
RNA. The resulting cDNA was used as a template for real-time quan-
titative PCR (qPCR) using gene-specific primers. The following primers
were used: human MX1 (59-GTT TCC GAA GTG GAC ATC GCA-39
and 59-CTG CAC AGG TTG TTC TCA GC-39), human ISG15 (59-CGC
AGA TCA CCC AGA AGA TCG-39 and 59-TTC GTC GCA TTT GTC
CAC CA-39), human OAS-1 (59-GAT CTC AGA AAT ACC CCA GCC
A-39 and 59-AGC TAC CTC GGA AGC ACC TT-39), human IFN-b (59-
CGC CGC ATT GAC CAT CTA-39 and 59-GAC ATT AGC CAG GAG
GTT CTC A-39), and IAV NP (59-TGC TTC CAATGA AAA CAT GG-
39 and 59-GCC CTC TGT TGATTG GTG TT-39). qPCR was performed
with SYBR Green I chemistry using a StepOnePlus Real-Time PCR
System. cDNA quantities were normalized to the corresponding
GAPDH RNA quantities from the same samples. All of the data pre-
sented were repeated at least twice with independent experimental set-
tings.

Luciferase reporter assay

293T cells (23 105) were transfected in 24-well plates with IFN response–
triggering plasmids, such as IKKε, IRF3, and IRF7, along with reporter
plasmids (50 ng of IFN-b/pGL3 reporter plasmid or IFN-a1/pGL3), as
indicated, along with 10 ng of pRL-CMV (Promega) encoding Renilla

luciferase as a transfection control in the presence of SPL or empty vector
control DNA (CTR). At 24 h posttransfection, cells were lysed in the
passive lysis buffer to measure Renilla and firefly luciferase activities using
the Dual-Luciferase Reporter Assay System (Promega), according to the
manufacturer’s instructions. Luminescence values were measured using a
Perkin Elmer EnSpire 2300 multilabel reader.

678 S1P LYASE PROMOTES IKKε-MEDIATED TYPE I IFN RESPONSES
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Coimmunoprecipitation assay

293T (23 106) cells in 100-mm tissue culture dishes were transfected with
5 mg of GFP-SPL (a gift from Dr. Julie D. Saba, Children’s Hospital
Oakland Research Institute) and control vector or 5 mg of Flag-IKKε. One
day after transfection, cells were harvested in 1 ml of immunoprecipitation
(IP) lysis buffer (Thermo Scientific) containing protease inhibitor mixture
and PMSF (1 mM). Cell lysates were incubated with 20 ml of anti-
DYKDDDDK G1 affinity resin overnight under rotation at 4˚C. For the
GFP or Myc pull-down experiment, plain beads were coated with anti-GFP
or anti-MYC Ab (Cell Signaling Technology), respectively, and 20 ml of
these beads were incubated with cell lysates overnight under rotation at 4˚
C. For the HA pull-down experiment, 20 ml of anti-HA affinity resin
(Pierce) was used for incubation with cell lysates. The beads were washed
three times intensively with IP lysis buffer to remove any proteins bound
nonspecifically. After the final wash, sample buffer containing 2-ME was
added to the beads. The lysates were boiled for 10 min and then used for
Western blotting. The experiments were repeated independently at least
twice with similar results.

Confocal microscopy

293T cells were plated on four- or eight-well chamber slides (Nunc). The
following day, cells were transfected with 200 ng each of the indicated
plasmids using LipoD293 transfection reagent (SignaGen Laboratories). At
1 d after transfection, cells were fixed in 4% paraformaldehyde (Fisher
Scientific) and then permeabilized in 0.5% Triton X-100 (Sigma-Aldrich)
for 10 min at room temperature. Samples were blocked with 10% BSA
for 30 min, followed by overnight incubation with the indicated primary
Abs, anti-Flag (1:1000) Ab, or anti-GFP Ab (1:100) in 3% BSA overnight
at 4˚C. After washing, samples were incubated with Alexa Fluor 488–
conjugated anti rabbit IgG (1:500) or Alexa Fluor 568–conjugated anti-
mouse IgG (1:500) (both from Invitrogen) for 2 h, followed by staining
with DRAQ5 dye (300 nM; Thermo Scientific) for 15 min at room tem-
perature. Images were acquired on a Leica SPE2 DM5500Q confocal
microscope and analyzed with LSM Image Browser software. Represen-
tative fields are shown; each image was selected from 5–10 fields. Results
were equivalent in repeated experiments.

RNA interference

A 27mer siRNA duplex targeting IKKε (si-IKKε) and a Trilencer-27
Universal scrambled negative-control siRNA duplex (SCR) were pur-
chased from OriGene and used at a final concentration of 20 nM to

transfect 293T cells using Lipofectamine RNAiMAX transfection reagent,
according to the manufacturer’s instructions. A 27mer siRNA duplex
targeting SPL (si-SPL; OriGene) was used at a final concentration of
25 nM to transfect 293T cells. Cells were harvested 2 d post-siRNA
transfection, and the knockdown of IKKε and SPL was confirmed by
Western blotting.

Statistical analysis

All bars represent means, error bars show SEM, and averages were com-
pared using a bidirectional, unpaired Student t test. Data are representative
of two or three independent experimental repetitions.

Results
SPL inhibits IAV replication, which is associated with an

increased type I IFN response

We have previously observed that SPL overexpression inhibited

replication of IAV (27). In that study, we had primarily used the

cell line that overexpresses SPL protein constitutively. To de-

termine whether the long-term constant expression of SPL is

essential for the suppression of viral replication, a transient

transfection experiment was performed. As shown in Fig. 1A,

transient overexpression of SPL inhibited the expression of IAV

proteins, such as NS1 and M2, at an multiplicity of infection

(MOI) of 1 and 3. The result suggests that SPL exhibits antiviral

activity regardless of whether SPL is temporarily or stably over-

expressed. To further determine the role of endogenous SPL in

viral replication, SPL-deficient cells were created using the

CRISPR/Cas9-mediated genetic approach, as described in Mate-

rials and Methods (33). We selected two cell lines based on the

knockout of endogenous SPL, as confirmed by Western blot

analysis (Fig. 1B, 1C). SPL-deficient cells (KO-1 and KO-2 cells)

proliferated at a similar rate compared with SPL-sufficient

WT cells, without any noticeable defects in cell growth

(Supplemental Fig. 1). Upon IAV infection, KO-1 and KO-2 cells

exhibited an enhanced susceptibility to IAV replication, as shown

by a strong increase in the level of structural and nonstructural

FIGURE 1. SPL inhibits the replication of influenza virus.

(A) A549 cells (2 3 105) were transfected with CTR or HA-

tagged SPL (HA-SPL)-encoding DNA. One day later, cells

were mock infected (Mock) or were infected with IAV at an

MOI of 1 or 3. At 8 hpi, cells were harvested for Western blot

analysis to check the levels of NS1, M2, HA-SPL, and

GAPDH. WT, KO-1 cells (B), and KO-2 cells (1 3 106) (C)

were infected with IAV at an MOI of 0.1 or were mock in-

fected. At 1 dpi, Western blotting was performed to detect

NS2, NP, NS1, M2, SPL, and GAPDH proteins. (D) WT or

KO-2 cells (2 3 105) were infected with IAV at an MOI of

0.01. A plaque assay was performed at 2 and 3 dpi to de-

termine viral titer in the supernatant of the infected cells.

Data represent mean 6 SEM (n = 3 per group). **p # 0.01,

***p # 0.001.
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IAV proteins, such as NS2, NP, NS1, and M2 (Fig. 1B, 1C).

Furthermore, we investigated the role of endogenous SPL in IAV

propagation by comparing the production of infectious IAV from

WT or SPL-deficient cells. As shown in Fig. 1D, the lack of en-

dogenous SPL significantly increased IAV production at 2 and 3 d

postinfection (dpi). These data further verify the antiviral function

of endogenous SPL.

Type I IFNs are the major antiviral cytokines produced by virus-

infected cells, and the SPL-overexpressing cell line appeared to

exhibit enhanced IFN signaling to repress IAV replication (27, 35).

We further assessed the effect of SPL expression on type I IFN

responses to IAV infection. Transient overexpression of SPL led to

a significant increase in IFN-b production at 4 h postinfection

(hpi) when measured by qPCR (Fig. 2A). However, at 6 hpi, little

increase was observed in SPL-overexpressing cells compared with

the control vector–transfected infected cells, suggesting a tem-

poral increase in IFN synthesis by SPL. Because ISGs are the

ultimate antiviral effectors of the type I IFN response, we mea-

sured the extent of ISG upregulation. SPL enhanced the mRNA

level of MX1 by ∼2-fold (Fig. 2B). Also, SPL overexpression

modestly enhanced the protein level of ISGs, such as RIG-I and

ISG56 (Fig. 2C). These ISGs have been reported to play important

antiviral roles during influenza virus infection (36, 37). Of note, in

the mock-infected cells, SPL alone did not induce IFN responses,

FIGURE 2. SPL increases the type I IFN

response to influenza virus infection. (A and

B) A549 cells (2 3 105) were transfected

with CTR or SPL. At 1 d posttransfection,

cells were mock infected or were infected

with IAV at an MOI of 0.5. Relative RNA

levels of IFN-b (A) and MX1 (B) were cal-

culated by qPCR at 4 and 6 hpi. Data rep-

resent mean 6 SEM (n = 3 per group). (C)

A549 cells (2 3 105) were transfected with

CTR or HA-tagged SPL (HA-SPL)-encoding

DNA. One day later, cells were mock in-

fected (Mock) or were infected with IAV at

an MOI of 1 or 3. At 8 hpi, cells were har-

vested for Western blot analysis to check

the levels of RIG-I, ISG56, HA-SPL, and

GAPDH proteins. (D and E) A549 cells (2 3

105) were transfected with CTR or SPL. At

1 d posttransfection, cells were mock in-

fected or were infected with IAV at an MOI

of 0.5. Relative levels of IAV NP negative-

sense RNA (D) and IAV NP positive-sense

RNA (E) were calculated by qPCR at 4 and 6

hpi. Data represent mean 6 SEM (n = 3 per

group). (F) WT 293T cells or KO-2 cells (2

3 105) were mock infected or were infected

with IAV at an MOI of 0.01. At 2 dpi, the

relative levels of IFN-b (F) and ISG15 (G)

were calculated by qPCR. Data represent

mean 6 SEM (n = 3 per group). (H) WT

293T cells or KO-2 cells (2 3 105) were

mock infected or were infected with IAV at

an MOI of 0.01. At 2 dpi, cells were har-

vested for Western blot analysis to check the

levels of RIG-I, ISG56, SPL, NS1, and

GAPDH proteins. *p # 0.05, **p # 0.01,

***p # 0.001, ****p # 0.0001. ns, not

significant.
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suggesting that SPL functions as a pro-IFN factor after cellular

sensing of viral infection (Fig. 2A–C). Accordingly, SPL was

shown to suppress the synthesis of viral NP-specific RNAs of

positive- and negative-sense RNAs at 6 hpi (Fig. 2D, 2E). The

transient increase in IFN production by SPL at 4 hpi, followed

by its rapid decrease at 6 hpi (Fig. 2A), could be due to the

lower amounts of IFN-stimulatory vRNAs present in SPL-

overexpressing cells compared with control cells (Fig. 2D, 2E).

Further, we have examined the type I IFN response during IAV

infection in SPL-deficient cells. Following IAV infection, endog-

enous SPL was shown to be critical for the effective production of

IFN-b (Fig. 2F) and ISGs, such as ISG15 (Fig. 2G) and RIG-I and

ISG56 (Fig. 2H). Collectively, these data demonstrate that SPL

augments type I IFN and ISG production, which correlates with a

decrease in IAV replication.

Endogenous SPL is important for efficient induction of IFN

responses upon cellular sensing of influenza vRNAs

Although SPL enhanced IFN responses during IAV infection, the

effect appeared to be modest (Fig. 2B, 2C). This could be due to

the presence of a dynamic antagonistic interaction between viral

components and host cellular factors of the IFN system during the

IAV-replication process (30, 38–44). To overcome this, we opted

for a method to trigger an IFN response other than IAV infection.

Hence, vRNAs that were purified from IAV-infected cells were

used to stimulate IFN production. Transfection of cells with in-

fluenza vRNAs was reported to activate the RIG-I signaling

pathway by recognition of triphosphate moieties on the vRNAs,

leading to an induction of type I IFNs (5–7, 45). cRNAs were

isolated from uninfected cells and used as a negative control.

Following transfection with vRNAs, cells deficient in endogenous

SPL (KO-1 and KO-2 cells) were much less efficient at synthe-

sizing IFN-b mRNA than were SPL-sufficient WT cells (Fig. 3A).

The decreased production of IFNs caused by SPL deficiency

resulted in the decreased upregulation of ISG-specific mRNAs,

such as ISG15 (Fig. 3B) and OAS1 (Fig. 3C). Accordingly, SPL

deficiency markedly suppressed the protein expression of ISGs

such as RIG-I and ISG56 (Fig. 3D, 3E). Consistent with these

findings, when SPL was downregulated by an siRNA, vRNA-

induced expression of RIG-I and ISG56 was impaired (Fig. 3F).

These data clearly demonstrate that endogenous SPL is important

for efficient production of type I IFNs and ISG products, which, in

turn, may establish optimal antiviral conditions upon cellular

recognition of IAV RNAs.

SPL interacts with IKK« and augments IKK« activation that

leads to enhanced type I IFN production

IKKε and TBK1 phosphorylate and activate IRF3, which func-

tions as a transcription factor to direct type I IFN synthesis (8, 9).

To define the molecular mechanism behind SPL’s pro-IFN ac-

tivity, we investigated whether SPL regulates IKKε or TBK1 ac-

tivation, which leads to the activation of IRF3. Although TBK1

was autophosphorylated and induced IRF3 phosphorylation, SPL

had no effect on the level of TBK1 autophosphorylation or TBK1-

mediated IRF3 phosphorylation (Supplemental Fig. 2A), sug-

gesting that SPL does not affect TBK1-mediated IFN responses.

In contrast, SPL increased the level of the activated form of IKKε

(p-IKKε at Ser172) and IKKε-mediated phosphorylation of IRF3

(Fig. 4A). Further, SPL increased the level of p-IKKε in a dose-

dependent manner (Fig. 4B). These data indicate that SPL pro-

motes the activation of IKKε but not that of TBK1. To further

investigate whether SPL regulates IKKε activation, we used the

luciferase reporter assay to measure the promoter activities of

IFN-a/b. This allows us to determine whether SPL has the ability

to influence IKKε-induced IFN synthesis. As shown in Fig. 4C,

SPL significantly increased IKKε-mediated activation of the

FIGURE 3. SPL is important for mounting an effective IFN response upon cellular recognition of influenza vRNAs. (A–C) WT 293T cells, KO-1 cells, or

KO-2 cells (1 3 106) were transfected with RNAs isolated from IAV-infected cells (vRNAs) or RNAs isolated from noninfected cells (cRNAs) at a

concentration of 2.5 mg/ml. At 1 d after transfection, relative mRNA levels of IFN-b (A), ISG15 (B), and OAS1 (C) were determined by performing qPCR

and plotted as fold induction over cRNA-treated samples. Data represent mean6 SEM (n = 3 per group). WT 293T cells, KO-1 cells (D), and KO-2 cells (1

3 106) (E) were transfected with vRNA or cRNA. After 1 d, Western blotting was performed to detect RIG-I, ISG56, SPL, and GAPDH proteins. (F)

293T cells were transfected with si-SPL or SCR. At 24 h posttransfection, cells were transfected with vRNA or cRNA at a concentration of 1.25 mg/ml. One

day later, the levels of RIG-I, ISG56, SPL, and GAPDH were analyzed by Western blotting. ***p # 0.001, ****p # 0.0001.
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IFN-b promoter. Also, SPL promoted IKKε-mediated activation

of the IFN-a promoter compared with the control when stimulated

along with IRF3 (Fig. 4D) or IRF7 (Fig. 4E). However, SPL

overexpression in the absence of IKKε was not capable of in-

ducing transcriptional activation of type I IFN (Fig. 4C–E). We

have further investigated SPL’s function in promoting IKKε ac-

tivation by using SPL-deficient cells. As shown in Fig. 4F, SPL

deficiency resulted in the strong inhibition of IKKε autophos-

phorylation. Consistently, we have also observed a decrease in

IRF3 phosphorylation (Fig. 4F) and IFN-b production (Fig. 4G) in

the absence of endogenous SPL. Taken together, these findings

indicate that SPL enhances the stimulation of IKKε, leading to the

increased activation of transcription factors IRF3 and IRF7 that

ultimately enhance the synthesis of IFN-a/b.

To further explore the mode of action behind SPL-mediated

IKKε activation, we tested the possible interaction between SPL

and IKKε. Co-IP was performed whereby IKKε was pulled down,

and the ability of SPL to coprecipitate in the IP fraction was

assessed. The data shown in Fig. 5A demonstrated that GFP-

tagged SPL interacted with IKKε, whereas GFP itself did not

bind to IKKε. The interaction between SPL and IKKε was con-

firmed by performing the reverse co-IP (i.e., pulling down of SPL,

FIGURE 4. SPL increases IKKε activation to enhance IKKε-mediated IFN induction. (A) 293T cells (23 105) were transfected with increasing doses of

IKKε expression plasmid (+, 5 ng; ++, 25 ng; +++, 125 ng) in the presence of 200 ng of IRF3 plasmid or empty vector control plasmid (2) in the presence

of 200 ng of SPL plasmid or the empty vector control plasmid (2), as indicated. After 10 h, cells were harvested, and Western blotting was performed to

detect p-IKKε, IKKε, p-IRF3, IRF3, and GAPDH. (B) 293T cells (13 106) were transfected with 25 ng of IKKε with increasing doses of SPL plasmid (0.2,

0.4, 0.6, 0.8, or 1 mg). Ten hour later, Western blot analysis was performed to detect p-IKKε, IKKε, SPL, or GAPDH. The short-exposure (SE) and long-

exposure (LE) blots of SPL are shown. (C) 293T cells were transfected with 50 ng of IFN-b reporter plasmid along with 10 ng of IKKε plasmid in the

presence of SPL or CTR. At 1 d posttransfection, luciferase assay was performed. 293T cells were transfected with 100 ng of IFN-a1 reporter plasmid

along with 10 ng of IKKε and IRF3 (D) or 10 ng of IKKε and IRF7 (E), in the presence of 250 ng of SPL or CTR. At 1 d posttransfection, cells were

harvested, and luciferase assay was performed. Relative luciferase values are shown. Data represent mean 6 SEM (n = 3 per group). (F) WT 293T cells or

SPL KO-2 cells (23 105) were transfected with 50 ng of IKKε expression plasmid or empty vector control plasmid (-). Thirty-two hours later, Western blot

analysis was performed to detect p-IKKε, IKKε, p-IRF3, IRF3, and GAPDH. (G) WT 293T cells or SPL KO-2 cells (2 3 105) were transfected with 50 ng

of IKKε expression plasmid or empty vector control plasmid (0 h). Twenty-four hours later, relative mRNA levels of IFN-b were determined by qPCR.

Results are plotted as fold induction of IFN-b in WT and KO-2 samples over the value from each sample transfected with empty vector control plasmid (0

h). Data represent mean 6 SEM (n = 3 per group). **p # 0.01, ***p # 0.001, ****p # 0.0001. ns, not significant.
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followed by detection of IKKε in the immunoprecipitated frac-

tion) (Fig. 5B). However, SPL did not bind to the closely related

kinase TBK1 (Supplemental Fig. 2B, 2C). Furthermore, we used

confocal microscopy to visualize the localization patterns of SPL

and IKKε. SPL has been reported to be localized to cytoplasmic

organelles, such as the ER (17, 31). IKKε displayed a diffuse

localization pattern throughout the cytoplasm (Fig. 5C, Flag-

IKKε). Interestingly, when SPL and IKKε were coexpressed, a

substantial fraction of IKKε was redistributed into punctate

structures in the cytosol where SPL was colocalized (Fig 5C,

GFP-SPL + Flag-IKKε). However, IKKε did not undergo this

type of redistribution when coexpressed with GFP (Fig. 5C, GFP +

Flag-IKKε), which was used as a negative control. These results

led us to conclude that SPL interacts with IKKε, which could

facilitate IKKε activation by increasing the phosphorylation

status of IKKε. Because we have used the GFP-SPL fusion

protein in the aforementioned biochemical assays of co-IP and

confocal microscopy, we have also tested the function of GFP-

SPL to ensure that GFP-SPL remains functional and displays the

same phenotype as the untagged SPL. GFP-SPL was proven to

enhance the autophosphorylation of IKKε, similar to the un-

tagged SPL, whereas GFP protein did not affect IKKε phos-

phorylation (Fig. 6A). In support of this observation, GFP-SPL,

but not GFP, increased IFN-b production upon IAV infection

(Fig. 6B).

IKK« is important for the antiviral effect exhibited by SPL

upon IAV infection

Next, we attempted to ascertain the functional relevance of the

SPL–IKKε axis during IAV infection. For this purpose, we

downregulated endogenous IKKε, using an siRNA approach in

the presence or absence of SPL, upon IAV infection. As ex-

pected, SPL displayed an antiviral effect in SCR-treated cells

(Fig. 7A) and inhibited the synthesis of viral proteins M1 and

NP. However, this antiviral effect of SPL was nearly abrogated

when endogenous IKKε was knocked down (Fig. 7A). This

observation signifies the importance of IKKε in mediating the

antiviral effect exhibited by SPL. To further confirm whether

a similar effect is also seen in the production of infectious

viruses, we performed a plaque assay using the supernatant

from infected cells. In support of the results based on the viral

protein expression, downregulation of IKKε nullified SPL’s

ability to repress infectious IAV production (Fig. 7B). Fur-

thermore, we have repeated the IKKε-knockdown experiment

FIGURE 5. SPL interacts with IKKε.

(A) 293T cells were transfected with Flag-

tagged IKKε (Flag-IKKε) in the presence

of GFP-tagged SPL (GFP-SPL) or GFP-

expressing plasmid (GFP), or an empty

control Flag vector (2). Twenty-four hours

after transfection, co-IP was carried out

using anti-FLAG affinity resin, and West-

ern blotting was performed to detect

Flag-IKKε, GFP-SPL, and GFP in the

pull-down fractions (IP:FLAG) and in the

whole-cell lysates (Input). (B) 293T cells

were transfected with Flag-IKKε in the

presence of an empty control vector (2) or

HA-SPL. After 24 h, co-IP was carried out

using anti-HA–coated affinity resin. Western

blotting was conducted to detect Flag-IKKε

and HA-SPL in the pull-down fraction (IP:

HA), as well as in the whole-cell lysates

(Input). (C) Flag-IKKε and GFP-SPL were

transfected alone or cotransfected into 293T

cells. Flag-IKKε and GFP-expressing plas-

mid (GFP) were cotransfected into cells

(GFP + Flag-IKKε) as a negative control.

At 24 h posttransfection, cells were stained

with DRAQ5 to detect nuclei, which are

shown in the merged images, and with Ab

against Flag (a-Flag) to detect IKKε and

with Ab against GFP (a-GFP) to detect

SPL by confocal microscopy. The boxes in

the far left panels are enlarged to show

details. Arrowheads indicate the punctate-

like structure. Representative confocal im-

ages are shown. Scale bars, 10 mm.
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using A549 cells to confirm our results. SPL’s antiviral effect

was also abolished when endogenous IKKε was knocked down

in A549 cells (Fig. 7C). Additionally, SPL was found to induce

the phosphorylation of IKKε at 6 hpi, which must have con-

tributed to SPL’s antiviral function. When IKKε was down-

regulated using siRNA, this phosphorylated fraction of IKKε

did not appear (Fig. 7C), which supports the result that SPL

acts on IKKε activation to inhibit IAV replication. Taken to-

gether, our data further demonstrate that SPL’s antiviral ac-

tivity is dependent on IKKε.

SPL enhances type I IFN responses independent of its

enzymatic activity

The enzymatic function of SPL is to degrade intracellular S1P.

Hence, we investigated whether the S1P-metabolizing activity

of SPL is needed for SPL to exert its pro-IFN function. To

examine that, we used the mutant form of SPL, SPL(K353L),

which cannot degrade S1P because of a point mutation in its

cofactor binding site (31), in our experiments. Interestingly,

SPL(K353L) displayed a similar antiviral activity as WT SPL

to inhibit IAV replication in SPL-deficient cells (Fig. 8A).

Thus, SPL’s ability to impair IAV replication seems to be in-

dependent of its ability to degrade intracellular S1P. Next, we

investigated whether the mutant SPL is capable of increasing

IKKε stimulation. As shown in Fig. 8B, SPL(K353L) can in-

crease IKKε activation in a dose-dependent manner, similar to

WT SPL (Fig. 4B). In line with these data, co-IP experiments

revealed that mutant SPL can also bind to IKKε (Fig. 8C, 8D).

These data collectively indicate that SPL acts as a pro-IFN

FIGURE 6. GFP fusion does not impair the function of SPL in en-

hancing IKKε activation and IFN production. (A) 293T cells (1 3 106)

were transfected with 25 ng of IKKε in the presence of 0.2 or 0.8 mg

of SPL plasmid (SPL), GFP-tagged SPL plasmid (GFP-SPL), or GFP-

expressing plasmid (GFP). Ten hours later, Western blot analysis was

performed to detect p-IKKε, Flag-IKKε, SPL, GFP, and GAPDH. (B)

A549 cells (23 105) were transfected with CTR, GFP, or GFP-SPL. At 1 d

posttransfection, cells were mock infected or were infected with IAV at an

MOI of 0.5. Relative RNA levels of IFN-b were calculated by qPCR at 6

hpi. Data represent mean 6 SEM (n = 3 per group). **p # 0.01. ns, not

significant.

FIGURE 7. IKKε is critical for the antiviral function of SPL during IAV

infection. (A) SPL KO-1 cells (2 3 105) were transfected with si-IKKε or

SCR in the presence of SPL or CTR. Transfected cells were infected with

IAV at an MOI of 0.1. At 1 dpi, Western blotting was performed to detect

M1, NP, IKKε, HA-SPL, and GAPDH. (B) KO-2 cells (2 3 105) were

transfected with si-IKKε or SCR in the presence of SPL or CTR. Trans-

fected cells were infected with IAV at an MOI of 0.1. At 24 hpi, the su-

pernatants from MDCK cells were collected to quantify viral titers by

plaque assay. Three separate samples of virus-infected cells per group were

used for each condition. Data are mean 6 SEM (n = 3 per group). (C)

A549 cells (23 105) were transfected with si-IKKε or SCR in the presence

of SPL or CTR. Transfected cells were infected with IAVat an MOI of 0.5.

At 6 hpi, Western blotting was performed to detect p-IKKε, IKKε, HA-

SPL, and GAPDH; at 18 hpi, Western blotting was performed to detect

viral M1, NP, and GAPDH. **p # 0.01. ns, not significant.
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factor independent of its enzymatic activity of degrading cel-

lular S1P.

Discussion
In this study, we demonstrate that SPL is critical for host innate

immunity by promoting efficient type I IFN responses and es-

tablishment of an antiviral state. Mechanistically, SPL augments

IFN production by binding and activating the kinase IKKε that

phosphorylates IRF3. We delineate the relationship between SPL

and IKKε and their interplay to promote IFN-a/b production.

IKKε and TBK1 are known to activate the transcription factors

IRF3/IRF7 to induce type I IFNs (8). However, the commonality

and differences between these two kinases with regard to their

activity in the IFN production pathway are incompletely under-

stood. Although TBK1 is constitutively expressed in most cell

types, IKKε is more predominantly detected in immune cells, and

its expression is often upregulated upon stimulation with LPS or

inflammatory cytokines (46). Also, studies performed with TBK1-

deficient and IKKε-deficient mouse embryonic fibroblasts (MEFs)

have established a redundant role for IKKε and TBK1 in the IFN

response upon polyinosinic-polycytidylic acid treatment, whereas

IKKε had a dispensable role in IFN production upon LPS treat-

ment (47). Interestingly, TBK1-deficient MEFs could still mount an

IFN response to polyinosinic-polycytidylic acid treatment, which

was abolished in IKKε
2/2 TBK12/2 double-deficient MEFs, indi-

cating that IKKε does play a definitive role in IFN production (47).

Thus, the function of IKKε may be more reliant on the type of

stimulus or cellular condition. Our findings show that SPL regulates

IKKε but not TBK1. The differential effect that SPL has on TBK1

and IKKε activation is further substantiated by our co-IP data,

which provide mechanistic evidence that SPL does bind to IKKε

but not to TBK1. Determining the in-depth mechanism for the SPL-

mediated specific regulation of IKKε may extend our understanding

of the differential functions of IKKε and TBK1 in directing the

synthesis of type I IFNs.

In the confocal microscopy analysis, we have observed that

IKKε relocalizes into punctate cytoplasmic bodies (Fig. 5C). The

nature of these cytoplasmic bodies remains unknown. The

punctate-like structure of IKKε was also observed when IKKε was

coexpressed with another IKKε-binding protein, TRIM6 (48). It

was proposed that IKKε relocalizes into TRIM6-ubiquitin–rich

bodies for enhanced IKKε activation. Therefore, it is likely that

IKKε gathers to form the punctate-like structure when it binds to

other cellular proteins for activation of IFN signaling. Whether

TRIM6 is involved in SPL-mediated regulation of IKKε activity

and/or localization will be interesting to investigate. Also, it re-

mains unknown what triggers SPL to interact with IKKε. We have

observed that the SPL expression level does not change upon

stimulation by IFN. However, there is a possibility that, upon

cellular sensing of vRNAs, SPL undergoes posttranslational

modification. Once modified, SPL may exert its function as a pro-

IFN factor by interacting with IKKε. Alternatively, upon cellular

recognition of vRNAs, activated IKKε may recruit SPL into the

IFN pathway. These possibilities are currently under investigation.

FIGURE 8. SPL enhances the type I IFN response independent of its enzymatic activity. (A) WT 293T cells or KO-1 cells (2 3 105) were transfected

with CTR, WT SPL, or mutant SPL [SPL(K353L)], as indicated. One day later, transfected cells were infected with IAVat an MOI of 0.1. Western blotting

was performed at 1 dpi to detect NS2, NS1, SPL, and GAPDH proteins. (B) 293T cells (1 3 106) were transfected with 25 ng of Flag-tagged IKKε with

increasing doses (0.4, 0.6, 0.8, or 1 mg) of SPL(K353L) plasmid. Ten hours posttransfection, Western blotting was performed to detect p-IKKε, IKKε, SPL,

and GAPDH proteins. (C) 293T cells were transfected with GFP-tagged SPL(K353L) [GFP-SPL(K353L)] and either an empty control Flag vector (2) or

Flag-tagged IKKε (Flag-IKKε). Twenty-four hours after transfection, IP was carried out using anti-FLAG affinity resin, and Western blotting was per-

formed to detect Flag-IKKε and GFP-SPL(K353L) in the pull-down fractions (IP: FLAG) and in the whole-cell lysates (Input). (D) 293T cells were

transfected with Flag-IKKε in the presence of an empty control vector (-) or GFP-SPL(K535L). After 24 h, co-IP was carried out using anti-GFP–coated

affinity resin. Western blotting was conducted to detect Flag-IKKε and GFP-SPL(K353L) in the pull-down fraction (IP: GFP), as well as in the whole-cell

lysates (Input).
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Influenza virus was reported to strive to counterattack the potent

antiviral IFN response (49, 50). For instance, influenza viral NS1

was shown to antagonize the type I IFN system in multiple ways

(6, 49). However, it remains unknown whether IAV proteins, such

as NS1, regulate SPL’s pro-IFN function or whether SPL modu-

lates the viral protein’s anti-IFN effect. Delineating the molecular

mechanism behind this dynamic regulation will help us to un-

derstand IAV–host interaction pathways.

IKKε
2/2 mice were hypersusceptible to influenza infection, with

increased virus titers in the lungs compared with WT control mice

(51). Also, respiratory syncytial virus and vesicular stomatitis virus

were shown to induce IKKε expression and/or activation, which

contributed to IRF3 activation in response to these infections (52,

53). Furthermore, Ebola virus VP35 protein and nucleoprotein of

lymphocytic choriomeningitis virus were reported to interact with

IKKε to prevent it from binding to IRF3, thereby antagonizing the

cellular IFN response (54, 55). Thus, IKKε is a key player for

eliciting the innate immune response in the context of multiple virus

infections. By using the IKKε-knockdown approach, we conclu-

sively demonstrated the importance of IKKε in SPL-mediated anti-

influenza viral action (Fig. 7). Our study linking SPL to IKKε and

the type I IFN response can be extrapolated to other pathogenic

virus infections for which the significance of IKKε in the virus

lifecycle has already been established.

Our data suggest that the mutant SPL can exhibit antiviral po-

tential to the same extent as WT SPL during IAV infection. These

data indicate that the S1P-degrading activity of SPL is not nec-

essary for it to exert its pro-IFN function. This is consistent with the

prior observation that sphingosine analogs or S1P receptor 1

(S1P1R) agonist did not affect replication of the influenza virus

in vitro and in vivo (27, 28, 56–58). The protein–protein interac-

tion between SPL and IKKε appears to be important and sufficient

for SPL to increase IKKε activation to promote the type I IFN

response. However, the sphingosine analogs or S1P1R agonist

could regulate cytokine responses during influenza virus infection

(56–59). Also, it was recently reported that the agonist of S1P1R

or exogenous S1P can directly induce degradation of type I IFN

receptor (IFNAR) to inhibit IFN amplification on plasmacytoid

dendritic cells (60). This could be an important mechanism for

regulation of the inflammatory response, given that S1P has been

shown to affect cytokine/chemokine responses in diverse condi-

tions (61–63). Conceivably, SPL may cause degradation of S1P to

prevent S1P1R-mediated IFNAR1 degradation, thereby leading to

preservation of an intact IFN pathway. However, the regulation of

intracellular SPL may result in altered physiological conditions

different from exogenous stimulation of S1P1R. Further, our data

indicate that the phenotypic and functional interaction between

SPL and IKKε does not require SPL’s enzymatic activity. Perhaps

cellular detection of vRNAs guides the action of SPL into IKKε-

mediated type I IFN pathway in the virus-infected cells. Thus, it is

conceivable that SPL has a dual role in regulating host immune

responses via S1P-dependent and S1P-independent mechanisms.

The intricate mechanisms for sphingolipid system–host immunity

interactions need to be investigated further using diverse systems,

including the regulation of S1P-metabolizing enzymes, as well as

S1PR activation.

It was reported that SPL-KO mice do not survive for more than

2–3 wk after birth (64). More recently, conditional SPL-KO mice

have been developed that can be used to study the cell type–

specific function of SPL in vivo (65). Investigating the function of

SPL in the mice model will allow us to determine the importance

of SPL during IAV infection in vivo. Furthermore, the role of SPL

in primary human respiratory epithelial cells or immune cells re-

mains to be defined.

Type I IFNs are cellular factors that are critical for the host innate

immune response against most viral infections. Therefore, un-

derstanding the precise mechanism of the signal transduction

events contributing to the establishment of this defense system will

have a great impact on the field of viral immunology and infectious

diseases. More importantly, research on the SPL–IKKε–IFN axis

could extend our knowledge of virus–host interactions and im-

munoregulatory pathways, which also has translational potential

for designing new therapeutic interventions for the treatment of

viral infections.
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