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Sulfatide Is Required for Efficient Replication of Influenza A Virus�
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Sulfatide is abundantly expressed in various mammalian organs, including the intestines and trachea, in
which influenza A viruses (IAVs) replicate. However, the function of sulfatide in IAV infection remains
unknown. Sulfatide is synthesized by two transferases, ceramide galactosyltransferase (CGT) and cerebroside
sulfotransferase (CST), and is degraded by arylsulfatase A (ASA). In this study, we demonstrated that sulfatide
enhanced IAV replication through efficient translocation of the newly synthesized IAV nucleoprotein (NP) from
the nucleus to the cytoplasm, by using genetically produced cells in which sulfatide expression was down-
regulated by RNA interference against CST mRNA or overexpression of the ASA gene and in which sulfatide
expression was up-regulated by overexpression of both the CST and CGT genes. Treatment of IAV-infected cells
with an antisulfatide monoclonal antibody (MAb) or an anti-hemagglutinin (HA) MAb, which blocks the
binding of IAV and sulfatide, resulted in a significant reduction in IAV replication and accumulation of the
viral NP in the nucleus. Furthermore, antisulfatide MAb protected mice against lethal challenge with patho-
genic influenza A/WSN/33 (H1N1) virus. These results indicate that association of sulfatide with HA delivered
to the cell surface induces translocation of the newly synthesized IAV ribonucleoprotein complexes from the
nucleus to the cytoplasm. Our findings provide new insights into IAV replication and suggest new therapeutic
strategies.

Influenza A virus (IAV) hemagglutinin (HA) and neuramin-
idase (NA) are known to associate with specific membrane
microdomains (lipid rafts) for assembly and budding of prog-
eny virus (31, 44). Lipid rafts, which are comprised of densely
packed cholesterol and sphingolipids, have been shown to be
involved in the regulation of various cellular events, including
membrane transport (32), virus entry/budding (2), and signal
transduction (34). Sulfatide is one of the major sulfated glyco-
lipids abundantly detected in lipid rafts of plasma membranes
(3, 26), various mammalian organs (6, 8, 10), and cell lines of
mammalian kidneys, which are used for the primary isolation
and cultivation of IAVs (23, 24). Sulfatide interacts with ex-
tracellular matrix proteins (40), adhesion molecules (1, 14),
growth factor (14), bacteria (12), and viruses (7, 36).

The biosynthesis of sulfatide is carried out by the trans-
ferases ceramide galactosyltransferase (CGT) and cerebroside
(galactosylceramide) sulfotransferase (CST) in the Golgi ap-
paratus (10, 13). CGT converts ceramide to galactosylcer-

amide, a sulfatide precursor. The synthesis of sulfatide follows
3�-O sulfation of galactosylceramide by CST, while specific
degradation of sulfatide is performed in lysosomes by arylsul-
fatase A (ASA), which catalyzes desulfation of galactose resi-
dues within sulfatide molecules (Fig. 1) (35).

We previously found that sulfatide binds to IAV particles
and inhibits viral infection and sialidase activity under low-pH
conditions (36, 38); however, the role of sulfatide in IAV
infection remains unknown. In the present study, we investi-
gated the function of sulfatide in the virus infection cycle by
knockdown of sulfatide expression in Madin-Darby canine kid-
ney (MDCK) cells, which are known to adequately support
IAV replication, and by genetic up-regulation of sulfatide ex-
pression in COS-7 cells, which lack sulfatide expression and
sufficient IAV replication. We found by using genetically pro-
duced sulfatide knockdown or sulfatide-enriched cells that sul-
fatide regulates translocation of the newly synthesized viral
nucleoprotein (NP) from the nucleus to the cytoplasm. Treat-
ment of IAV-infected cells with an antisulfatide monoclonal
antibody (MAb) or an anti-HA MAb, which blocks the binding
of IAV and sulfatide, resulted in a significant reduction in IAV
replication and accumulation of the viral NP in the nucleus.
Furthermore, antisulfatide MAb protected mice against a
lethal challenge with pathogenic influenza A/WSN/33 (H1N1)
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virus. These results indicate that association of sulfatide with
HA delivered to the cell surface induces translocation of the
newly synthesized IAV ribonucleoprotein complexes from the
nucleus to the cytoplasm, resulting in a remarkable enhance-
ment of IAV replication.

MATERIALS AND METHODS

Cells and viruses. Parent MDCK cells and plasmid-transfected MDCK cells
were maintained in Eagle’s minimum essential medium supplemented with 5%
fetal bovine serum (FBS). COS-7 cells and plasmid-transfected COS-7 cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS. IAVs [A/WSN/33 (H1N1), A/Memphis/1/71 (H3N2), and A/duck/313/4/78
(H5N3)] were propagated in 10-day-old embryonated hen’s eggs for 2 days at
34°C and were purified by sucrose density gradient centrifugation as described
previously (36).

Antibodies. Mouse antisulfatide MAb (GS-5; immunoglobulin M [IgM]) (5,
33, 39) and mouse antiglycosphingolipid, Gb3Cer MAb (TU-1; IgM) were pre-
pared as described previously (14, 20, 33). Mouse anti-NP (4E6), anti-H3 HA
(2E10 and 1F8), and anti-N2 NA (SI-4) MAbs (IgG) were established by a
procedure described previously (20) using influenza virus A/Memphis/1/71
(H3N2) and A/Japan/305/57 (H2N2) strains. In experiments on virus infection
and replication, each MAb was used in the supernatant of each mouse hybrid-
oma cultured with a serum-free medium, Hybridoma-SFM (Invitrogen Corp.,
Carlsbad, CA).

Cloning and transfection. Total RNA of cells was extracted with the TRIzol
reagent (Invitrogen Corp., Carlsbad, CA) and was converted to cDNA by using
a TaKaRa RNA PCR kit (avian myeloblastosis virus), version 3.0 (Takara Bio
Inc., Shiga, Japan). The CGT and CST genes from MDCK cells were determined
using a 3�-Full RACE Core set (Takara Bio Inc., Shiga, Japan) and a 5�-Full
RACE Core set (Takara Bio Inc., Shiga, Japan). We obtained two patterns of
open reading frame (ORF) sequence for the CST mRNA from MDCK cells. One
had the same number of base pairs as the human CST ORF, but the other had
an insertion of 3 bp between positions 131 and 132 relative to the start codon.
The CST gene was amplified with PCR primers 5�-CGGAATTCCGATGCCG
CTGCCGCAGAAGAAGC-3� and 5�-CCGGAATTCCGGTCACCACCTCA
GAAAGTCCCGGATGA-3�, containing an EcoRI site using pfuUltra high-
fidelity DNA polymerase (Stratagene, CA). Two pGEM-CST vectors
containing no insertion or a three-base insertion in the CST gene were
generated by insertion of the PCR fragment of the CST gene treated with
EcoRI into the EcoRI site of the pGEM-T Easy vector (Promega, Madison,
WI). The fragment of the CST ORF from pGEM-CST treated with EcoRI
was inserted into the EcoRI site of the pIRES-neo vector (BD Biosciences,
CA). The CGT gene was amplified with PCR primers 5�-CGGCGGCGGCGT
CTCGCATGAAGTCTTACACTCCGTATTCATGC-3� and 5�-CGGCGGCGT
CTCGAATTTTTCACCTTCTTTTCATGTTTAATATGGC-3� using Tbr EXT
DNA polymerase (Finnzymes Oy, Finland). A pTARGET-CGT vector was gen-
erated by insertion of the PCR fragment of the CGT gene into the pTARGET
vector (Promega, Madison, WI) by TA cloning. A PCR fragment containing two
NotI sites was obtained by PCR using the pTARGET-CGT vector as a template
with primers 5�-ATAAGAATGCGGCCGCTAAACTATATGAAGTCTTACA
CTCCGTATTTCATGCTCCTG-3� and 5�-ATAAGAATGCGGCCGCTAAAC
TATTCATTTCACCTTCTTTTCATGTTTAA-3�. The PCR fragment of the
CGT ORF treated with NotI was inserted into the NotI site of the pIRES-neo
vector containing the CST ORF. Then, two bicistronic expression pIRES-CST-
CGT vectors (no insertion or a three-base insertion in the CST gene), simulta-
neously expressing both the CST and CGT proteins from the same mRNA, were
generated.

The ASA gene from HeLa cells was amplified with PCR primers 5�-GGAAT

TCCATGGGGGCACCGCGGT-3� and 5�-CGGAATTCCGTCAGGCATGG
GGATCTGGGC-3�, containing an EcoRI restriction site, using pfuUltra high-
fidelity DNA polymerase. A pGEM-ASA vector was generated by insertion of
the PCR fragment into the EcoRI site of the pGEM-T Easy vector. The PCR
fragment of the ASA ORF amplified with PCR primers 5�-CATGCCATGGGG
GCACCGCGGTC-3� (containing an NcoI restriction site) and 5�-CGGAATTC
CGGGCATGGGGATCTGGGCA-3� (containing an EcoRI restriction site and
stop codon deletion due to fusion with a histidine tag) from pGEM-ASA was
inserted into the region between the NcoI site and the EcoRI site of the expres-
sion pTriEx3-neo vector (Novagen, Darmstadt, Germany). A bicistronic-expres-
sion pTriEx3-ASA vector simultaneously expressing both the ASA and neomycin
phosphotransferase proteins from the same mRNA was then generated. Se-
quences of the inserted genes in all generated plasmids were confirmed using an
ABI Prism 310NT genetic analyzer (Applied Biosystems, CA).

COS-7 cells were transfected with the pIRES-CST-CGT vector (containing no
insertion or a three-base insertion in the CST gene) using the transfection
reagent TransIT-293 (Panvera, Madison, WI). The transfected cells were se-
lected in the presence of 1 mg/ml G418 (Promega, Madison, WI) for more than
3 weeks, followed by cloning. Screening of the sulfatide-enriched cell clone was
performed by observation of expression of sulfatide stained with GS-5 and
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgM secondary
antibody (Sigma-Aldrich Corp., MO) under a fluorescence microscope (Olympus
IX70; Olympus, Tokyo, Japan). Two sulfatide-enriched cell clones, one of which
had a three-base insertion in the CST gene, were generated, and stable mRNA
expression of the CST gene derived from pIRES-CST-CGT within each cell
clone was confirmed by PCR with primers 5�-AGTACTTAATACGACTCACT
ATAGG-3� (T7 promoter primer) and 5�-ACGGTGATGAAGGTGGC-3� (CST
antisense primer) using mRNA expression of the glyceraldehyde 3-phosphate
dehydrogenase gene (GAPDH) as a control housekeeping gene (Fig. 2A).

MDCK cells were transfected with the pTriEx3-ASA vector using the trans-
fection reagent TransIT-293. The transfected cells were selected in the presence
of 1 mg/ml G418 for more than 3 weeks. Screening of ASA activity and sulfatide
depletion in the transfected cells was performed. Sulfatase activities in 120 to 150
�g of the transfected cells were measured as described previously (43) using
4-methylumbelliferyl sulfate (Research Organics, OH). Sulfatide depletion in the
transfected cells was observed by staining of sulfatide with GS-5 and FITC-
conjugated goat anti-mouse IgM secondary antibody under a fluorescence mi-
croscope. Stable mRNA expression of the ASA gene derived from pTriEx3-ASA
was confirmed by PCR with primers 5�-AGTACTTAATACGACTCACTATA
GG-3� (T7 promoter primer) and 5�-AGCCAGGACTTCGGC-3� (ASA anti-
sense primer) using mRNA expression of GAPDH as a control housekeeping
gene (Fig. 3A).

RNAi against CST mRNA. cDNA sequences 5�-GCTTCAACATCATCTGC
A-3� (CST401-419, numbering from the ATG codon) or 5�-CGACTTCGACTA
CCCGGCC-3� (CST337-357) of the CST coding region and 5�-CTGGAGTTG
TCCCAATTCT-3� (GFP29-47) of the green fluorescent protein gene (GFP)
coding region were inserted into the cloning site between BamHI and HindIII of
the small interfering RNA (siRNA) expression vector pSilencer3.1-H1 neo (Am-
bion Inc., Austin, TX). MDCK cells were transfected with these vectors using
TransIT-293 (Panvera, Madison, WI) and maintained in the presence of G418
(1 mg/ml) for 3 weeks. Then, G418-resistant MDCK cells were cloned in the
presence of G418 (500 �g/ml). Endogenous mRNA of the CST gene in each
MDCK clone was quantitated by quantitative real-time reverse transcription-
PCR (RT-PCR) (LightCycler 2.0; Roche Applied Science, Tokyo, Japan) using
the primer pairs 5�-AGCACGGGCTCAAGTTC-3� (CST302-318) and 5�-ACG
GTGATGAAGGTGGC-3� (CST469-485), which amplify the cDNA region of
CST containing CST401-419 and CST337-357. Endogenous mRNA of the
GAPDH gene, as a housekeeper gene, was quantitated using the primer pairs
5�-TCAACGGATTTGGCCGTATTGG-3� (GAPDH17-38) and 5�-TGAAGGG
GTCATTGATGGCG-3� (GAPDH97-106). The relative amount of mRNA of
the CST gene is shown as a percentage of that in parent cells. Standard deviations
were calculated from the three independent experimental data. To investigate
whether RNA interference (RNAi) against the CST mRNA inhibits nuclear
export of viral NP, SulCOS1 cells and MDCK cells were transfected with an
siRNA vector, piGENE-tRNA Pur (iGENE Therapeutics, Inc., Ibaraki, Japan),
in which 5�-GCTTCAACATCATCTGCAACCACATGCGCT-3� (CST401-430)
or 5�-CAACCCGCAGGTGCAGGAACACATCCTGGA-3� (CST693-722) was
inserted between SacI and KpnI sites against CST mRNA of MDCK cells. An
siRNA vector in which the GFP sequence 5�-ACTGGAGTTGTCCCAATTCT
TGTTGAATTA-3� was inserted was used as a negative control. The transfected
cells were maintained in a serum-free medium for 3 days at 37°C and infected
with IAV at a high multiplicity of infection (MOI). After 7 h at 34°C, the
infected cells were fixed with cold methanol and stained by 4�,6�-diamidino-

FIG. 1. Metabolism of sulfatide synthesis and degradation.
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2-phenylindole dihydrochloride (DAPI), GS-5, and anti-NP (4E6). The
stained cells were observed under an LSM 510 confocal microscope (Carl
Zeiss Inc., Thornwood, NY).

Virus infection and multiple replications. Cells were seeded in a 24-well plate
(0.5 � 105 cells/well). Cells were infected with IAV strain A/WSN/33 (H1N1)
sustained in a serum-free medium at 34°C for 1 h. To examine initiation of
infection of IAV, infected cells were maintained in a serum-free medium con-
taining zanamivir (1 �M), a specific IAV sialidase inhibitor, to prevent multiple
viral replications. To evaluate multiple viral replications, infected cells were
maintained in 500 �l of a serum-free medium without any antibodies or with
GS-5 (300 �g/ml) or TU-1 (500 �g/ml) at 37°C in the presence of acetylated
trypsin (2.5 �g/ml), which cleaves viral HA to the HA1 and HA2 subunits, in
order to activate viral fusion activity, which is required for multiple virus repli-
cations. The infected cells were fixed with cold methanol for 30 s, and they were
incubated with anti-NP MAb (4E6) for 30 min and then with horseradish per-
oxidase-conjugated goat anti-mouse IgG plus IgM (Jackson Immuno Research,
West Grove, PA) for 30 min at room temperature. Viral NPs within the infected
cells were developed by addition of H2O2, N,N-diethyl-p-phenylenediamine di-
hydrochloride, and 4-chloro-1-naphthol as described previously (36). Titers of
progeny virus in the supernatant from infected cells were measured by a plaque
assay. All pictures were taken by using an Olympus DP70 or C5050 camera.

Plaque assay and virus titration. For quantitation of virus titers, confluent
monolayer MDCK cells were incubated with log dilutions of the virus in a
serum-free medium for 1 h at 34°C. The infected monolayers were then overlaid
with a solution of a serum-free medium containing acetylated trypsin (2.5 �g/ml)
and 0.8% agarose. The monolayers were incubated for 2 to 3 days at 34°C until
plaques could be visualized. Standard deviations were calculated from the three
independent experimental data.

Fluorescence-activated cell sorter analysis of sulfatide. MDCK cells, sulfatide
knockdown MDCK cells, COS-7 cells, and sulfatide-enriched COS-7 cell clones
(0.5 � 105 cells/well in a 24-well plate) were maintained in a serum-free medium,
Hybridoma-SFM, for 2 days at 37°C and were harvested with treatment of
0.125% trypsin. The cells were fixed with 3% paraformaldehyde for 30 s, and they
were incubated in the medium containing GS-5 for 1 h on ice and then with
FITC-conjugated goat anti-mouse IgM antibody (Sigma-Aldrich Corp., MO) for

1 h on ice. Fluorescence for cells was excited with the 488-nm line of an argon
laser on a fluorescence-activated cell sorter Canto II flow cytometer (BD, Fran-
klin Lakes, NJ). At least 1 � 104 cells were analyzed for each sample.

Fluorescence microscopy. To visualize sulfatide expression in cells, cells grown
on glass coverslips (Teflon printed glass slides; Erie Scientific Company, Ports-
mouth, NH) were fixed and permeabilized with cold methanol for 30 s, incubated
with GS-5, and then incubated with FITC-conjugated goat anti-mouse IgM
secondary antibody. To visualize distribution of viral NP, HA, or NA within
infected cells, cells were infected with IAV strain A/Memphis/1/71 (H3N2) at an
MOI of 5 PFU per cell for 1 h at 34°C and maintained in a medium supple-
mented with 1% FBS at 37°C. At 7 h postinfection, the infected cells were fixed
and permeabilized with cold methanol for 30 s. The infected cells were incubated
with mouse anti-NP (4E6), anti-H3 HA (2E10), or anti-N2 NA (SI-4) MAb and
then with tetramethyl rhodamine-conjugated goat anti-mouse IgG secondary
antibody (Sigma-Aldrich Corp., MO). Nuclei were visualized with DAPI
(Dojindo Laboratories, Kumamoto, Japan). The cells were observed under a
confocal microscope. To evaluate nuclear localization of NP in sulfatide-en-
riched or knockdown cells, pictures (magnification, �400) with staining of NP
and nuclei were taken at 5.5 and 6.5 h postinfection at 34°C. Cells in which most
of the NP was localized in the nucleus were counted in least six fields per cell line.
Nuclear localization of NP in each cell line was expressed as the ratio of cells with
nuclear localization of NP to total infected cells.

Inhibition of IAV binding to sulfatide by MAbs. Five hundred picomoles of
sulfatide was immobilized in wells of microtiter plates (F96 Polysorp; Nunc,
Roskilde, Denmark) as described previously (37). Each well was blocked by 0.2%
bovine serum albumin containing 0.1% (wt/vol) MEGA-10 (Dojindo Laborato-
ries, Mashiki, Japan) at 4°C overnight. For the binding inhibition test of anti-IAV
MAbs (2E10, 1F8, and SI-4), 50 �l of influenza virus A/Memphis/1/71 (H3N2)
suspension (24 hemagglutinating units) was treated with 50 �l of each anti-IAV
MAb at 4°C for 2 h. The reaction mixtures were added to the well and incubated
at 4°C for 2 h. For the binding inhibition test of anti-glycolipid MAbs (GS-5 and
TU-1), 50 �l of each MAb was added to the wells. After a 2-h incubation at 4°C,
50 �l of IAV suspension (24 hemagglutinating units) was added to the wells and
incubated at 4°C for 2 h. Binding of virus to sulfatide was detected by using rabbit

FIG. 2. Multiple replications of IAV in sulfatide-enriched COS-7 cells. Two sulfatide-enriched cell clones were generated by transfection of
COS-7 cells with both dog CST (dCST) and CGT genes and cloning. (A) Detection of dCST mRNA expression in sulfatide-enriched cell clones
(SulCOS1 and SulCOS2) by RT-PCR. GAPDH mRNA was used as a control. (B) Flow cytometry analysis of sulfatide contents on the surface of
sulfatide-enriched cell clones (SulCOS1, red line; SulCOS2, blue line) and parent cells (black line) with antisulfatide MAb (GS-5). (C) Fluores-
cence observation of sulfatide (green) and nucleus (blue) in sulfatide-enriched cell clones and parent cells. Scale bar � 50 �m. (D) Observation
of infected cells in a well (lower) or under an optical microscope at magnification �40 (upper) at 24 h postinfection in the presence of acetylated
trypsin to generate multiple virus replications. Cells were infected with A/WSN/33 (H1N1) at 2.5 � 102 PFU per well. (E) Virus multiple replication
titers in the supernatant from infected cells of panel D were measured by a plaque assay. (F) The number of initial infection in sulfatide-enriched
cells. Sulfatide-enriched cells and parent cells were infected with IAV at 1.25 � 104 PFU per well. At 15 h postinfection in the presence of zanamivir
to prevent virus multiple replications, the infected cells were counted per area unit. Standard deviations were calculated from the three
independent experimental data.
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anti-IAV polyclonal antibody and horseradish peroxidase-conjugated protein A as
described previously (37).

in vivo antiviral assay. Female C57BL/6 mice (8 weeks) were infected intra-
nasally with 20 �l of a 4 � 103 50% tissue culture infective dose of mouse-
adapted IAV A/WSN/33 (H1N1). Twenty-five microliters of phosphate-buffered
saline containing GS-5 (300 �g/ml) was administered intranasally once daily for
5 days beginning 1 day preinfection. Four mice per group were monitored for
body weight and mortality daily for 7 days after infection until all mice had
succumbed to infection or were recovering as assessed by body weight. Lung
histopathology was examined on day 6 after IAV infection.

Nucleotide sequence accession numbers. Nucleotide sequence data for the dog
CST genes are available in GenBank under accession numbers 240641 and
240642.

RESULTS

Sulfatide-enriched COS-7 cells remarkably promote IAV
multiple replications. To determine whether sulfatide contrib-
utes to the IAV life cycle, we genetically produced sulfatide-
enriched cells from parental COS cells defective in sulfatide
(10, 25). It has been suggested that sulfatide accumulation
leads to a feedback inhibition of galactosylceramide synthesis
(30). We therefore obtained both CST and CGT genes from
MDCK cells by PCR cloning methods. COS-7 cells were trans-
fected with the expression pIRES-neo vector containing an
internal ribosome entry site between the CST gene and the
CGT gene (Fig. 2A). We established two cell clones (SulCOS1
and SulCOS2) that stably express sulfatide by cloning in the
presence of neomycin and demonstrated sulfatide expression
by flow cytometry (Fig. 2B) and immunofluorescence micros-
copy (Fig. 2C) with GS-5.

Surprisingly, obvious enhancement of IAV multiple replica-

tions in sulfatide-enriched cells was confirmed by immuno-
staining of the cells (Fig. 2D). Titers of progeny virus in the
supernatant from cell clones increased by 500 to 3,000 times in
comparison with results for that from the parent COS-7 cells,
which showed little replication of IAV (Fig. 2E). In contrast,
sulfatide-enriched cells showed a reduction of about 28% in
the initial infection in comparison with that of the parent cells
(Fig. 2F). Although sulfatide binds to IAV, it may not be
important for initial IAV infection as a virus receptor. It is
thought that excessive sulfatide competitively inhibits initial
virus binding to actual receptors (sialoglycoconjugates). Also,
abnormal sulfatide storage due to ASA deficiency is known to
cause down-regulation and mistargeting of cellular proteins,
such as the lipid raft-associated protein MAL (29). An exces-
sive amount of sulfatide may inhibit normal functions in the
initial IAV phase, such as endocytosis.

Sulfatide knockdown MDCK cells show significant reduc-
tion in IAV multiple replications. To evaluate the impact of
sulfatide depletion on IAV replication, we generated sulfatide
knockdown cells from MDCK cells by transfection with the
ASA gene and by RNAi targeting CST mRNA. We obtained
MDCK cells stably expressing the ASA gene in the presence of
neomycin after transfection with the expression pTriEx3-neo
vector containing the internal ribosome entry site between the
ASA gene and the neomycin resistance gene, simultaneously
expressing both the ASA protein and the neomycin phospho-
transferase from the same mRNA (Fig. 3A). Stable expression
of the ASA gene led to an approximately 11-fold increase in
sulfatase activity compared to that of parent cells or cells

FIG. 3. Decreased multiple replications of IAV in sulfatide knockdown MDCK cells. Sulfatide knockdown cells (ASA) were generated by
transfection of MDCK cells (Parent) with the human ASA gene (hASA) and cultured in the presence of G418 for more than 3 weeks. As a control,
G418-resistant MDCK cells transfected with an empty vector (Vector) were also used. (A) Detection of hASA mRNA expression in sulfatide
knockdown cells by RT-PCR. GAPDH mRNA was used as a control. (B) Increased sulfatase activity of sulfatide knockdown cells. (C) Flow
cytometry analysis of sulfatide contents on the surface of sulfatide knockdown cells (ASA, red line) and control cells (Vector, blue line; Parent,
black line) stained with GS-5. (D) Observation of infected cells under an optical microscope at magnification �40 at 26 h postinfection in the
presence of acetylated trypsin. Cells were infected with A/WSN/33 (H1N1) at 2.5 � 101 PFU per well. (E) Virus multiple replication titers in the
supernatant from infected cells of panel D were measured by a plaque assay. (F) The number for initial infection in sulfatide-knockdown cells.
The cells were infected with IAV at 1.25 � 104 PFU per well. At 16 h postinfection in the presence of zanamivir, the infected cells were counted
per area unit. Standard deviations were calculated from the three independent experimental data.
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transfected with an empty vector alone (Fig. 3B). The effect of
sulfatide knockdown in these cells was confirmed by flow cy-
tometry (Fig. 3C) with antisulfatide MAb (GS-5) (15, 33).

ASA activation is known to be required for association of

ASA with sphingolipid activator protein 1 (SAP-1) (4, 27);
however, ASA activation in MDCK cells did not require ex-
pression of the exogenous SAP-1 gene. MDCK cells may ex-
press a large amount of endogenous SAP-1. We assessed initial

FIG. 4. Decreased multiple replications of IAV in sulfatide knockdown MDCK cells transfected with an siRNA vector against mRNA of the CST
gene. (A) Endogenous mRNA of the CST gene in MDCK cells was quantitated by quantitative real-time RT-PCR. Endogenous mRNA of the GAPDH
gene, as a housekeeper gene, was quantitated. The relative amount of mRNA of the CST gene is shown as a percentage of that in parent cells. (B) Flow
cytometry analysis of sulfatide contents on the surface of transfected cells (CST401-419, red line; CST337-357, blue line; GFP29-47, green line) and parent
cells (black line) with GS-5. (C) The cells were infected with A/WSN/33 (H1N1) at 5 � 101 PFU per well. At 26 h postinfection in the presence of
acetylated trypsin, multiple replication titers of virus in supernatants from infected cells were measured by a plaque assay. (D) Observation of the infected
cells analyzed in panel C under an optical microscope at magnification �40. (E) Inhibition of nuclear export of viral NP by RNAi against CST. SulCOS1
cells (upper) or MDCK cells (lower) were transfected with an siRNA vector against CST mRNA of MDCK cells. A vector with the GFP sequence inserted was
used as a negative control (Con). The infected cells were fixed with cold methanol and stained by DAPI (blue), GS-5 (green), and 4E6 (red). The stained cells
were observed under a confocal microscopy. Scale bar � 20 �m. The arrowheads show sulfatide knockdown cells.
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infection and replication of IAV in sulfatide knockdown
MDCK cells by immunostaining for virus antigen and by a
plaque assay in the presence or absence of the NA inhibitor
zanamivir. Obvious reduction of IAV multiple replications in
sulfatide knockdown cells was observed by immunostaining of
the cells (Fig. 3D). The sulfatide knockdown cells showed an
approximately 60-fold reduction in titers of progeny virus gen-
erated by IAV replication (Fig. 3E) and a slight increase in
initial infection (Fig. 3F) compared to those of the parent cells.

Other sulfatide knockdown MDCK cells were generated by
transfection with an siRNA expression pSilencer 3.0-H1 neo
vector targeting CST mRNA. The effect of sulfatide knock-
down in the cells was evaluated by quantitation of CST mRNA
and sulfatide expression using quantitative real-time PCR (Fig.
4A) and flow cytometry (Fig. 4B). Application of RNAi tar-
geting endogenous CST mRNA to MDCK cells also showed a
variable degree of knockdown efficiency, but RNAi with
siRNA of GFP, which was used as a control, exhibited no

FIG. 5. Decreased multiple replications of IAV in MDCK cells or sulfatide-enriched COS-7 cells treated with GS-5. (A) 1, MDCK cells were
incubated with a medium containing GS-5 at 37°C for 30 min before infection; 2, the cells were infected with an A/WSN/33 (H1N1) suspension
containing GS-5 at 37°C for 1 h. 3, The cells were maintained in a medium containing GS-5 at 34°C after infection. In all cases, the cells were
infected with IAV at 2.5 � 104 PFU per well. At 15 h postinfection in the presence (open bars) or the absence (solid bars) of acetylated trypsin
(AT), the number of infected cells per area unit was determined. (B) Observation under an optical microscope at magnification �40 of infected
cells analyzed in panel A. (C) MDCK cells were infected with IAV at 2.5 � 101 PFU per well. The infected cells were maintained in a medium
containing GS-5 plus AT for indicated times after virus infection. At 24 h postinfection, infectious progeny virus titers in the supernatant from
infected cells were measured by a plaque assay. (D) Observation of the infected MDCK cells treated with GS-5 under an optical microscope at
magnification �40 at 26 h postinfection. The cells were infected with IAV at 2.5 � 101 PFU per well and then maintained in a medium without
any antibodies (Con) or containing GS-5 or anti-Gb3Cer MAb (TU-1) plus AT as described for panel C. (E) Multiple replication titers of virus
in the supernatant from infected cells shown in panel D were measured by plaque assay. (F) Observation of sulfatide-enriched cells (SulCOS1 and
SulCOS2) treated with GS-5 under an optical microscope at magnification �40. The cells were infected with IAV at 2.5 � 102 PFU per well,
maintained in a medium containing GS-5 or TU-1 plus AT, and stained at 20 h postinfection. (G) Multiple replication titers of virus in the
supernatant from the infected cells shown in panel F were measured by plaque assay. Standard deviations were calculated from the three
independent experimental data.
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reduction of IAV replication (Fig. 4C and D). Sulfatide-en-
riched cell clones also increased replication of other IAV
strains regardless of viral subtype or host (data not shown).
Taken together, the results obtained from both COS-7 cells
and MDCK cells indicate that sulfatide expression in mamma-
lian cells greatly enhances IAV multiple replications.

Antisulfatide MAb specifically inhibits IAV multiple repli-
cations but not initial infection. To determine whether an
antisulfatide MAb has an inhibitory effect on IAV infection,
MDCK cells were treated with GS-5 before, at the same time
as, and after the virus infection. Treatment with GS-5 after
IAV infection induced a great reduction in IAV multiple rep-
lications, but GS-5 treatment before and at the same time as
IAV infection had no effect on viral initial infection and rep-
lication (Fig. 5A and B). Additionally, GS-5 treatment induced
distinct inhibition of IAV replication for 4 to 24 h but not for
0 to 2 h after IAV infection (Fig. 5C). In contrast, an antigly-
cosphingolipid, Gb3Cer MAb (TU-1), which was also enriched
in lipid rafts (20), exhibited no inhibition of IAV replication
under similar conditions (Fig. 5D and E). GS-5 also had the
same effect on other strains independently of viral subtype and
host (data not shown). Similarly, sulfatide-enriched cells that
were treated with GS-5 after virus infection showed a great
reduction in IAV replication, as determined by measuring the
titers of progeny virus of the supernatant and by microscopic
observation (Fig. 5F and G).

Sulfatide promotes formation and release of the infectious
progeny virus. To determine the requirement of sulfatide for
formation of infectious progeny virus from virus-infected cells,
sulfatide-enriched cell clones and sulfatide knockdown MDCK
cells were infected with IAV at a high MOI, and then progeny
virus titers in the supernatant were determined by plaque as-
says. The sulfatide-enriched cell clones showed about a 50- to
100-times increase (Fig. 6A) and the sulfatide knockdown cells
showed about a 60% decrease in formation and release of the
infectious progeny virus compared with that of the control cells
(Fig. 6C). Similarly, treatment of virus-infected MDCK cells
and sulfatide-enriched cells with GS-5 but not with TU-1 re-
sulted in a significant decrease in formation and release of the
infectious progeny virus (Fig. 6B and D).

Sulfatide on the cell surface promotes translocation of newly
synthesized viral NP from nucleus to cytoplasm. NP of IAV
forms viral ribonucleoprotein (vRNP) complexes together with
the viral polymerase (PB1, PB2, and PA) and viral genome
RNA segments in the nucleus, and the vRNP complexes are
then exported to the cytoplasm, while two surface spike glyco-
proteins, HA and NA, which possess apical sorting signals, are
transported to the plasma membrane via the exocytic pathway
(18, 21). We examined by immunofluorescence microscopy the
intracellular distribution of the newly synthesized viral NP,
HA, and NA in parent cells and sulfatide-enriched cell clones
infected with IAV.

In the sulfatide-enriched cells at 7 h after infection, most
newly synthesized HA and NA localized to the cell surface
(Fig. 7A and B), and most newly synthesized viral NP translo-
cated from the nucleus to the cytoplasm (Fig. 7C). In the
parent cells, most newly synthesized viral HA and NA localized
to the cell surface (Fig. 7D and E), but most newly synthesized
viral NP remained in the nucleus (Fig. 7F). Interestingly, in
sulfatide-enriched cells that were treated with GS-5 but not

with TU-1 after IAV infection, most newly synthesized viral
NP remained in the nucleus (Fig. 7I and J) despite normal
localization of newly synthesized viral HA (Fig. 7G and H).
Delayed translocation of newly synthesized viral NP from the
nucleus to the cytoplasm was observed in sulfatide knockdown
MDCK or SulCOS1 cells transfected with the RNAi vector
against CST mRNA, but there was NP distribution in the
cytoplasm of cells in which sulfatide was clearly detected (Fig.
4E). Similarly, in both sulfatide knockdown MDCK cells and
MDCK cells treated with GS-5 but not with TU-1 after IAV
infection, most newly synthesized viral NP remained in the
nucleus (data not shown). In addition, we quantitatively eval-
uated nuclear localization of NP in sulfatide-enriched cells and
sulfatide knockdown cells. Nuclear localization of NP in each
cell line was calculated as a percentage of total infected cells
with nuclear localization of NP. Translocation of NP from the
nucleus to the cytosol in sulfatide-enriched cells was increased

FIG. 6. Efficiency of formation of infectious progeny viruses from
sulfatide-enriched COS-7 cells or sulfatide knockdown MDCK cells.
Cells were infected with A/WSN/33 (H1N1) at a high MOI (1 PFU per
cell) and maintained in the absence of acetylated trypsin to prevent
multiple viral replications. Supernatants from infected cells were in-
cubated with AT (10 �g/ml) at 37°C for 30 min in order to activate
infectivity of the harvested progeny virus. Then, infectious progeny
virus titers in the supernatant were measured by a plaque assay. (A) In-
fectious progeny virus titers from sulfatide-enriched COS-7 cell clones
(SulCOS1 and SulCOS2) and parent cells (Parent) at 20 h postinfec-
tion. (B) Infectious progeny virus titers from infected SulCOS1 cells
maintained in a medium containing GS-5 or TU-1 for 16 h. As a
control, a medium without any antibodies (Con) was used. (C) Infec-
tious progeny virus titers from sulfatide knockdown MDCK cells
(ASA) and parent cells (Parent) at 16 h postinfection. As a control,
G418-resistant MDCK cells transfected with an empty vector (Vector)
were used. (D) Infectious progeny virus titers from infected MDCK
cells maintained in a medium containing GS-5 or TU-1 for 16 h.
Standard deviations were calculated from the three independent ex-
perimental data.
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compared to that in parent cells (Fig. 8A), whereas nuclear
localization of NP in sulfatide knockdown cells was more than
that in parent cells or control cells (Fig. 8B and C). The results
suggest that sulfatide, which is expressed on the cell surface in
the process of IAV replication, promotes nuclear export of
vRNPs.

Association of sulfatide with HA delivered to the cell surface
induces translocation of newly synthesized NP from nucleus to
cytoplasm. We previously found that sulfatide bound to IAV
particles and inhibited viral infection and also inhibited viral
sialidase activity under low-pH conditions (36, 38). Influenza
virus HA and NA are known to cluster in lipid rafts for assem-
bly and budding of IAV (31, 44). To elucidate the involvement
of HA and NA in the nuclear export of the viral NP regulated
by sulfatide, SulCOS1 cells infected with IAV A/Memphis/1/71
(H3N2) were treated with anti-H3 HA MAb (2E10), which
blocks the binding of IAV and sulfatide (Fig. 9B and C).

Interestingly, translocation of the newly synthesized NP from
the nucleus to the cytoplasm in the cells was almost completely
suppressed by 2E10, similar to the effect of GS-5 (Fig. 9A). In
contrast, anti-H3 HA MAb (1F8), which does not block the
binding of IAV to sulfatide, and anti-N2 NA MAb (SI-4), as
well as TU-1, did not suppress nuclear export of the viral NP.
2E10 shows hemagglutination inhibitory activity, but 1F8 does
not. When 2E10 binds to the HA protein, it is thought that HA
binding to the receptor is inhibited by antibody binding in the
vicinity of the receptor binding pocket or by conformational
change in the HA protein by pressure of antibody binding. In
the former case, sulfatide may bind close to the receptor bind-
ing pocket on the HA protein, whereas in the latter case, the
sulfatide association site may be a location that is subjected to
conformational change by 2E10 binding. These results indicate
that association of sulfatide with HA delivered to the cell
surface induces translocation of the newly synthesized viral NP
from the nucleus to the cytoplasm.

Antisulfatide MAb treatment protects mice from lethal IAV
challenge. For assessment of whether the antisulfatide anti-
body can inhibit virus replication in vivo, C57BL/6 mice were
intranasally infected with pathogenic influenza A/WSN/33
(H1N1) virus. GS-5 was administered intranasally once daily
for 5 days beginning 1 day preinfection. The percentage of
initial body weight, Kaplan-Meier survival curve, and virus

FIG. 7. Distribution of viral HA, NA, and NP in infected sulfatide-
enriched COS-7 cells or parent cells and in infected sulfatide-enriched
cells treated with GS-5. SulCOS1 and parent cells were infected with
IAV A/Memphis/1/71 (H3N2) at an MOI of 5 PFU per cell and
maintained in a medium containing 1% FBS or containing GS-5 or
TU-1 plus 1% FBS at 37°C. At 7 h postinfection, the infected cells were
fixed. The newly synthesized viral proteins, HA, NA, and NP, were
stained with respective specific MAbs (red). Nuclei within the cells
were stained with DAPI (blue). Scale bar � 50 �m. (A to C) Distri-
bution of HA (A), NA (B), or NP (C) in infected SulCOS1 cells. (D to
F) Distribution of HA (D), NA (E), or NP (F) in infected parent cells.
(G to J) Distribution of HA (G and H) or NP (I and J) in infected
SulCOS1 cells treated with GS-5 (G and I) or TU-1 (H and J).

FIG. 8. Nuclear localization of NP in sulfatide-enriched and sul-
fatide knockdown cells. At 5.5 h (open columns) or 6.5 h (filled col-
umns) postinfection, nuclear localization of NP in sulfatide-enriched
cells (A) or sulfatide-knockdown cells by ASA overexpression (B) or
RNAi against CST mRNA (C) was observed under a confocal micro-
scope at magnification �400. Cells in which most of the NP was
localized in the nucleus were counted. Nuclear localization of NP in
each cell line was expressed as a percentage of total infected cells with
nuclear localization of NP. Standard deviations were calculated from
at least six fields per cell line.
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titers in lung homogenates of mice 4 days later were deter-
mined. The average of infectious virus titers in lung tissue
homogenates of mice administered GS-5 was lower by about 17
times than that in lung tissue homogenates of control mice.
Administration of GS-5 protected mice against lethal chal-
lenge with pathogenic IAV and markedly reduced progeny
virus titers in the lungs of the mice (Fig. 10).

DISCUSSION

Influenza virus HA and NA are known to associate with lipid
rafts for assembly and budding of IAV (31, 44). Accumulation
of IAV HA triggers nuclear export of the viral genome via
protein kinase C�-mediated activation of extracellular signal-
regulated kinase signaling (17). However, mechanisms by
which HA accumulation regulates cell signaling remain un-
known. Sulfatide is ubiquitously detected in various epithelial
cell lines and animal tissues that permit sufficient IAV repli-
cation (6, 8, 10, 23, 24). Sulfatide is also enriched in lipid rafts
of plasma membranes (3, 26). Sulfatide binds to IAV particles
and inhibits viral sialidase activity under low-pH conditions
(36, 38). In this study, we demonstrated that sulfatide is a
critical component of host cells for effective production of
progeny viruses by using genetically produced sulfatide knock-

FIG. 9. Inhibition of nuclear export of the viral NP by anti-HA MAb (2E10). (A) SulCOS1 cells grown on glass coverslips were infected with
A/Memphis/1/71 (H3N2) at an MOI of 1 to 2 cells/PFU for 30 min at 37°C. The infected cells were washed with PBS and maintained in 100 �l
of a medium containing each anti-IAV MAb (120 �g/ml) supplemented with 1% FBS. At 6 h postinfection, the cells were fixed and permeabilized
with cold methanol for 30 s. As positive and negative controls, a medium containing GS-5 or TU-1 was used. The viral NP (red) was detected with
4E6. Nuclei within the cells were stained with DAPI (blue). Scale bar � 50 �m. (B) For the inhibition assay of IAV binding to sulfatide by MAbs,
IAV was treated with each anti-IAV MAb (2E10, 1F8, and SI-4) at 4°C for 2 h. The reaction mixtures were added to sulfatide-coated wells and
incubated at 4°C for 2 h. (C) Each antiglycolipid MAb (GS-5 and TU-1) was added to sulfatide-coated wells. After a 2-h incubation at 4°C, IAV
suspension was added to the wells and incubated at 4°C for 2 h. Virus binding to sulfatide was detected by using rabbit anti-IAV polyclonal
antibody.

FIG. 10. Antisulfatide MAb treatment protects mice from lethal
A/WSN/33 (H1N1) virus challenge. C57BL/6 mice (four mice per
group) were challenged with IAV A/WSN/33 (H1N1). GS-5 was ad-
ministered intranasally once daily for 5 days beginning 1 day preinfec-
tion. The percentage of initial body weight (A) and survival curve
determined by the Kaplan-Meier method (B) or lung image of a live
mouse at 6 days postinfection (C) is shown. At 4 days postinfection, the
average of infectious virus titers (log[PFU/g of lung tissue weight]) in
lung tissue homogenates administered with or without GS-5 was 1.66
or 2.90, respectively. The arrowheads in panel C show lungs. The lungs
of a live mouse without GS-5 were strikingly inflamed.
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down or enriched cells. Translocation of the newly synthesized
NP from the nucleus to the cytoplasm in the cells was also
suppressed by anti-H3 HA MAb as well as antisulfatide MAb,
which blocks the binding of IAV and sulfatide. In contrast,
anti-H3 HA MAb, which does not block the binding of IAV to
sulfatide, and anti-N2 NA MAb as well as anti-Gb3Cer MAb
did not inhibit nuclear export of the viral NP. In addition, GM3
is abundantly detected in lipid rafts and is known to play a
major role in various signal transductions through a GM3-
enriched microdomain (11, 19, 41), but anti-GM3 MAb
showed no inhibitory effect on IAV replication (data not
shown). Overall, our data show that sulfatide regulates trans-
location of newly synthesized vRNP complexes from the nu-
cleus to the cytoplasm by association with HA delivered to the
cell surface.

Generally, many kinds of viruses, including IAV and HIV,
induce apoptosis. Although virus-induced apoptosis is thought
to be the initiation step of host defense prior to antigen pre-
sentation, it remains unknown whether virus-induced apopto-
sis works in an advantageous or disadvantageous way for the
virus itself. For IAV, it has been suggested that virus-induced
apoptosis via caspase-3 activation is advantageous for virus
replication by promoting translocation of the newly synthe-
sized viral NP from the nucleus to the cytoplasm (42). There-
fore, we are currently investigating whether interaction of sul-
fatide with HA promotes virus-induced apoptosis. What is the
mechanism of regulation by sulfatide in response to IAV in-
fection? We propose the following hypotheses: (i) association
of sulfatide with HA may regulate translocation of NS2 and
M1, which are involved in exporting vRNP complexes from the
nucleus (22, 28), or activation of some cellular proteins re-
quired for exporting vRNP complexes from the nucleus, such
as HSP70, CRM1, and mitogen-activated protein kinase (9, 22,
42), and (ii) expression of HA on the cell surface membrane
and virus-induced apoptosis promote translocation of nuclear
NP to the cytoplasm though extracellular signal-regulated ki-
nase activation (17) and caspase-3 activation, respectively (42).
Association of sulfatide with HA may regulate apoptosis
through some cellular proteins involved in the signal pathway
of virus-induced apoptosis. It has recently been reported that
the sulfogalactose moiety of sulfatide serves as a mimic of
tyrosine phosphate (16). Tyrosine phosphate reaction plays a
key role in several signal cascade pathways. This report sup-
ports the association of sulfatide with the signal pathway in-
duced by virus infection.

Administration of antisulfatide MAb showed strongly inhib-
ited IAV replication, even after virus infection, and protected
mice against lethal challenge with IAV. The development of
antiviral drugs will probably play a critical role in the next
influenza pandemic. NA inhibitors are currently used for pro-
tection against and treatment of influenza. However, the emer-
gence of drug-resistant viruses has become a serious problem.
A strategy of using antisulfatide MAb for the treatment of IAV
infection might be a solution in preventing the appearance of
drug resistance mutants by targeting the host glycolipid essen-
tial for the IAV life cycle but not IAV.
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