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ABSTRACT

Some animal influenza A viruses (IAVs) bind not only to N-acetylneuraminic acid (Neu5Ac) but also to N-glycolylneuraminic
acid (Neu5Gc), which has been discussed as a virus receptor. Human cells cannot synthesize Neu5Gc due to dysfunction of the
CMP-Neu5Ac hydroxylase (CMAH) gene, which converts CMP-Neu5Ac to CMP-Neu5Gc. However, exogenous Neu5Gc from
Neu5Gc-rich dietary sources is able to be metabolically incorporated into surfaces of tissue cells and may be related to enhance-
ment of the infectivity and severity of IAV. Here, we investigated the receptor function of Neu5Gc on IAV infection in Neu5Gc-
expressing cells by transfection of the monkey CMAH gene into human cells or by incubation with human cells in the presence
of N-glycolylmannosamine. Expression of Neu5Gc on human cells clearly suppressed infectivity of IAVs that possess Neu5Gc
binding ability. Furthermore, there was no difference in infectivity of a transfectant virus that included the wild-type HA gene
from A/Memphis/1/1971 (H3N2), which shows no Neu5Gc binding, between parent MCF7 cells and cells stably expressing the
monkey CMAH gene (CMAH-MCF7 cells). On the other hand, cell entry of the transfectant virus that included the Neu5Gc-
binding HA gene with a single mutation to Tyr at position Thr155 was arrested at the stage of internalization from the plasma
membrane of the CMAH-MCF7 cells. These results indicate that expression of Neu5Gc on the surface of human epithelial cells
suppresses infection of IAVs that possess Neu5Gc binding ability. Neu5Gc is suggested to work as a decoy receptor of Neu5Gc-
binding IAVs but not a functional receptor for IAV infection.

IMPORTANCE

Influenza A viruses (IAVs) bind to the host cell surfaces through sialic acids at the terminal of glycoconjugates. For IAV binding
to sialic acids, some IAVs bind not only to N-acetylneuraminic acid (Neu5Ac) as a receptor but also to N-glycolylneuraminic acid
(Neu5Gc). Neu5Gc has been discussed as a receptor of human and animal IAVs. Our results showed that Neu5Gc expression on
human epithelial cells suppresses infection of IAVs that possess Neu5Gc binding ability. Neu5Gc is suggested to be a “decoy re-
ceptor” of Neu5Gc-binding IAVs but not a functional receptor for IAV infection. Human cells cannot synthesize Neu5Gc be-
cause of dysfunction of the CMP-N-acetylneuraminic acid hydroxylase gene but can exogenously and metabolically incorporate
Neu5Gc from dietary sources. The expression of Neu5Gc on human epithelial cells by taking in exogenous Neu5Gc from
Neu5Gc-rich dietary sources may be related to restriction of the infection of IAVs that have acquired Neu5Gc binding ability.

Influenza A virus (IAV) utilizes various hosts, including humans,
aquatic birds, ground birds, pigs, and horses. IAV recognizes

terminal sialic acid moieties of sialosaccharides on host cells
through the viral envelope glycoprotein hemagglutinin (HA), fol-
lowed by initiation of entry into the cells through an endocytic
pathway. Generally, human IAV preferentially recognizes sialic
acid of galactose by the �2,6 linkage (SA�2,6Gal), while avian
and equine IAVs recognize sialic acid of galactose by the �2,3
linkage (SA�2,3Gal). Swine IAV recognizes both SA�2,6Gal and
SA�2,3Gal (1). Molecular species of sialic acid are largely divided
into two moieties: N-acetylneuraminic acid (Neu5Ac) and N-gly-
colylneuraminic acid (Neu5Gc). Almost all equine IAVs (2) and
some human (3, 4), swine (5–8), and duck IAVs (9) bind not only
to Neu5Ac but also to Neu5Gc. Neu5Gc is synthesized from the
addition of a hydroxyl group to the N-acetyl group of Neu5Ac by
CMP-Neu5Ac hydroxylase (CMAH; EC 1.14.18.2) with the cofac-
tors cytochrome b5 reductase and NADH (10, 11) (Fig. 1). Human
CMAH is a nonfunctional protein because of a frameshift from a
92-bp deletion in the coding region nucleotide sequence (12, 13)

(Fig. 2A), and Neu5Gc has not been detected as a main compo-
nent in human tracheal epithelia (5). However, exogenous
Neu5Gc from Neu5Gc-rich dietary sources (particularly red meat
and milk) is able to be metabolically incorporated into human
tissue cells (14, 15). In nonhuman animals, Neu5Gc has been de-
tected in swine tracheal epithelia (5), on crypt epithelial cells of the
duck colon (9) and equine tracheal epithelia (2), and in the trachea
and intestine of pigeons (16). In chickens, Neu5Gc has been de-
tected in the trachea and intestine by high-performance liquid
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chromatography (HPLC) analysis (16) but not in the tracheal ep-
ithelia by histological immunostaining (2). The ratios of Neu5Ac
and Neu5Gc have been reported to be 47:53 (mol/mol) in swine
tracheal epithelia (5), with more than 90% of Neu5Gc in equine
tracheal epithelia (2), 1.8:98.2 (mol/mol) in chicken trachea, and
1.8 to 13.8 Neu5Ac to 86.2 to 98.2 Neu5Gc (mol/mol) in chicken
intestines (16). Since ground bird, swine, and horse tracheas and
the duck colon are the main replication sites of mammalian and
avian IAVs, Neu5Gc in these sites has been discussed to be a func-
tional receptor for IAV infection. If Neu5Gc is a functional recep-
tor, it may be related to enhancement of the infectivity and sever-
ity of IAVs that can bind to Neu5Gc. Moreover, some human
IAVs that can bind to Neu5Gc may be easily transmitted to inter-
mediate hosts, such as pigs, and then may lead to the occurrence of
a new type of IAV reassorted between the human IAV genome and
nonhuman animal IAV genome that can become a pandemic IAV
in humans (17). However, the receptor function of Neu5Gc has
not been evaluated in detail.

Here, we evaluated the receptor function of Neu5Gc in IAV
infection by comparison of IAV infectivity in Neu5Gc-expressing
cells to that in parent cells. We generated cells that stably express
the monkey CMAH gene (CMAH-MCF7 cells) by transfection of
the CMAH gene to human breast adenocarcinoma MCF7 cells.

We also generated Neu5Gc-expressing A549 cells, which are hu-
man lung adenocarcinoma epithelial cells that are often used in
experiments on influenza A virus infection, by incubation with the
Neu5Gc precursor N-glycolylmannosamine (ManNGc). Experi-
ments using CMAH-MCF7 cells and Neu5Gc-expressing A549
cells showed that expression of Neu5Gc had a negative effect on
infection of human and equine IAVs that exhibit Neu5Gc binding
ability. Furthermore, for comparison of virus infectivity, we used
HA mutant IAVs, i.e., strain A/WSN/1933 with a wild-type or
single-amino-acid-mutated HA gene of human influenza virus
A/Memphis/1/1971 (H3N2). In our previous study, HA of
A/Memphis/1/1971, which showed no binding to Neu5Gc, ac-
quired Neu5Gc binding ability by a single-amino-acid mutation,
threonine to tyrosine at position 155 in HA (18, 19). All of the
Neu5Gc-binding IAVs tested here and Neu5Gc-binding mutant
IAVs showed significantly less infectivity in Neu5Gc-expressing
cells than in parent MCF7 cells. These results indicate that
Neu5Gc expression in human cells suppresses infection of IAVs
possessing Neu5Gc binding ability.

MATERIALS AND METHODS
Cells and viruses. Human breast adenocarcinoma MCF7 cells (MCF7
Tet-On advanced cell line) were purchased from Clontech Laboratories

FIG 1 Conversion of CMP-Neu5Ac to CMP-Neu5Gc by CMAH.

FIG 2 mRNA expression levels of the transfected CMAH gene in MCF7 cells and CMAH-MCF7 cells. (A) Primer positions for detection of monkey CMAH
mRNA. The coding region is shown as a filled column. Human CMAH mRNA includes a noncoding region (empty column) because of a 92-bp nucleotide
deletion (dotted line). Arrows indicate a pair of primers for quantitative PCR. The forward primer cannot detect human CMAH mRNA because it recognizes base
pairs corresponding to the deletion region of human CMAH. (B) Quantitative PCR of CMAH mRNA. CMAH mRNA ratios were calculated as a proportion of
the levels in CMAH-MCF7 cells in the absence of doxycycline (Dox). The amount of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA expression
was used for normalization. Standard deviations were calculated from data from three independent experiments. N. D., not detected.
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Inc., and human lung adenocarcinoma epithelial A549 cells were pur-
chased from Riken Cell Bank, Saitama, Japan. The cells were maintained
in high-glucose Dulbecco’s modified Eagle’s minimum essential medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 100
�g/ml of G418 sulfate (Promega, Madison, WI) according to the instruc-
tion manual. African green monkey kidney COS7 cells were maintained in
DMEM supplemented with 10% FBS. IAVs [A/Aichi/2/1968 (H3N2),
A/Memphis/1/1971 (H3N2), A/Memphis/102/1972 (H3N2), A/equine/
Miami/1963 (H3N8), A/equine/Fontainebleau/1/1979 (H3N8), A/equine/
Tennessee/5/1986 (H3N8), A/equine/Ibaraki/1/2007 (H3N8), and two
Mem71HA-possessing WSN strains, WT and T155Y] were propagated in
10-day-old embryonated hen’s eggs for 2 days at 34°C. Mem71HA-WSN
is an IAV with the HA gene of A/Memphis/1/1971 (H3N2) together with
seven genes of A/WSN/1933 (H1N1) other than the HA gene, as we re-
ported previously (19). The two Mem71HA-WSN strains, WT and
T155Y, have the wild-type HA of A/Memphis/1/1971 and the HA with a
single-amino-acid change of threonine to tyrosine at position 155, respec-
tively (18, 19).

Cloning of the CMAH gene and selection of cells transfected with
the CMAH gene. mRNA of COS7 cells was extracted with TRIzol reagent
(Invitrogen Corp., Carlsbad, CA) and was converted to cDNA by using a
TaKaRa RNA PCR kit (AMV), version 3.0 (TaKaRa Bio Inc., Shiga, Ja-
pan). The monkey CMAH gene was amplified by the nested PCR method
with primers 5=-GGCTTATGGGAGCAAATGAGCCACAG-3= and 5=-A
ATTCTTCTTGAAATTTTCATGTGGTTTTGCATTCC-3= (first PCR) as
well as 5=-GGAATTCCCATGGGCAGCACTGAACAAACAACTG-3=
and 5=-CGGAATTCCGTCATGTGGTTTTGCATTCCTGCG-3= (second
PCR), each containing an EcoRI site, using PFU Ultra high-fidelity DNA
polymerase (Agilent Technologies Inc., Palo Alto, CA). The PCR product
of the CMAH gene was digested with EcoRI enzyme and then inserted into
a multicloning site between the two EcoRI sites of the pGEM-T easy vector
(Promega, Madison, WI). The CMAH gene between the two NotI sites
within the multicloning site of the pGEM-T easy vector was transferred
into the NotI site of the pTRE2hyg vector (Clontech Laboratories Inc.,
Mountain View, CA) by digestion with NotI enzyme. The nucleotide se-
quence of the CMAH gene in all plasmids was confirmed by using an ABI
Prism 310NT Genetic Analyzer (Applied Biosystems, Foster City, CA).
MCF7 cells were transfected with the pTRE2hyg vector containing the
CMAH gene using transfection reagent TransIT-293 (Mirus, Madison,
WI) according to the instruction manual. Since MCF7 cells lacked expres-
sion of caspase-3 (20), which plays an essential role in IAV production and
replication (21), they were expected to be suitable for evaluation of virus
infectivity at the initial stage of the IAV life cycle. The transfected cells
were selected and cloned in the presence of 200 �g/ml hygromycin B
(Invitrogen Corp., Carlsbad, CA) for more than 2 months. The selected
cells were maintained in DMEM supplemented with 10% FBS, 100 �g/ml
hygromycin B, and 100 �g/ml G418 sulfate. After induction of CMAH
gene expression using 1 �g/ml doxycycline (Clontech Laboratories Inc.,
Mountain View, CA) for 4 or 5 days, mRNA of the cells was extracted and
converted to cDNA. After screening of CMAH mRNA expression using
the PCR method, a single clone stably expressing the monkey CMAH gene
(CMAH-MCF7 cells) was obtained.

Quantitative real-time PCR. MCF7 cells and CMAH-MCF7 cells (2 �
105 cells/well) in the absence or presence of 1 �g/ml doxycycline were
cultured in a 6-well plate at 37°C for 4 days. The cells were placed on ice for
5 min and washed with 1 ml/well of cold phosphate-buffered saline (PBS).
The washed cells were harvested with 800 �l/well of cold PBS using a cell
scraper. The cells were centrifuged at 2,000 � g for 6 min at 4°C and
suspended in 300 �l of cold PBS. mRNA was extracted from 100 �l of the
cell suspension using an RNA easy kit (Invitrogen Corp., Carlsbad, CA)
and converted to cDNA (50 �l) using a PrimeScript reverse transcription-
PCR (RT-PCR) kit (TaKaRa Bio Inc., Shiga, Japan). Endogenous mRNA
of the monkey CMAH gene was measured by quantitative real-time RT-
PCR (LightCycler 2.0; Roche Applied Science, Tokyo, Japan) using the
primer pair 5=-GTCCGTTAAATGCACAAAGC-3= (specific only for

monkey CMAH mRNA due to a 92-bp nucleotide deletion in human
CMAH mRNA) and 5=-AAAGTCCGTTGTTTTCATCCAT-3= (specific
for both human and monkey CMAH mRNA) (Fig. 2A). Endogenous
mRNA of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene, as a housekeeping gene, was measured using the primer pair 5=-TC
AACGGATTTGGCCGTATTGG-3= and 5=-TGAAGGGGTCATTGATG
GCG-3= and was used with the ��CT method (where CT is threshold
cycle). The relative amount of CMAH mRNA was calculated as a propor-
tion of that in CMAH-MCF7 cells in the absence of doxycycline.

Fluorescence microscopy. During and after this experiment, CMAH-
MCF7 cells were maintained in the presence of 1 �g/ml doxycycline for
more than 2 weeks. To visualize Neu5Gc expression in cells, the cells (5 �
103 cells/well) were grown on 8-well glass coverslips (Teflon-printed glass
slides; Erie Scientific Company, Portsmouth, NH) overnight and washed
with PBS (pH 7.2; 131 mM NaCl, 14 mM Na2HPO4, 1.5 mM KH2PO4,
and 2.7 mM KCl). The cells were fixed with 4% paraformaldehyde
(PFA)-PBS at room temperature for 10 min, washed with PBS, and
then incubated with chicken anti-Neu5Gc antibody, which recognizes
Neu5Gc�2,3Gal but not Neu5Ac�2,3Gal (2, 9, 22, 23), on ice for 1 h and
with fluorescein isothiocyanate (FITC)-conjugated rabbit anti-chicken
IgY secondary antibody on ice for 1 h. Nuclei were visualized with 4=,6-
diamidino-2-phenylindole dihydrochloride (DAPI) (Dojindo Laborato-
ries, Kumamoto, Japan). For sialidase treatment, cells were incubated
with 30 �l/well of 2,500 mU/ml Salmonella enterica serovar Typhimurium
sialidase (New England BioLabs Inc., Ipswich, MA) at 37°C for 1 h before
fixation. All pictures were taken by an Olympus IX71 fluorescence micro-
scope equipped with an Olympus DP70 camera (Olympus Corp., Shin-
juku, Japan).

Analysis of sialic acid species using HPLC. Confluent MCF7 cells and
CMAH-MCF7 cells in a 100-mm dish were harvested using a cell scraper.
The amount of protein in cells was measured using bicinchoninic acid
(BCA) protein assay reagent (Thermo Fisher Scientific Inc., Rockford, IL).
To investigate the total amounts of Neu5Ac and Neu5Gc in MCF7 cells
and CMAH-MCF7 cells, fluorometric determination of Neu5Ac and
Neu5Gc was conducted by the modified HPLC method using 1,2-di-
amino-4,5-methylenedioxybenzene (DMB) (Wako Pure Chemical In-
dustries, Ltd., Osaka, Japan) as previously described (5, 24). Briefly, the
cells (50 �l) were mixed with 50 mM H2SO4 (75 �l) and 2 �M N-propyl-
neuraminic acid (25 �l) as an internal control. After incubation at 80°C
for 12 h (hydrolysis of the glycochain), the mixture was filtrated by cen-
trifugation using Amicon Ultra centrifugal filters (Ultracel 3K mem-
brane) (Millipore, Billerica, MA) at 15,100 � g for 90 min. The flow-
through (60 �l) was mixed with DMB reagent (60 �l) consisting of 7 mM
DMB, 1 M �-mercaptoethanol, and 18 mM sodium hydrosulfite (Sigma
Aldrich Corp., St. Louis, MO) in water. After incubation at 60°C for 2.5 h
under protection from light (fluorescent derivatization of sialic acid), the
mixture was cooled on ice (derivatization reaction stop). A 100-�l aliquot
of the supernatant was injected into the HPLC system with a TSKgel
ODS-100V 5-�m (4.6- by 150-mm) column (Tosoh Inc., Tokyo, Japan)
at 40°C at a flow rate of 1.2 ml/min of methanol-water at 25:75 (vol/vol).
The fluorescent intensity of sialic acid derivatives (excitation at 373 nm
and emission at 448 nm) was measured by an FP-2020 Plus fluorescent
detector (Jasco Corp., Tokyo, Japan). For the establishment of calibration
curves, standard mixtures of Neu5Ac and Neu5Gc (0.1, 1, and 10 �M)
(Sigma Aldrich Corp., St. Louis, MO) or water only were used. Each sam-
ple was compensated by the internal control.

Flow-cytometric analysis of anti-Neu5Gc staining on MCF7 cells
and CMAH-MCF7 cells. MCF7 cells and CMAH-MCF7 cells (2 � 105

cells/well) were cultured in a 12-well plate for 2 days at 37°C. After wash-
ing with 500 �l/well of PBS, the cells were harvested by treatment with
0.125% trypsin. The cells were centrifuged and suspended in 200 �l/well
of PBS and then fixed by adding 200 �l/well of 4% PFA-PBS at room
temperature for 10 min. The fixed cells were incubated with chicken anti-
Neu5Gc antibody at room temperature for 30 min and FITC-conjugated
rabbit anti-chicken IgY secondary antibody at room temperature for 30
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min. Fluorescence for cells was excited with the 488-nm line of an argon
laser on a FACSCanto II flow cytometer (BD, Franklin Lakes, NJ). At least
1 � 104 cells were analyzed for each sample. As a control, fixed cells were
incubated with the secondary antibody only.

Flow-cytometric analysis of lectin staining on MCF7 cells and
CMAH-MCF7 cells. MCF7 cells and CMAH-MCF7 cells (4 � 105 cells/
well) were cultured in a 12-well plate at 37°C for 24 h. After washing with
500 �l/well of PBS, the cells were harvested by treatment with 0.125%
trypsin. The cells were centrifuged and suspended in 100 �l/well of PBS
and then fixed by adding 300 �l/well of 4% PFA-PBS at room temperature
for 15 min. The fixed cells were incubated with FITC-conjugated Sam-
bucus nigra (elderberry) lectin SNA (Anaspec, Fremont, CA) in order to
stain sialic acid of SA�2,6Gal or with FITC-conjugated Maackia amurensis
lectin MAL-I (Anaspec, Fremont, CA) in order to stain sialic acid of
SA�2,3Gal at room temperature for 30 min. Measurement in the absence
of lectins was performed as a negative control. Fluorescence for cells was
excited with the 488-nm line of an argon laser on a FACSCanto II flow
cytometer. At least 1 � 104 cells were analyzed for each sample.

Measurement of viral infectivity by TCID50. MCF7 cells and CMAH-
MCF7 cells (2.5 � 104 cells/well) were cultured in a 96-well plate at 37°C
for 24 h. The cells were washed with 100 �l of PBS and infected with a
10-times serial dilution of virus suspension in 100 �l/well of the serum-
free medium hybridoma-SFM (SFM; Invitrogen Corp., Carlsbad, CA)
from an undiluted-virus concentrated suspension at 37°C for 14 to 20 h.
The cells were fixed with 50 �l/well of methanol for 30 s and washed with
100 �l/well of PBS. The infected cells were incubated with mouse anti-
IAV nucleoprotein (NP) monoclonal antibody (4E6) (25, 26) at room
temperature for 30 min and horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG and IgM secondary antibody (Jackson Immuno Re-
search, West Grove, PA) at room temperature for 30 min, and then they
were developed by adding H2O2, N,N-diethyl-p-phenylenediamine sul-
fate (Sigma Aldrich Corp., St. Louis, MO), and 4-chloro-1-naphtol
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) as described previ-
ously (26). The 50% tissue culture infectious dose (TCID50) was calcu-
lated by counting virus infection-positive or -negative wells under an
Olympus IX71 microscope.

Virus infection of MCF7 cells and CMAH-MCF7 cells. MCF7 cells
and CMAH-MCF7 cells (1 � 105 cells/well) were cultured in a 24-well
plate at 37°C for 2 days. The cells were washed with 250 �l/well of PBS and
infected with a virus suspension (9.39 � 103 to 1.27 � 105 TCID50 for
MCF7 cells) in 250 �l/well of SFM at 37°C for 30 min. After washing with
250 �l/well of PBS, the infected cells were cultured in 500 �l/well of SFM
at 37°C for 20 to 22 h. The cells were fixed with 400 �l/well of methanol for
30 s and washed with 400 �l/well of PBS. The infected cells were incubated
with mouse anti-NP (4E6) at room temperature for 30 min and HRP-
conjugated goat anti-mouse IgG and IgM secondary antibody at room
temperature for 30 min and then developed as described for TCID50 mea-
surement. All pictures were taken by using an Olympus IX71 microscope
equipped with an Olympus DP70 camera at �40 magnification.

Treatment of A549 cells with ManNGc. To increase expression of
Neu5Gc in a cell line other than MCF7 cells, human lung adenocarcinoma
epithelial A549 cells were grown in the presence of Neu5Ac and Neu5Gc
precursors (N-acetylmannosamine [ManNAc] and ManNGc, respec-
tively). The cells (0.7 � 105 cells/well in a 24-well plate) were cultured in
DMEM supplemented with 10% FBS at 37°C overnight. The adherent
cells on a plate were washed with PBS and treated with 250 �l/well of SFM
containing 10 mU/ml Arthrobacter ureafaciens sialidase (Marukin Bio,
Kagawa, Japan) at 37°C for 1 h. After washing the cells with PBS, they were
cultured in 500 �l/well of SFM in the presence of ManNAc (5 mM) or
ManNGc (0.5 or 2 mM) at 37°C for 3 days. Control cells were cultured in
SFM mixed with dimethyl sulfoxide (500 dilutions) in the same manner,
because stock solutions of ManNAc and ManNGc were prepared in di-
methyl sulfoxide and the dilution from stock solutions was 500 times at
maximum.

For the infection experiment, after washing the cells with PBS,

ManNAc- and ManNGc-treated cells were infected with 5 � 103 to 6 �
103 TCID50 of A/Memphis/102/72 (H3N2) and A/equine/Fontainebleau/
1979 (H3N8) in 250 �l/well of SFM at 37°C for 30 min. After washing the
cells with PBS, the cells were incubated in SFM at 37°C for 10 h. The cells
were fixed with 400 �l/well of methanol for 30 s and washed with 400
�l/well of PBS. The infected cells were incubated with mouse anti-NP
(4E6) at room temperature for 30 min and HRP-conjugated goat anti-
mouse IgG and IgM secondary antibody at room temperature for 30 min,
and then they were developed as described for TCID50 measurement. The
number of infected cells was counted in eight arbitrary fields under an
Olympus IX71 microscope at a magnification of �100. Levels of infected
cells in the ManNAc- and ManNGc-treated cell groups are expressed as
percentages relative to the number of infected cells in the control group.

For flow-cytometric analysis, ManNAc- and ManNGc-treated cells
were harvested by treatment with 0.125% trypsin after washing with PBS.
The cells were centrifuged and suspended in 200 �l/well of PBS and then
fixed by adding 200 �l/well of 4% PFA-PBS at room temperature for 10
min. The fixed cells were incubated with chicken anti-Neu5Gc antibody at
room temperature for 30 min and FITC-conjugated rabbit anti-chicken
IgY secondary antibody at room temperature for 30 min. Fluorescence for
cells was excited with the 488-nm line of an argon laser on a FACSCanto II
flow cytometer. At least 1 � 104 cells were analyzed for each sample. Mean
fluorescence intensity (MFI) ratios of ManNAc- and ManNGc-treated
cells were calculated relative to those of control cells.

Confocal microscopy. MCF7 cells and CMAH-MCF7 cells (5.0 � 104

cells/well) were cultured in 8-well glass coverslips at 37°C for 24 h. After
washing the cells with cold PBS, the cells were adsorbed with 30 �l/well of
HA mutant virus WT or T155Y (5.0 � 105 TCID50) in cold DMEM on ice
for 1.5 h. After washing the cells with cold PBS, the cells were incubated at
37°C for 10 min. After cooling the cells on ice for 5 min, the cells were fixed
with 4% PFA-PBS (30 �l/well) at room temperature for 15 min and per-
meabilized with 0.05% Triton X-100-PBS (30 �l/well) at room tempera-
ture for 15 min. To visualize viral NP and cell outlines, the cells were
reacted with mouse anti-NP (4E6) and biotinylated wheat germ aggluti-
nin (WGA) (J-Oil Mills Inc., Tokyo, Japan) at 4°C for 1 h, followed by
incubation with goat tetramethylrhodamine-5-(and 6)-isothiocyanate
(TRITC)-conjugated anti-mouse IgG (Sigma Aldrich Corp., St. Louis,
MO), Cy5-conjugated streptavidin (GE Healthcare UK Ltd., Little Chal-
font, Buckinghamshire, England), and DAPI for visualization of nuclei at
4°C for 1 h. After dropping the antifade reagent SlowFade onto the cells,
the cells were observed by using an LSM510 meta confocal microscope
(Carl Zeiss Inc., Thornwood, NY).

Flow-cytometric analysis of MAL-II staining on MCF7 cells and
CMAH-MCF7 cells. MCF7 cells and CMAH-MCF7 cells (4 � 105 cells/
well) were cultured in a 12-well plate at 37°C for 24 h. After washing with
500 �l/well of PBS, the cells were harvested by treatment with 0.125%
trypsin. The cells were centrifuged and suspended in 100 �l/well of PBS
and then fixed by adding 300 �l/well of 4% PFA-PBS at room temperature
for 15 min. The fixed cells were incubated with biotinylated Maackia
amrensis lectin MAL-II (Vector Laboratories, Burlingame, CA) in order to
stain sialic acid of SA�2,3Gal of O-glycans at room temperature for 30
min, followed by incubation with FITC-labeled streptavidin (Thermo
Fisher Scientific Inc., Rockford, IL). The negative control was measured
by incubation with FITC-labeled streptavidin only in the absence of MAL-
II. Fluorescence for cells was excited with the 488-nm line of an argon laser
on a FACSCanto II flow cytometer. At least 1 � 104 cells were analyzed for
each sample.

RESULTS
Generation of human cells stably expressing the monkey CMAH
gene. To express Neu5Gc in human cells through introduction of
functional CMAH (Fig. 1), we transfected the monkey CMAH
gene from COS7 cells to human MCF7 cells. We obtained a single
cell clone that stably expressed the monkey CMAH gene (CMAH-
MCF7 cells) by selection and cloning in the presence of the anti-
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biotic reagent hygromycin B. These MCF7 cells have the Tet-On
system, which is able to induce expression of the gene of interest
by the antibiotic reagent doxycycline. In MCF7 cells and CMAH-
MCF7 cells in the absence or presence of doxycycline, endogenous
expression levels of monkey CMAH mRNA were measured by
quantitative real-time PCR using a primer specific for monkey
CMAH mRNA, corresponding to a 92-bp nucleotide deletion in
human CMAH mRNA (Fig. 2A). The monkey CMAH mRNA was
detected in CMAH-MCF7 cells but not in MCF7 cells (Fig. 2B).
Since monkey CMAH mRNA was detected without doxycycline
and its expression level was 2.2 times higher in the presence of
doxycycline than in the absence of doxycycline, CMAH-MCF7
cells were used after culture in the presence of doxycycline.

Detection of Neu5Gc expression in CMAH-MCF7 cells. To
confirm Neu5Gc expression in CMAH-MCF7 cells, we performed
immunostaining of Neu5Gc and chemical analysis of sialic acid
molecular species using HPLC. The presence of Neu5Gc was ob-
served by a chicken anti-Neu5Gc antibody, which recognized
Neu5Gc of galactose by the �2,3 linkage (Neu5Gc�2,3Gal) but
not Neu5Ac of galactose by the �2,3 linkage (Neu5Ac�2,3Gal) (2,
9, 22, 23) in CMAH-MCF7 cells but not in MCF7 cells (Fig. 3A).
Sialidase treatment of CMAH-MCF7 cells diminished fluorescent
staining of Neu5Gc, indicating that the antibody binding de-
pended on sialic acid. We also measured the fluorescent signal of
Neu5Gc�2,3Gal detected by the antibody using a flow cytometer.
The flow-cytometric data may result in loss of sialic acid-contain-
ing glycopeptides because of the lack of recovery time for the cells
after trypsin treatment. However, the Neu5Gc�2,3Gal signal on
CMAH-MCF7 cells was clearly stronger than that on the MCF7

cells (Fig. 3B). MFI ratios of the Neu5Gc�2,3Gal signal were 3.57
and 1.57 on CMAH-MCF7 cells and MCF7 cells, respectively (Fig.
3C). Fluorescent derivatives of standard Neu5Ac and Neu5Gc
were detected as separable peaks by HPLC (Fig. 4A). The level of
Neu5Gc was hardly detectable in MCF7 cells (Fig. 4B), whereas
abundant Neu5Gc was observed in CMAH-MCF7 cells (Fig. 4C).
The Neu5Gc content in CMAH-MCF7 cells was slightly higher
than that of Neu5Ac (Table 1). On the other hand, the Neu5Ac
content was slightly lower than that in MCF7 cells, possibly due to
consumption of Neu5Ac as a substrate of CMAH. Although a
small amount of Neu5Gc was detected in MCF7 cells, it is likely
that it was derived from incorporation of sialic acids into cells
from 10% FBS in the culture medium (14), in which the ratio of
Neu5Ac to Neu5Gc was shown by HPLC analysis to be 96.9:3.09.

Flow-cytometric analysis of SA�2,6Gal linkage and SA�2,3Gal
linkage showed that the MFI of SA�2,6Gal linkage on CMAH-
MCF7 cells was increased compared to that on MCF7 cells, but
MFIs of SA�2,3Gal linkage on MCF7 cells and CMAH-MCF7 cells
were similar (Fig. 5). These fluorescent intensities contain both
Neu5Ac and Neu5Gc as terminal sialic acids because of recogni-
tion of both Neu5Ac and Neu5Gc by the lectins SNA and MAL-I
(27). However, MAL-I cannot detect SA�2,3Gal linkage of O-gly-
can, which is recognized by MAL-II (28). MFI ratios with MAL-II
were 9.19 for MCF7 cells and 12.84 for CMAH-MCF7 cells (data
not shown). MAL-II shows 1.49 times stronger binding to
Neu5Gc�2,3Gal�1,3GalNAc than to Neu5Ac�2,3Gal�1,3GalNAc (28),
which are known to be in the core 1 structure of O-glycan. MAL-II
binding signal on CMAH-MCF7 cells is 1.40 times higher than

FIG 3 Anti-Neu5Gc antibody staining on MCF7 cells and CMAH-MCF7 cells. (A) Fluorescent immunostaining of Neu5Gc expression on MCF7 cells and
CMAH-MCF7 cells. Cells were fixed with 4% paraformaldehyde (PFA). Neu5Gc was stained with chicken anti-Neu5Gc antibody and fluorescein isothiocyanate
(FITC)-labeled anti-chicken IgY. Nuclei were stained with 4=,6-diamidino-2-phenylindole dihydrochloride (DAPI). Sialidase treatment was performed at 37°C
for 1 h before fixation of cells. Bars, 50 �m. (B) Flow-cytometric histogram of Neu5Gc expression on MCF7 cells and CMAH-MCF7 cells. The cells were stained
with anti-Neu5Gc antibody (filled histogram) or a secondary antibody only (gray histogram) after fixation with 2% PFA. (C) Mean fluorescence intensity (MFI)
ratio of Neu5Gc expression by flow cytometry. MFI ratios were calculated as proportions of levels for the control (secondary antibody only). Standard deviations
were calculated from data from three independent experiments.
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that on MCF7 cells. Therefore, terminal sialic acids of most O-
glycans may convert from Neu5Ac to Neu5Gc.

Comparison of the infectivity of IAVs in MCF7 cells to that in
CMAH-MCF7 cells. We compared the numbers of infected
MCF7 cells and CMAH-MCF7 cells inoculated with two human
IAVs, A/Memphis/1/1971 (H3N2) and A/Memphis/102/1972
(H3N2), and two equine IAVs, A/equine/Fontainebleau/1/1979
(H3N8) and A/equine/Tennessee/5/1986 (H3N8). A/Memphis/

102/1972 (3, 4) and the two equine IAVs (2), but not A/Memphis/
1/1971 (4, 5, 19), have been shown to bind to Neu5Gc�2,6Gal
and Neu5Gc�2,3Gal, respectively. These three Neu5Gc-bind-
ing IAVs, A/Memphis/102/1972, A/equine/Fontainebleau/1/
1979, and A/equine/Tennessee/5/1986, showed 36.3%, 16.8%,
and 14.0% relative infectivity, respectively, in CMAH-MCF7 cells
and 100% infectivity in MCF7 cells. Infectivity of A/Memphis/1/
1971 in CMAH-MCF7 cells was similar to that in the MCF7 cells
(Fig. 6). Furthermore, we compared the TCID50 values of each
of three human IAVs and four equine IAVs in MCF7 cells and
CMAH-MCF7 cells. Human IAV A/Aichi/2/1968 (H3N2) binds
mainly to Neu5Gc�2,6Gal and sometimes to Neu5Gc�2,3Gal (4).
Equine IAVs A/equine/Miami/1963 (H3N8) (2) and A/equine/
Ibaraki/1/2007 (H3N8) (29) also bind to Neu5Gc�2,3Gal. The
TCID50 of A/equine/Ibaraki/1/2007 was 5.41 in MCF7 cells, but it
could not be measured in CMAH-MCF7 cells because of low in-
fectivity. All Neu5Gc-binding IAVs showed a significant reduc-
tion of TCID50 in CMAH-MCF7 cells compared to that in MCF7
cells, but the TCID50 of A/Memphis/1/1971 was not reduced (Ta-
ble 2). For Neu5Gc-bnding IAVs, Neu5Gc expression had a neg-
ative effect on infectivity in host cells.

To confirm the effect of Neu5Gc expression on virus infec-
tivity, A549 cells, which are human lung adenocarcinoma epi-
thelial cells and are often used in experiments on IAV infection,
were cultured in the presence of Neu5Ac and Neu5Gc precur-

FIG 4 HPLC analysis of Neu5Gc and Neu5Ac contents in MCF7 cells and
CMAH-MCF7 cells. (A) Standard peaks of Neu5Gc and Neu5Ac on HPLC.
Peaks for Neu5Gc and Neu5Ac are indicated by arrows at retention times of 5.9
min and 7.5 min, respectively. (B) HPLC analysis of MCF7 cells. (C) HPLC
analysis of CMAH-MCF7 cells.

TABLE 1 Contents of Neu5Gc and Neu5Ac in MCF7 cells and CMAH-
MCF7 cellsa

Cell line

Sialic acid content (�SD;
nmol/mg of protein)

Neu5Gc/Neu5Ac
ratioNeu5Gc Neu5Ac

MCF7 0.15 � 0.03 1.90 � 0.27 0.08
CMAH-MCF7 1.71* � 0.28 1.54 � 0.70 1.11
a Standard deviations (SD) were calculated from data from three independent
experiments. *, P � 0.05 by independent t test for MCF7 cells versus CMAH-MCF7
cells.

FIG 5 Flow-cytometric analysis of SNA or MAL-I lectin staining on MCF7
cells and CMAH-MCF7 cells. (A) Flow-cytometric histogram of SNA or
MAL-I lectin staining on MCF7 cells and CMAH-MCF7 cells. The cells were
stained with each lectin (filled histogram) or no lectin (gray histogram) as a
control after fixation with 3% PFA. (B) MFI ratios of SNA or MAL-I staining
by flow cytometry. MFI ratios were calculated relative to the levels for control
cells. Standard deviations were calculated from data from four independent
experiments.
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sors, ManNAc and ManNGc, respectively. The infectivity of
A/Memphis/102/1972 (H3N2) and A/equine/Fontainebleau/1/
1979 (H3N8) was decreased in ManNGc-treated cells, but not
in ManNAc-treated cells, compared to that in nontreated cells
(Fig. 7A). Neu5Gc expression on the cell surface with ManNGc
was confirmed by flow-cytometric analysis (Fig. 7B and C). The
effect of Neu5Gc expression in A549 cells infected with IAVs
was similar to that of MCF7 cells. The results indicate that
expression of Neu5Gc on the surface of human epithelial cells
suppresses infection of IAVs with Neu5Gc binding ability.

Comparison of infectivities of HA mutant IAVs that have ac-
quired Neu5Gc binding ability in MCF7 cells and CMAH-MCF7
cells. We previously showed that amino acid alteration of thre-
onine to tyrosine at position 155 in H3 HA facilitated virus
binding to Neu5Gc. We generated two HA mutant IAVs, wild-
type HA of A/Memphis/1/1971 (named WT) and HA with a
single-amino-acid change of threonine to tyrosine at position
155 (named T155Y), together with the backbone of the A/WSN/
1933 strain (19). T155Y strongly bound to Neu5Gc�2,6Gal link-
age in addition to Neu5Ac�2,6Gal linkage (18). In contrast, WT
bound to Neu5Ac�2,6Gal linkage but not to Neu5Gc�2,6Gal,
Neu5Gc�2,3Gal, and Neu5Ac�2,3Gal linkages, as in the case of
A/Memphis/1/1971 (19). We compared the numbers of MCF7
cells and CMAH-MCF7 cells infected by these HA mutant IAVs.
T155Y showed 27.9% relative infectivity in CMAH-MCF7 cells
and 100% infectivity in MCF7 cells. The infectivity of WT in
CMAH-MCF7 cells was similar to that in MCF7 cells (Fig. 8). We
also compared TCID50 values of these HA mutant IAVs in MCF7
cells to those in CMAH-MCF7 cells. T155Y showed a significant
reduction of TCID50 in CMAH-MCF7 cells compared to the level
in MCF7 cells, but WT did not (Table 3).

IAV enters cells through endocytosis after binding to receptors
on the cell surface membranes. We observed entry of WT and
T155Y into the cells. WT and T155Y were observed in MCF7 cells
by incubation at 37°C for 10 min. WT entered CMAH-MCF7 cells
during that incubation, but T155Y was observed mainly on the cell
surface (Fig. 9). These results indicate that Neu5Gc, which was
expressed on the surface of human epithelial cancer cells, inhibits
infection of IAV that has acquired Neu5Gc binding ability
through suppression of entry into the cells.

DISCUSSION

Neu5Gc has been thought to play an important role in IAV infec-
tion in horses and ducks (2, 9). Humans cannot synthesize
Neu5Gc due to inactivation of CMAH. However, exogenous
Neu5Gc from Neu5Gc-rich dietary sources (particularly red meat
and milk) is metabolically incorporated into human tissue cells
(14, 15). Therefore, we evaluated the receptor function of Neu5Gc
on IAV infection in human epithelial cells by employing glycobio-
logical and virological approaches: use of Neu5Gc-expressing cells
and HA mutant IAVs that have acquired Neu5Gc binding ability.
Our results indicated that Neu5Gc expressed on the surface of
human epithelial cancer cells is not a functional receptor and that
it has a negative effect on infectivity of IAV possessing Neu5Gc
binding ability. Bateman et al. also reported that addition of
ManNGc, a material of the biosynthesis pathway to Neu5Gc, to
primary swine respiratory epithelial cells inhibited infection of six
swine IAVs, emphasizing the importance of Neu5Ac as a func-
tional receptor of swine IAV (30). Two swine IAVs [A/swine/Min-
nesota/593/1999 (H3N2) and A/swine/Ontario/00130/1997 (H3N2)] in
that study showed no binding to Neu5Gc�2,3Gal linkage of 5
glycoconjugates and Neu5Gc�2,6Gal linkage of 3 glycoconjugates
on a glycoarray. Avian IAV specifically binds to Neu5Ac�2,3Gal
linkage regardless of the structure of the asialo portion. In con-
trast, human IAV preferentially binds to long Neu5Ac�2,6Gal gly-
can with penta- or heptasaccharides in a glycan length-dependent
manner (31). In our previous study, Neu5Ac and Neu5Gc binding
abilities of human IAVs and HA mutant IAVs, including IAVs
used in the present study, were determined by pentasaccharides
containing terminal Neu5Ac or Neu5Gc (4, 19). A glycoarray re-
ported by Bateman et al. uses mono- to trisaccharides (except an
internal linkage of fucose) containing terminal Neu5Gc. Since the
property of swine IAV (especially the human-lineage IAV
A/swine/Ontario/00130/1997) is thought to be close to that of
human IAV rather than avian IAV, these two swine IAVs may have

FIG 6 Infectivity of IAVs in MCF7 cells and CMAH-MCF7 cells. Cells were
infected with A/Memphis/1/1971 (H3N2) (A), A/Memphis/102/1972 (H3N2)
(B), A/equine/Fontainebleau/1/1979 (H3N8) (C), or A/equine/Tennessee/5/
1986 (H3N8) (D). Infected cells were fixed with methanol and stained with
anti-NP monoclonal antibody. Numbers of infected cells were counted in six
arbitrary fields per well. The number of infected CMAH-MCF7 cells is ex-
pressed as a percentage relative to the level of infection in MCF7 cells. *, P �
0.01 by independent t test for percentages of infected MCF7 cells compared to
the level of CMAH-MCF7 cell infection.

TABLE 2 TCID50 values of IAVs to MCF7 and CMAH-MCF7 cellsa

Virus strain

TCID50/ml (�SD; log10)
for: TCID50 ratio

(CMAH-MCF7/
MCF7)MCF7 CMAH-MCF7

Human
A/Aichi/2/1968 (H3N2) 9.56 � 0.51 9.22 � 0.48 0.46
A/Memphis/1/1971 (H3N2) 5.67 � 0.00 5.67 � 0.29 1.00
A/Memphis/102/1972 (H3N2) 8.83 � 0.44 8.08 � 0.36 0.18

Equine (Eq)
A/Eq/Miami/1963 (H3N8) 9.83 � 0.29 8.89 � 0.19 0.11
A/Eq/Fontainebleau/1/1979 (H3N8) 7.39 � 0.35 6.06 � 0.42 0.05
A/Eq/Tennessee/5/1986 (H3N8) 8.61 � 0.10 7.78 � 0.19 0.15

a SD were calculated from data from three independent experiments. TCID50 ratios are
presented as values for CMAH-MCF7 cells relative to those for MCF7 cells as control
cells.
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binding activity to penta- to heptasaccharides containing terminal
Neu5Gc.

Generally, human IAV also shows preferential binding to
SA�2,6Gal linkage, whereas avian and equine IAVs show prefer-
ential binding to SA�2,3Gal. Swine IAV shows binding to both
SA�2,6Gal and SA�2,3Gal linkages (1). Flow-cytometric analysis
of SA�2,6Gal linkage and SA�2,3Gal linkage showed that MFI of
SA�2,6Gal linkage on CMAH-MCF7 cells was increased com-
pared to that on MCF7 cells, but MFIs of SA�2,3Gal linkage on
MCF7 cells and CMAH-MCF7 cells were similar (Fig. 5). These
fluorescent intensities contain both Neu5Ac and Neu5Gc as ter-
minal sialic acids. Possible reasons for the increased MFI of
SA�2,6Gal linkage on CMAH-MCF7 cells but similar MFIs of

SA�2,3Gal linkage on both MCF7 cells and CMAH-MCF7 cells
are the following. (i) �2,6-Sialyltransferases are more sensitive to
CMP-Neu5Gc than to CMP-Neu5Ac. �2,3-Sialyltransferases have
similar reactivities for CMP-Neu5Gc and CMP-Neu5Ac. (ii) In-
creased expression of CMAH and/or CMP-Neu5Gc increases the
expression of �2,6-sialyltransferases and has no effect on the expres-
sion of �2,3-sialyltransferases. (iii) The degradation rate of
SA�2,6Gal linkage but not that of SA�2,3Gal linkage was decreased
by Neu5Gc expression. (iv) The difference is derived from reactiv-
ities of SNA and MAL-I. According to supplemental material of
Song et al. (27), SNA bound to Neu5Gc- and Neu5Ac-�2,6Gal�1,
4GlcNAc�1,2Man�1,3(Neu5Gc- and Neu5Ac-�2,6Gal�1,
4GlcNAc�1,2Man�1,6)Man�1,4GlcNAc�1,4GlcNAcitol (with

FIG 7 Virus infectivity and Neu5Gc expression in A549 cells treated with ManNGc. A549 cells were cultured in SFM containing ManNGc or ManNAc at 37°C
for 3 days. Control cells (Con) were cultured in SFM in the absence of mannosamine at 37°C for 3 days. (A) Virus infectivity in ManNAc- and ManNGc-treated
A549 cells. The cells were infected with each virus and cultured at 37°C for 10 h. After fixation of the cells with methanol, infected cells were stained with anti-NP
monoclonal antibody and counted. Percentages of infected cells in ManNAc- and ManNGc-treated cells are expressed as a percentage relative to the number of
infected cells in the control cell group. (B) Flow-cytometric histogram of anti-Neu5Gc antibody staining on the surface of ManNAc- and ManNGc-treated A549
cells. Neu5Gc on the surface of cells was stained with anti-Neu5Gc antibody after fixation with 2% PFA. 2nd antibody indicates results for control cells treated
with a secondary antibody only without reaction of anti-Neu5Gc antibody. (C) MFI ratios of anti-Neu5Gc antibody staining on the surface of ManNAc- and
ManNGc-treated A549 cells by flow cytometry. MFI ratios were calculated relative to levels for control cells. Standard deviations were calculated from data from
four independent experiments. *, P � 0.01 by independent t test compared to results for control cells.
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binding signals being 26,327 and 22,218, respectively, for 10
�g/mlSNA)andtoNeu5Gc-andNeu5Ac-�2,6Gal�1,4GlcNAc�1,
3Gal�1,4Glcitol (with binding signals being 8,544 and 9,187, re-
spectively, for 10 �g/ml SNA) but not to Neu5Gc- and Neu5Ac-
�2,6Gal�1,3GlcNAc�1,3Gal�1,4Glcitol (with binding signals
being 56 and 96, respectively, for 10 �g/ml SNA). Similar struc-
tures containing Neu5Gc or Neu5Ac are suggested to be recog-
nized equivalently by SNA. However, if CMAH expression and/or
Neu5Gc expression results in an increase of SA�2,6Gal�1,
4GlcNAc and/or decrease of SA�2,6Gal�1,3GlcNAc, use of SNA
would increase the MFI of SA�2,6Gal linkage on CMAH-MCF7
cells. MAL-I bound to Neu5Gc- and Neu5Ac-�2,3Gal�1,4GlcNAc�1,
2Man�1,3(Neu5Gc- and Neu5Ac-�2,3Gal�1,4GlcNAc�1,2Man�1,6)
Man�1,4GlcNAc�1,4GlcNAcitol (with binding signals being 3,383
and 15,783, respectively, for 10 �g/ml MAL-I) and to Neu5Gc-
and Neu5Ac-�2,3Gal�1,4GlcNAc�1,3Gal�1,4Glcitol (with bind-
ing signals being 4,635 and 3,200, respectively, for 10 �g/ml
MAL-I) but not to Neu5Gc- and Neu5Ac-�2,3Gal�1,3GlcNAc�1,
3Gal�1,4Glcitol (with binding signals being 27 and 6, respectively,
for 10 �g/ml MAL-I). Neu5Gc binding of MAL-I is estimated to
be about 4 to 5 times weaker than Neu5Ac binding. As one exam-
ple, even though MFIs of MAL-I are similar on both MCF7 cells

and CMAH-MCF7 cells, the Neu5Gc�2,3Gal expression level on
CMAH-MCF7 cells may be much higher than the Neu5Ac�2,3Gal
expression level. As another example, CMAH expression may re-
sult in no change in the total amount of SA�2,3Gal�1,4GlcNAc
but an increase in Neu5Gc�2,3Gal�1,3GlcNAc. Although relative
expression of SA�2,6Gal linkage appeared to be increased in
CMAH-MCF7 cells, human IAV A/Memphis/1/1971, which was
reported to preferentially bind to Neu5�Ac2,6Gal linkage (4, 19),
showed no difference in infectivity between MCF7 cells and
CMAH-MCF7 cells. Therefore, an increased level of SA�2,6Gal
linkage does not affect the infectivity of IAV showing only Neu5Ac
binding. The HA mutant IAV T155Y, which has binding ability for
Neu5Gc�2,6Gal linkage in addition to Neu5Ac�2,6Gal linkage,
showed decreased infectivity in CMAH-MCF7 cells (Fig. 8 and
Table 3). The results indicate that the decrease of viral infectivity
in CMAH-MCF7 cells probably is due to Neu5Gc expression
rather than differences in sialic acid linkage to galactose. Addi-
tionally, in CMAH-MCF7 cells and ManNGc-treated A549
cells, an obvious reduction in infectivity of equine IAVs, which
show preferential binding to Neu5Gc rather than Neu5Ac, is
thought to be dependent on Neu5Gc expression (Fig. 6C, 6D,
and 7A and Table 2).

IAV neuraminidase (NA) hydrolyzes �-glycosidic linkages
of terminal sialic acid residues. Sialidase activity of NA plays a
critical role not only in release of progeny virus from IAV-
infected cells (32, 33) but also in the initial stage of IAV infec-
tion (34–37). Human airway epithelial cells secrete mucins that
protect them from pathogenic insult (38). Matrosovich et al.
demonstrated that NA was important for the initiation of IAV
infection in cultures of primary human tracheobronchial and
nasal epithelial cells from inhibition of IAV infection by pre-
treatment of IAV with the NA inhibitor oseltamivir carboxylate
(34). Ohuchi et al. reported that NA inhibitors prevented IAV

FIG 8 Infectivity of HA mutant IAVs WT and T155Y in MCF7 cells and CMAH-MCF7 cells. (A) Images of infected cells inoculated with the indicated viruses.
Cells were infected with HA mutant IAVs WT (B) and T155Y (C). Infected cells were fixed with methanol and stained with anti-NP monoclonal antibody. Bars
are 500 �m. (B and C) Numbers of infected cells were counted in six arbitrary fields per well. The number of infected cells in the CMAH-MCF7 cell group is
expressed as a percentage relative to the level of infection in MCF7 cells. *, P � 0.01 by independent t test for percentages of infected MCF7 cells versus infected
CMAH-MCF7 cells.

TABLE 3 TCID50 values of HA mutant IAVs WT and T155Y for MCF7
and CMAH-MCF7 cellsa

Mutant
virus

Neu5Gc
binding

TCID50/ml (�SD; log10) for:
TCID50 ratio
(CMAH-MCF7/MCF7)MCF7 CMAH-MCF7

WT 	 8.08 � 0.38 8.22 � 0.19 1.37
T155Y 
 8.61 � 0.35 7.89 � 0.19 0.19
a SD were calculated from data from three independent experiments. TCID50 ratios are
presented as values for CMAH-MCF7 cells relative to those for MCF7 cells as control
cells.
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entry at the initial stage into A549 cells and Madin-Darby ca-
nine kidney cells, which exhibit no mucin secretion (37). Vries
et al. showed that NA inhibitors strongly reduced IAV entry
into N-acetylglucosamine transferase 1-deficient cells lacking
sialylated N-glycans (expressing sialylated O-glycans and gan-
gliosides) in the presence of serum decoy receptors, including
sialoglycoconjugates (36). These reports indicate that NA con-
tributes to IAV access to functional receptors in the entry step
to target cells without trapping by sialo-decoy receptors on
mucins, serum, and cellular glycocalix. In a previous study, we
investigated the substrate specificities of NA for sialyl linkages
and different molecular species of sialic acids. Avian viruses
and most of the human IAVs tested exhibited low specificity for
Neu5Ac�2,6Gal linkage (5 to 35% of Neu5Ac�2,3Gal in siali-
dase activity) versus Neu5Ac�2,3Gal linkage and low specificity
for Neu5Gc�2,3Gal linkage (5 to 35% of Neu5Ac�2,3Gal in siali-
dase activity of avian and some human IAVs, including A/Aichi/
2/1968) versus Neu5Ac�2,3Gal linkage (39). Therefore, our re-
sults suggest that IAVs possessing Neu5Gc binding ability were
trapped by Neu5Gc-containing decoy receptors, which are not
susceptible to sialidase activity of IAV and are not functional re-
ceptors for the entry step of IAV infection in CMAH-MCF7 cells
and Neu5Gc-expressing A549 cells.

How does Neu5Gc function as a decoy receptor of IAV pos-
sessing Neu5Gc binding ability? Infection of IAV requires endo-
cytosis pathways. Neu5Gc expression arrested IAV on the cell sur-
face. The data suggest that endocytosis pathways are not induced
by IAV binding to Neu5Gc. After IAV binding to cellular recep-
tors, IAV endocytosis may be associated with some glycoconju-
gates linked with Neu5Ac but not Neu5Gc. The role of sialic acids
in endocytosis remains unknown. Alternatively, there may be an
endocytosis initiation switch on HA, which functions for binding
to Neu5Ac but not for binding to Neu5Gc. If 10% of the IAV
surface makes contact with the cell surface, it is estimated that 600
to 4,500 sialic acids would be covered by 50 HAs on an IAV
particle (40). An IAV particle possessing Neu5Gc binding abil-
ity should bind to the sialic acids, including both Neu5Ac and
Neu5Gc, on the cell surface of Neu5Gc-expressing cells. When
an IAV particle increases the ratio of Neu5Gc binding as sialic
acid on Neu5Gc-expressing cells, the virus may less efficiently
proceed to endocytosis. In primary swine respiratory epithelial
cells that naturally express Neu5Gc, Neu5Gc expression with
ManNGc treatment also suppresses swine IAV infection (30).
Neu5Gc is thought to function as a decoy receptor of IAV not

only in human cells but also at least in swine cells. Neu5Gc
expression in swine respiratory epithelial cells may be a factor
that protects against transmission of human IAV possessing
Neu5Gc binding activity, resulting in avoiding the occurrence
of a new subtype human IAV by genetic reassortment between
human IAV and animal/avian IAV, which has a pandemic po-
tential in humans. Further studies are needed to delineate the
mechanism of the decoy function of Neu5Gc.

In the present study, Neu5Gc is suggested to work as a decoy
receptor of Neu5Gc-binding IAVs but not a functional receptor
for IAV infection. Human and avian IAVs are subjected to restric-
tion for targeting to a certain type of primary culture human air-
way epithelial cell, depending on viral preferential binding ability
and cell expression of SA�2,3Gal and SA�2,6Gal linkages (41).
The expression of Neu5Gc on human epithelial cells by taking in
exogenous Neu5Gc from dietary sources may be related to the
restriction of infection of IAVs that have acquired Neu5Gc bind-
ing ability.
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