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Evidence that Receptor Destruction by the Sendai Virus
Hemagglutinin-Neuraminidase Protein Is Responsible for
Homologous Interference

Hideo Goto, Keisuke Ohta, Yusuke Matsumoto, Natsuko Yumine, Machiko Nishio
Department of Microbiology, School of Medicine, Wakayama Medical University, Wakayama, Japan

ABSTRACT

Receptor destruction has been considered one of the mechanisms of homologous Sendai virus (SeV) interference. However, di-
rect evidence of receptor destruction upon virus infection and its relevance to interference is missing. To investigate a precise
mechanism of homologous interference, we established SeV persistently infected cells. The persistently infected cells inhibited
superinfection by homologous SeV but supported replication of human parainfluenza virus 2 (hPIV2) and influenza A virus
(IAV). We confirmed that SeV particles could not attach to or penetrate the infected cells and that the hemagglutinin-neuramini-
dase (HN) protein of SeV was involved in the interference. Lectin blot assays showed that the a2,3-linked sialic acids were specif-
ically reduced in the SeV-infected cells, but the level of a2,6-linked sialic acids had not changed. As infection with IAV removed

both ®2,3- and «2,6-linked sialic acids, especially a2,3-linked sialic acids, IAV-infected cells inhibited superinfection of SeV.
These results provide concrete evidence that destruction of the specific SeV receptor, «2,3-linked sialic acids, is relevant to ho-

mologous interference by SeV.

IMPORTANCE

Viral interference is a classically observed phenomenon, but the precise mechanism is not clear. Using SeV interference, we pro-
vide concrete evidence that reduction of the 2,3-linked sialic acid receptor by the HN of SeV is closely related with viral inter-
ference. Since SeV infection resulted in decrease of only a2,3-linked sialic acids, IAV, which also utilized :2,6-linked sialic acids
to initiate infection, superinfected the SeV-infected cells. In contrast, SeV could not superinfect the IAV-infected cells because
both ®2,3- and «2,6-linked sialic acids were removed. These results indicate that receptor destruction critically contributes to

viral interference.

Viral interference is a phenomenon in which virus infection
confers resistance to the infected cells against subsequent in-
fection by homologous or heterologous viruses. Although inter-
feron is a well-known factor that is associated with interference,
other mechanisms have been suggested. Intracellular interfer-
ence was classically documented by the fact that defective virus
interfered with the replication of homologous viruses (1, 2, 3).
Shimazu et al. (4) identified the two nucleotide mutations in the
leader sequence of Sendai virus (SeV) that was involved in the
homologous interference. The two mutations in the leader se-
quence determined not only protein synthesis but also genome
replication of SeV, resulting in dominance between two viruses.
Interference at initiation of infection has also been proposed as a
major mechanism of viral interference. Kimura et al. (5) indicated
that cells infected with temperature-sensitive SeV suppressed the
growth of wild-type SeV. Furthermore, they showed that exposure
of cells by UV-irradiated SeV exerted the homologous interfer-
ence. This interference was considered to be due to receptor de-
struction by neuraminidase (NA) activity of inactivated virions.
SeV is a member of the family of Paramyxoviridae, which in-
cludes pathogens of humans and animals, such as human parain-
fluenza virus type 2 (hPIV2), hPIV3, and Newcastle disease virus
(NDV) (6). SeV has an envelope that has two glycoproteins: the
hemagglutinin-neuraminidase protein (HN) and the fusion pro-
tein (F). The HN protein binds to a sialic acid-containing cellular
receptor to initiate infection. The F protein functions during un-
coating of the virus by mediating membrane fusion between the
viral envelope and the plasma membrane (7). At the late stage of
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viral replication, NA activity of the HN protein plays a crucial role
in generating progeny virions. NA activity removes sialic acid re-
ceptors from glycans, preventing binding of the HN protein to a
cellular receptor and enabling release of progeny virions. Thus,
the HN protein supposedly contributes to viral interference by
receptor destruction.

The possible role of HN protein in viral interference has been
documented in other paramyxoviruses. The HN protein from
hPIV3 expression and NA activity on the cell surface were re-
quired to confer resistance to hPIV3 infection (8). Morrison and
McGinnes (9) provided evidence that the expression of the HN
protein of NDV alone decreased susceptibility of cells to NDV
infection. These results indicate that the HN protein and its NA
activity are involved in viral interference, and thus it is reasonable
to conceive of attachment interference by removal of the receptor.
However, evidence that links attachment interference to receptor

Received 3 June 2016 Accepted 4 June 2016
Accepted manuscript posted online 8 June 2016

Citation Goto H, Ohta K, Matsumoto Y, Yumine N, Nishio M. 2016. Evidence that
receptor destruction by the Sendai virus hemagglutinin-neuraminidase protein is
responsible for homologous interference. J Virol 90:7640-7646.
doi:10.1128/JV1.01087-16.

Editor: S. Lopez, Instituto de Biotecnologia/UNAM
Address correspondence to Machiko Nishio, mnishio@wakayama-med.ac.jp.
Copyright © 2016, American Society for Microbiology. All Rights Reserved.

September 2016 Volume 90 Number 17


http://dx.doi.org/10.1128/JVI.01087-16
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01087-16&domain=pdf&date_stamp=2016-6-8
http://jvi.asm.org

destruction has not been provided due to a lack of kinetic analysis
of receptor molecules in virus-infected cells.

Terminal sialic acids of glycoconjugates are considered to act as
receptors for SeV, hPIV2, hPIV3, and NDV. It has been shown
that SeV and hPIV2 bind terminal «2,3-linked sialic acids (10, 11,
12, 13). The biological significance of sialic acids as viral receptors
was well documented in influenza A viruses (IAVs). Avian and
human IAVs preferentially bind to «2,3- and «2,6-linked sialic
acids, respectively. The receptor specificity of IAVs is an important
factor of host range and tissue tropism (14).

In the present study, we generated two recombinant SeV's of
which the genomes were identical except for a reporter gene, dis-
criminating infection of each virus and eliminating possible intra-
cellular interference. Using these rSeVs, we investigated factors to
determine the homologous interference. Our analysis detected the
alteration of sialic acids on the infected-cell surface, demonstrat-
ing that destruction of a specific sialic acid was involved in the
homologous interference.

MATERIALS AND METHODS

Cells and viruses. LLC-MK2 cells and Vero cells were maintained in Ea-
gle’s minimal essential medium (MEM) containing 10% fetal calf serum
(FCS). Madin-Darby canine kidney (MDCK) cells were maintained in
MEM containing 5% newborn calf serum. All cells were maintained at
37°C under 5% CO,. IAVs (A/WSN/33 and A/Puerto Rico/8/34; referred
to as WSN and PR8, respectively) were provided by Yoko Matsuzaki
(Yamagata University) and were propagated in embryonated chicken
eggs. hPIV2 (Toshiba strain) was propagated in Vero cells. All virus stocks
were stored at —80°C until use.

Antibodies. Rabbit serum against SeV, anti-HN protein (HN43), and
anti-F protein (F881) of SeV monoclonal antibodies (MAbs) were pro-
vided by Takemasa Sakaguchi (Hiroshima University) (15).

Plasmid construction. To construct a plasmid for rescue of recombi-
nant SeVs (rSeVs) carrying reporter genes, enhanced green fluorescent
protein (EGFP) and secreted NanoLuc luciferase (sNluc) (Promega)
genes were amplified by PCR and then inserted into an Mlul site of the
FL-5 plasmid, which contains the full-length genome of SeV Z strain with
a unique Mlul site at the intergenic region between the M and F genes
(16). For expression of SeV HN, F, or M proteins, the episomal Epstein-
Barr virus-based expression system pEBS-PL was employed (17). Corre-
sponding genes were amplified by PCR and subcloned into Nhel and Kpnl
sites of the pEBS-PL plasmid.

Generation of rSeVs. Virus recovery was carried out according to
Nishio et al. (16) with modifications. Briefly, BSR T7/5 cells (18) were
transfected with the full-length cDNA of the SeV genome and pTM1 plas-
mids (19) encoding the N, P, and L proteins for 48 h and subsequently
incubated with medium containing tosylsulfonyl phenylalanyl chlorom-
ethyl ketone (TPCK)-trypsin for a further 24 h. The suspension of trans-
fected cells was injected into 9- to 10-day-old embryonated chicken eggs.
The allantoic fluid was harvested and stored at —80°C. rSeV strains car-
rying the EGFP gene and sNluc were designated rSeV-EGFP and rSeV-
sNluc, respectively.

Virus infection. Virus infection was carried out on a 24-well plate. For
multiple cycles of replication (IAV-WSN and hPIV2), cells were inocu-
lated for 60 min at 37°C and then incubated in Dulbecco’s modified Eagle
medium (DMEM) containing 0.1% FCS. Replication of the inoculated
viruses was evaluated by virus titration as described below. rSeV- infected
cells were incubated in DMEM without FCS. Infection of rSeVs was con-
firmed by EGFP expression or detection of sNluc in the medium using the
Nano-Glo assay system (Promega).

Establishment of rSeV persistently infected cells. LLC-MK2 cells
were infected with rSeV-EGFP at a multiplicity of infection (MOI) of 30
and incubated with MEM containing 0.5 pg/ml TPCK-trypsin. The re-
maining cells were expanded after 7 days of incubation and then passaged
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in a manner similar to normal LLC-MK2 cells. Stocks of the infected cells
that kept EGFP expression for 20 passages were designated LLC-
MK?2_SeV-EGFP and subjected to subsequent experiments.

Virus titration. The fluorescence focus assay was employed to quan-
titate rSeVs. Briefly, LLC-MK2 cells or MDCK cells in a 24-well plate were
infected with viruses and cultured in DMEM without trypsin for 24 h.
Then infected cells detected with anti-SeV rabbit serum and Alexa Fluor
594-conjugated anti-rabbit IgG (H+L) (Invitrogen) were counted. The
titer of rSeV-EGFP was determined by counting EGFP-expressing cells.
The plaque assay was employed to quantitate IAV-WSN and PR8. Briefly,
infected MDCK cells in a 12-well plate were cultured in MEM containing
0.3% bovine serum albumin, 0.5 pg/ml TPCK-trypsin, and 1% agarose
for 36 to 48 h until plaques were visible. For hPIV2, the virus titer was
determined by the 50% tissue culture infectious dose (TCIDs) assay us-
ing a 24-well plate. Briefly, Vero cell suspensions were simultaneously
mixed with 10-fold serial dilutions of virus in wells of a plate and then
incubated in MEM with 10% FCS for 4 to 5 days. Virus infection was
confirmed by cytopathic effect, and TCID,,, was calculated using the Reed
and Muench method (20).

FACS analysis. Suspensions of virus-infected cells or virus protein-
expressing cells were prepared by trypsinization. The cells were suspended
in 1% FCS—phosphate-buffered saline (PBS)(—) containing antibody and
kept on ice for 60 min and washed three times with 1% FCS-PBS(—).
Next the cells were incubated with Alexa Fluor 488 goat anti-mouse IgG
(H+L) (Life Technologies) or goat anti-rabbit IgG-phycoerythrin (PE)
(Santa Cruz Biotechnology). The labeled cells were fixed with 2% para-
formaldehyde in PBS(—) in the case of virus-infected cells. The cell sus-
pension was analyzed by fluorescence-activated cell sorting (FACS) using
a FACSCalibur (BD Biosciences).

Virus adsorption assay. Cells cultured in a 6-well plate (1 X 10° cells/
well) were inoculated with 2 X 10° focus-forming units (FFU) of rSeV-
sNluc. The inoculated cells were incubated on ice for 60 min with tilting
every 10 min and washed 5 times with cold PBS or MEM. Then the cells
were incubated on ice in cold MEM for 20 min. Total RNA was isolated
using Isogen (Nippon Gene) according to the manufacturer’s instruc-
tions. The sNluc gene was amplified using a Qiagen One-Step reverse
transcription (RT)-PCR kit. The following primers were used: secNluc-F
(AGATTTCGTTGGGGACTGGC) and secNluc-R (GATCAGGCGCTC
GTCGATAA). Basically the RT-PCR condition used was according to the
manufacturer’s instructions. PCR was carried out with 26 cycles of 94°C
for 30 s, 52°C for 30 s, and 72°C for 1 min. The glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) gene was detected as an internal control.

Expression of viral proteins by plasmid transfection. To establish the
cells that express the SeV HN, F, or M proteins, LLC-MK2 cells were
transfected with pEBS-SeVHN, SeVF, or SeVM by using Lipofectamine
3000 transfection reagent (Life Technologies). The transfected cells were
passaged at least twice with medium containing hygromycin B (0.5 mg/
ml), and hygromycin B-resistant cells were obtained. The empty plasmid
PEBS-PL was used for the control cells. Three independent transfections
were carried out and then were subjected to experiments.

Western blot analysis. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blots were performed accord-
ing to standard procedures. The cells were lysed in lysis buffer (50 mM
Tri-HCI [pH 8.0], 150 mM NaCl, 0.6% octylphenoxypolyethoxyethanol
[IGEPAL CA-630], 1 mM EDTA), separated on a 10% Tris-glycine gel,
and then transferred to a nitrocellulose membrane. After blocking with
5% skim milk, blots were probed with a primary antibody and then with
peroxidase-labeled goat anti-rabbit IgG (H+L) (Vector Laboratories).
The probed bands were then visualized by using ImmunoCruz Western
blotting luminol reagent (Santa Cruz Biotechnology) according to the
manufacturer’s instructions. Images were captured with a cooled charge-
coupled device (CCD) camera.

Lectin blot analysis. Cultured cells were suspended by treatment with
PBS(—) containing 0.02% EDTA and washed twice with saline. A total of
1 X 10° cells suspended in 100 pl of H,O were placed on ice for 20 min and
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FIG 1 SeV infection inhibits superinfection of homologous virus. (A) LLC-MK2 cells infected with or without rSeV-EGEP for 0 or 48 h were superinfected with
rSeV-sNluc. Culture supernatants were recovered at 24 h after rSeV-sNluc infection, and sNluc activity was measured. The data are shown as mean luciferase
counts * standard deviation (SD) (n = 4).*, P < 0.01, according to Student’s t test. (B) EGFP expression in LLC-MK2_SeV-EGFP or LLC-MK2 cells was detected
by FACS analysis. The x axis indicates relative fluorescence. (C) sNluc activities at 1 h and 48 h post-rSeV-sNluc infection in LLC-MK2_SeV-EGFP or LLC-MK2
cells were measured. The data are shown as mean luciferase counts = SD (n = 3). ¥, P < 0.01, according to Student’s ¢ test. (D) LLC-MK2_SeV-EGFP cells
infected with or without rSeV-sNluc were incubated for 48 or 72 h. Culture supernatants were treated with trypsin to activate rSeV-EGFP produced from
LLC-MK2_SeV-EGFP cells and used for rSeV-EGFP titration. The data are shown as mean FFU titer = SD (n = 3).

subsequently clarified by centrifugation at 1,000 X g for 10 min. The
clarified lysate was incubated with 0.01% trypsin at 37°C for 30 min. The
cell lysate was blotted on a nitrocellulose membrane using the Bio-Dot SF
(Bio-Rad) according to the manufacturer’s instructions. Blots were
blocked with soy milk and then labeled with biotinylated Maackia amu-
rensis lectin IT (MALII) or biotinylated Sambucus nigralectin (SNA) (Vec-
tor Laboratories). The labeled dots were detected with the Vectastain ABC
system (Vector Laboratories). Visualization and image capture were car-
ried out in the same manner described for Western blot analysis.

RESULTS
SeV infection inhibits superinfection of homologous SeV in
LLC-MK?2 cells. To investigate viral interference by an SeV, we
generated recombinant SeVs (rSeVs), which carry an EGFP or a
secretory luciferase (sNluc) gene between the M and F genes.
rSeV-EGFP and rSeV-sNluc have identical genomes, except for
their reporter genes, and thus reporter expression can distinguish
their infection. These recombinant viruses replicated to similar
titers as the wild-type virus (data not shown).

To confirm interference by these rSeVs, LLC-MK2 cells were
first infected with rSeV-EGFP (MOI of 5) and then superinfected
with rSeV-sNluc (MOI of 0.3) at 0 or 48 h after rSeV-EGFP infec-
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tion. sNluc expression was measured after 24 h of superinfection
as an indicator of rSeV-sNluc infection (Fig. 1A). When rSeV-
EGFP and rSeV-sNluc simultaneously infected cells (0 h), sNluc
expression was almost the same as in cells infected with rSeV-
sNluc alone. In contrast, sNluc expression was significantly sup-
pressed in cells preincubated for 48 h with rSeV-EGFP, indicating
that rSeV-sNluc infection was apparently inhibited. We con-
firmed by FACS analysis that a majority of cells preincubated for
48 h with rSeV-EGFP expressed EGFP and SeV antigen (data not
shown).

To analyze the mechanism of rSeV-sNluc inhibition, we estab-
lished persistently rSeV-EGFP-infected LLC-MK2 cells (LLC-
MK2_SeV-EGFP). We detected EGFP expression to confirm viral
infection, and cell morphology was indistinguishable from that of
normal LLC-MK2 cells (data not shown). FACS analysis showed
that 96% of all cells were expressing EGFP, indicating that almost
all cells were infected with rSeV-EGFP (Fig. 1B). The sNluc pro-
duction in LLC-MK2_SeV-EGFP cells superinfected with rSeV-
sNluc atan MOT of 0.2 (4 X 10* FFU) was significantly hampered
at 48 h postinfection compared to that in LLC-MK2 cells (Fig. 1C).
Since infected cells were incubated in a medium without trypsin, a
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FIG 2 LLC-MK2_SeV-EGFP cells support hPIV2 and IAV propagation. The
growth kinetics of hPIV2 and IAV-WSN was studied in LLC-MK2 (circles) or
LLC-MK2_SeV-EGFP (squares) cells. (A) hPIV2 titers at each time point were
measured by TCIDs, assay in Vero cells. (B) IAV-WSN titers were measured by
plaque assay in MDCK cells. The data are shown as mean virus titer = SD (n = 3).

1/10* decrease of luciferase activity in LLC-MK2_SeV-EGFP cells
against LLC-MK2 cells indicated that the infection of rSeV-sNluc
was intensely inhibited in LLC-MK2_SeV-EGEP cells. Production
of rSeV-EGFP particles from the LLC-MK2_SeV-EGFP cells was
not affected by superinfection with rSeV-sNluc at an MOI of 3
(Fig. 1D), indicating that intracellular interference was unlikely to
be involved. These results suggested that rSeV-sNluc infection was
inhibited at an early step in LLC-MK2_SeV-EGFP cells.

To investigate the susceptibility of the LLC-MK2_SeV-EGFP
cells to other viruses, we infected the cells with hPIV2 or IAV-
WSN, which are known to utilize sialic acids to initiate infection
(Fig. 2A and B). To avoid the effect of trypsin treatment of the
LLC-MK2_SeV-EGEFP cells, we used IAV-WSN because its growth
does not depend on trypsin (21). Although the growth of hPIV2 in
the LLC-MK2_SeV-EGEP cells was less efficient than that in nor-
mal LLC-MK2 cells (at 48 and 72 h), the LLC-MK2_SeV-EGFP
cells supported hPIV2 propagation. IAV-WSN propagation in the
LLC-MK2_SeV-EGFP cells was identical to that in normal LLC-
MK?2 cells. These results indicated that the LLC-MK2_SeV-EGFP
cells inhibited virus infection, specifically by rSeV-sNluc.

Inhibition of rSeV-sNluc infection depends on expression of
the SeV HN protein. Since rSeV-sNluc infection of the LLC-
MK2_SeV-EGFP cells did not affect replication of rSeV-EGFP,
rSeV-sNluc infection was apparently inhibited at an early stage.
We thus examined the attachment of rSeV-sNluc to the LLC-
MK2_SeV-EGFP cells. SeV-sNluc was adsorbed on the LLC-
MK2_SeV-EGFP cells for 60 min on ice, and then total cellular
RNA was isolated to detect sNluc RNA by RT-PCR. The amount
of sNluc PCR product in the LLC-MK2_SeV-EGFP cells was dra-
matically reduced compared to that in normal LLC-MK2 cells,
indicating that attachment of rSeV-sNluc on LLC-MK2_SeV-
EGFP cells was inefficient (Fig. 3A).

Neuraminidase activity of the SeV HN protein cleaves sialic
acids at the termini of oligosaccharides. Therefore, the HN protein
is likely to be responsible for inhibition of rSeV-sNluc superinfec-
tion. To test this hypothesis, we established LLC-MK2 cells ex-
pressing SeV HN, F, or M protein, all of which are known to
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FIG 3 The SeV HN protein is responsible for inhibition of homologous virus.
(A) LLC-MK2_SeV-EGFP cells or LLC-MK2 cells were incubated with rSeV-
sNluc for 60 min on ice. Total RNA was extracted from the incubated cells after
5 washes with a medium. The rSeV-sNluc attachment was evaluated by detec-
tion of the sNIuc gene using RT-PCR. (B) LLC-MK2 cells were transfected with
a plasmid for expression of SeV HN or F protein. Transfected cells resistant to
hygromycin B were tested for protein expression by FACS analysis using the
monoclonal antibody to SeV HN or F protein. LLC-MK2_Empty was gener-
ated by introduction of the EBS-PL vector and used as control cells. The x axis
indicates relative fluorescence. (C) Expression of SeV M protein was detected
by Western blot analysis using anti-SeV rabbit serum. (D) LLC-MK2 cells
expressing the SeV proteins were infected with rSeV-sNluc. At 24 h after rSeV-
sNluc infection, sNluc production was measured as described in the legend to
Fig. 1A. The sNluc activity in LLC-MK2_Empty was set to 1. The data are
shown as mean relative sNluc activity = SD (n = 6). *, P < 0.05, according to
a one-way ANOVA followed by a Dunnett’s test.

associate with the cellular plasma membrane, and susceptibility
to rSeV-sNluc was analyzed. Expression of the HN and F pro-
teins was confirmed by FACS analysis using monoclonal anti-
bodies (Fig. 3B). M protein expression was detected by Western
blotting (Fig. 3C). Upon rSeV-sNluc infection, LLC-MK2_F,
LLC-MK2_M, and LLC-MK2_Empty produced the same level of
sNluc. However, sNluc production was significantly decreased in
LLC-MK2_HN, indicating that the HN protein alone conferred
resistance to rSeV-sNluc superinfection (Fig. 3D).

Resistance to rSeV-sNluc infection is due to removal of ®2,3-
linked sialic acids. «2,3-Sialic acids linked to the cell surface gly-
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FIG 4 «2,3-linked sialic acids were specifically removed on LLC-MK2_SeV-
EGFP. A total of 1 X 10° cells per 100 pl were lysed under a hypotonic condi-
tion. A 2-fold serial dilution of the lysates was prepared and spotted on the
membrane. The spotted membrane was incubated with biotinylated lectins:
MALII for a2,3-linked sialic acids (A) or SNA for «2,6-linked sialic acids (B).
The density of the spots was quantified using Image]. The density of the nor-
mal LLC-MK2 cells (100 1) was set to 1. The data are shown as the mean of
three independent experiments = SD.

coconjugates is considered a receptor for SeV (10, 11, 12). We
analyzed the sialic acid population on the surface of LLC-
MK2_SeV-EGFP cells by lectin blot analysis. Cell lysates prepared
under hypotonic conditions were blotted on a membrane. MALII
and SNA lectins were used to detect o2,3-linked and «2,6-linked
sialic acids, respectively. We show the result of the lectin blot de-
tected by SNA from 25 pl of lysate because SNA signals of 100 and
50 wl lysates indicated plateau levels. Reactivity of MALII to the
LLC-MK2_SeV-EGEFP lysate was obviously decreased compared
to that in the normal LLC-MK?2 lysate (Fig. 4A). In contrast, SNA
showed the same reactivity between the LLC-MK2_SeV-EGFP
and normal LLC-MK?2 lysates (Fig. 4B). Inhibition of rSeV-sNluc
attachment to the cells was thus related to the reduction of cell
surface a2,3-linked sialic acids.

To confirm the plausible role of a2,3-linked sialic acids in SeV
interference, we analyzed the sialic acid population of the cells
infected with rSeV-EGFP, IAV-PRS, or hPIV2 (Fig. 5A and B).
Infection of rSeV-EGFP significantly decreased «2,3-linked sialic
acids (Fig. 5A) on LLC-MK2 cells. hPIV2 infection decreased
a2,3-linked sialic acids less efficiently. Interestingly, infection of
rSeV-EGFP or hPIV2 increased a2,6-linked sialic acids on the cells
to the same degree (Fig. 5B). IAV-PR8 infection decreased both
a2,3- and a2,6-linked sialic acids most efficiently among the vi-
ruses. Since the IAV-PRS8 infection removed «2,3-linked sialic ac-
ids more efficiently than rSeV-EGFP infection, we examined su-
perinfection of rSeV-sNluc of the IAV-PR8-infected cells (Fig.
5C). When rSeV-sNluc simultaneously infected cells (0 h), sNluc
expression was not affected by IAV-PR8. Preincubation of cells
with TAV-PR8 for 24 and 48 h significantly suppressed sNluc ex-
pression. These results indicated that the amount of a2,3-linked
sialic acids was a crucial factor that determined rSeV-sNluc infec-
tion.
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FIG 5 Removal of a2,3-linked sialic acids by influenza A virus inhibited rSeV-
sNluc infection. (A and B) LLC-MK2 cells were infected with rSeV-EGFP,
TAV-PRS8, or hPIV2 at an MOI of 5 and incubated for 48 h. Preparation of cell
lysates and lectin blot were the same as for Fig. 4A and B. (C) LLC-MK2 cells
incubated with rSeV-EGFP, IAV-PR8, or hPIV2 for 0, 24, or 48 h were super-
infected with rSeV-sNluc. Culture supernatants were recovered at 24 h after
rSeV-sNluc infection, and sNluc activity was measured. Mock-infected cells
were also incubated for the same periods and then infected with rSeV-sNluc.
The data are shown as the mean of three independent experiments = SD. *,
P < 0.05 compared to mock infected, according to a one-way ANOVA fol-
lowed by a Dunnett’s test.

48 h

DISCUSSION

Since the previous reports indicated that the SeV HN protein and
its neuraminidase activity were associated with interference (5,
22), receptor destruction was a feasible mechanism to explain the
interference. However, a direct relationship between receptor de-
struction and the interference had not been shown. In this study,
we analyzed interference with homologous virus infection by SeV
persistently infected cells. We showed that the LLC-MK2_SeV-
EGFP cells suppressed SeV attachment and that the HN protein of
SeV was involved in the interference. Analysis of sialic acids using
lectins revealed that sialic acids «2,3 linked to glycoconjugates,
which are considered a receptor for SeV (10, 11, 12), were specif-
ically reduced in the LLC-MK2_SeV-EGFP cells. Taken together,
our results provide evidence that the removal of a2,3-linked sialic
acids by the HN protein of SeV is responsible for the interference
with homologous virus infection by SeV.

It is widely recognized that a defective virus is produced from a
complete virus by a high multiplicity of infection (23). Defective
virus infection is one of the mechanisms to maintain persistent
infection of SeV (24, 25). Since the LLC-MK2_SeV-EGFP cells
were established by infection at an MOI of 30, there is a possibility
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that defective viruses were involved in the establishment of the
LLC-MK2_SeV-EGFP cells. Defective virus infection is also
known to abrogate viral gene expression and homologous inter-
ference (1, 26). If defective viruses generated from the rSeV-EGFP
inhibit replication of rSeV-sNluc, replication of rSeV-EGFP
should be similarly affected. However, the EGFP intensity of the
LLC-MK2_SeV-EGEFP cells (Fig. 1B, LLC-MK2_SeV-EGFP) was
detected between 10? and 10> (relative fluorescence) and at almost
comparable levels, indicating that replication of rSeV-EGFP in the
LLC-MK2_SeV-EGEFP cells was not affected. Kingsbury and Port-
ner (3) suggested that a high multiplicity of infection was not
related to generation of defective viruses in SeV. Therefore, we
excluded interference by defective viruses in the LLC-MK2_SeV-
EGFP cells superinfected with rSeV-sNluc.

Eguchietal. (27) reported that SeV infection in LLC-MK2 cells
persistently infected with temperature-sensitive SeV was sup-
pressed due to a defect in SeV-mediated fusion. They also indi-
cated that the persistently infected cells bound SeV particles as
efficiently as uninfected cells. This is in contrast to our result that
SeV particles were inefficiently detected in the LLC-MK2_SeV-
EGFP cells (Fig. 3A). This dissimilar result is presumably attrib-
uted to the temperature-sensitive phenotype of SeV. Eguchi et al.
used SeV cl.151 (28), a temperature-sensitive strain of SeV, to
establish the persistently infected cells. Cells persistently infected
with SeV cl.151 showed defective expression of the HN protein at
the nonpermissive temperature. Therefore, it is conceivable that a
receptor for SeV was still available in SeV cl.151 persistently in-
fected cells. In contrast, the LLC-MK2_SeV-EGFP cells were gen-
erated by infection of the rSeV-EGFP, of which the phenotype was
not temperature sensitive, and production of virus polypeptides
and virus particles was not affected by culture temperature (data
not shown), indicating that the HN protein was produced consti-
tutively, and thus a receptor for SeV was removed.

Interference of SeV infection was established in the LLC-
MK2_SeV-EGFP cells, in which «2,3-linked sialic acids were re-
duced to approximately 50% of the level in the uninfected cells
(Fig. 4A). Interestingly, even though hPIV2 infection removed
approximately 50% of «2,3-linked sialic acids, rSeV-sNluc could
infect the hPIV2-preinfected cells (Fig. 5A and C). Since SeV rec-
ognizes specific gangliosides as cellular receptors (10, 11, 12),
these results suggest that the substrate specificity of the hPIV2
neuraminidase differs from the receptor specificity of SeV HN.
Baumann and Neubert (22) suggested that the neuraminidase-
deficient HN mutants kept the complex of the HN and receptor.
Thus, analysis of the complex may permit receptor identification
in more detail.

The results of this study are consistent with the characteriza-
tion of receptor determinants for SeV. Lectin blot analysis of the
SeV-infected cells indicated that neuraminidase activity of the HN
protein had a specificity to a2,3-linked sialic acids. IAV infection,
which indicated superior ability to remove a2,3-linked sialic ac-
ids, interfered with SeV superinfection. These results strengthen
the characterization of SeV receptors. In this context, consider-
ation of hPIV2 receptors is of interest. It has been shown that the
minimal binding motif of hPIV2 contained «2,3-linked sialic ac-
ids (13). Our lectin blot analysis of the hPIV2-infected cells, which
showed the specific decrease of 2,3-linked sialic acids, supported
receptor specificity of hPIV2. hPIV1 also preferentially recognizes
a2,3-linked sialic acids (29, 30). This result suggests that hPIVs
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utilize a2,3-linked sialic acids distributed in the upper respiratory
tract (31).

It was of interest that SeV and hPIV2 infections tended to in-
crease a2,6-linked sialic acids (Fig. 5B). The virus-infected cells
produce a large amount of the HN and F glycoproteins, resulting
in accumulation of sialoglycoproteins. However, if the neuramin-
idase activity of the HN proteins functions to release sialic acids,
cell-associated sialic acids are decreased, as observed in Fig. 5A.
Thus, the result suggests that the SeV and hPIV2 HN proteins have
little or no ability to cleave a2,6-linked sialic acids. A recent report
showed a possible role of sialylated antigens in induction of anti-
gen-specific immune tolerance (32). The neuraminidase activity
of SeV and hPIV2 may contribute to viral pathogenesis by a novel
mechanism.

It turned out that lectin blot analysis was an easy method to
characterize neuraminidase specificity. Our assay revealed that the
neuraminidase activity of IAV had a specificity to both «2,3- and
a2,6-linked sialic acids, with high affinity to «2,3 linkage. This
result is consistent with Li et al. (33), who analyzed neuraminidase
specificity using a microtiter plate-based high-throughput color-
imetric assay method. Using the lectin blot assay, to our knowl-
edge we have shown the specific activity of the SeV neuraminidase
on a2,3-linked sialic acids for the first time. The lectin blot assay
may accelerate analysis of neuraminidase specificity, which is lim-
ited compared to receptor specificity analysis.
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