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Entry of Influenza A Virus with a a2,6-Linked Sialic Acid Binding
Preference Requires Host Fibronectin
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The receptor binding specificity of influenza A virus is one of the major determinants of viral tropism and host specificity. In
general, avian viral hemagglutinin prefers to bind to «2,3-linked sialic acid, whereas the human viral hemagglutinin prefers to
bind to ®2,6-linked sialic acid. Here, we demonstrate that host fibronectin protein plays an important role in the life cycle of
some influenza A viruses. Treating cells with anti-fibronectin antibodies or fibronectin-specific small interfering RNA can in-
hibit the virus replication of human H1N1 influenza A viruses. Strikingly, these inhibitory effects cannot be observed in cells
infected with H5N1 viruses. By using reverse genetics techniques, we observed that the receptor binding specificity, but not the
origin of the hemagglutinin subtype, is responsible for this differential inhibitory effect. Changing the binding preference of
hemagglutinin from «2,6-linked sialic acid to «2,3-linked sialic acid can make the virus resistant to the anti-fibronectin anti-
body treatment and vice versa. Our further characterizations indicate that anti-fibronectin antibody acts on the early phase of
viral replication cycle, but it has no effect on the initial binding of influenza A virus to cell surface. Our subsequent investiga-
tions further show that anti-fibronectin antibody can block the postattachment entry of influenza virus. Overall, these results
indicate that the sialic acid binding preference of influenza viral hemagglutinin can modulate the preferences of viral entry path-
ways, suggesting that there are subtle differences between the virus entries of human and avian influenza viruses.

Inﬂuenza A virus belongs to the Orthomyxoviridae family. It is a
segmented, negative-strand RNA virus. The viral hemagglutinin
(HA) protein binds to sialic acid groups of cellular surface glyco-
proteins to achieve viral attachment and entry. The sialic acid
binding specificity of HA is one of the major determinants for
controlling viral tropism and host specificity (25, 39). In general,
human influenza viruses have a binding preference for «2,6-
linked sialic acid, whereas avian influenza viruses have a prefer-
ence for a2,3-linked sialic acid. Key amino acid positions control-
ling this binding specificity have been identified in the HA of
seasonal human or avian viruses (10, 17, 36). After attaching to a
host cell, the virus can travel to acidic endosomes for membrane
fusion via clathrin- or caveolin-mediated endocytosis (29). It is
also known that the virus might enter a cell by using other alter-
native pathways (9, 11, 12). For example, the virus is recently
shown to be capable of utilizing C-type lectins to perform sialic
acid-independent virus attachment and entry (34). These results
demonstrate that influenza viruses can use a number of entry
mechanisms to achieve viral infection. However, it is not known
whether all influenza viruses can use these pathways with identical
preferences.

Fibronectin (FN) exists in a soluble form in plasma and an
insoluble cellular form in cells (46). The plasma form is structur-
ally and biologically different from the cellular form. The cellular
FN is an extracellular matrix glycoprotein that can be polymerized
to form linear and branched meshwork on cell surface. This cel-
lular form is an important component of the extracellular matrix,
and it facilitates several cellular processes such as cell migration,
surface receptor internalization, and cell signaling (46). Its pre-
mRNA can undergo alternative splicing, and its mature mRNA
can encode a FN monomer with a molecular mass of 230 to 250
kDa. EN is a modular protein composed of type I, II, and III
repeating units. The ninth and tenth type III repeating units form
the cell-binding domain of the protein for cell attachment. The
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protein can bind to other extracellular matrix proteins, cell surface
receptors, glycosaminoglycans, and other FN molecules. Interest-
ingly, a vast number of bacteria, protozoa, and fungi have been
reported to express FN binding proteins for interacting with cel-
lular FN (1, 22, 26). Some of these pathogens (e.g., Staphylococcus
aureus) can even use cellular FN to perform intracellular invasion
(37).

Previous studies have suggested that FN can facilitate the entry
of gammaretrovirus, hepatitis B virus, and rhabdovirus (5, 22, 53).
In addition, some of the FN-interacting partners have also been
reported to have roles in the entry of other viruses (43, 51). These
results have prompted us to hypothesize that FN is important in
the life cycle of influenza A virus also. Here, we demonstrate that
FN is involved in replication of some, but not all, influenza vi-
ruses.

MATERIALS AND METHODS

Cells and viruses. MDCK cells (Madin-Darby canine kidney cells), 293T
cells (human embryonic kidney cells), and A549 cells (human lung epi-
thelial cells) were cultured in minimum essential medium (MEM; Gibco)
supplemented with 1% penicillin-streptomycin (Invitrogen), 10% fetal
bovine serum (FBS; Invitrogen), and 2.5% HEPES (Gibco). All cells were
maintained in 5% CO, at 37°C. Viral strains WSN (HIN1, A/WSN/33),
PR8 (HIN1, A/Puerto Rico/8/34), A/OK/483/08 (H3N2; a generous gift
from Gillian Air, Oklahoma), Indo5 (H5N1, A/Indonesia/5/05), and
VN3046 (H5N1, A/Vietnam/3046/04) were grown and titrated in MDCK
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cells. All experiments involving high-pathogenicity H5 viruses were con-
ducted in a biosafety level 3 facility.

Antibodies. Rabbit polyclonal anti-human FN antibody (A0245;
DakoCytomation), rabbit monoclonal IgG anti-green fluorescent protein
(anti-GFP) antibody (A11122; Invitrogen), mouse monoclonal anti-hu-
man FN antibody (16E5; Santa Cruz), mouse monoclonal anti-human FN
antibodies (FN1-1, FN3-8, FN9-1, and FN12-8; TaKaRa), rat monoclonal
anti-human B1 integrin antibody (AIIB2; Developmental Studies Hybrid-
oma Bank), and goat polyclonal anti-human B1 integrin antibody (N-20;
Santa Cruz) were used to react with the corresponding proteins in A549
and MDCK cell cultures. These antibodies are known to cross-react with
the corresponding proteins from multiple animal species. Mouse mono-
clonal anti-influenza virus A M2 antibody (14C2; Santa Cruz) and mouse
monoclonal anti-influenza virus A NP antibody (5D8; Santa Cruz), and
Alexa Fluor 488-conjugated donkey anti-mouse antibody (A21202; Invit-
rogen) were used to detect influenza virus-infected cells.

Viral infection. In a typical experiment, cells were incubated with
influenza viruses at multiplicity of infection (MOI) of 1 for 1 h at 37°C.
Changing the incubation temperature from 37°C to room temperature
(data not shown) or 4°C (see below) at this step produced similar findings.
Inocula were removed by a phosphate-buffered saline (PBS) wash, and the
treated cells were then cultured in MEM supplemented with 1% penicil-
lin-streptomycin and 2 g of TPCK (tolylsulfonyl phenylalanyl chloro-
methyl ketone)/ml of treated trypsin. Culture medium containing
anti-FN or control antibodies was added to the cells at the indicated time
points. The concentration tested in the present study was based on other
studies (6, 20, 23). At a concentration of 2 pg/ml, the anti-FN antibody
level is estimated to be about 7.5E+06 molecules per cell. Unless other-
wise stated, cells were normally cultured in the presence of the indicated
antibody throughout the postinfection period.

Immunofluorescence staining. Infected cells grown on coverslips
were washed with PBS and fixed by 4% paraformaldehyde (PFA) in PBS.
Fixed cells were washed with PBS and treated with 0.2% Triton X-100
solution in PBS for 5 min. After being washed with PBS, the cells were
blocked with 1% bovine serum albumin (BSA) in PBS at room tempera-
ture for 1 h. Cells were rinsed with PBS and incubated with anti-M2 (at a
1:500 dilution) or anti-NP (ata 1:500 dilution) antibody at 4°C overnight.
The cells were washed with PBS for three times and incubated with Alexa
Fluor 488-conjugated donkey anti-mouse antibody (at a 1:200 dilution)
for 1 h at room temperature in the dark. The cells were then rinsed with
PBS for three times and incubated with DAPI (4',6’-diamidino-2-phe-
nylindole) for 2 min. After a rinse with PBS, the stained cells were
mounted on glass slides with antifade reagent. The slides were stored at
4°C until inspection. Signals from Alexa Fluor 488-conjugated and DAPI-
stained cells were observed using a fluorescein isothiocyanate filter set
(EX465-495, DM505, and BA515-555) and a DAPI filter set (EX340-360,
DM400, and BA450-460), respectively.

Gene silencing using siRNA. A gene knockdown experiment was per-
formed by transfecting small interfering RNAs (siRNAs) into A549 cells in
a 24-well plate format according to the manufacturer’s protocol (Am-
bion). A549 cells were treated with trypsin immediately before transfec-
tion. Trypsinized cells were washed with PBS and resuspended in MEM
supplemented with 10% FBS without antibiotics. Then, 1 pl of siPORTM
NeoFX transfection agent (Ambion, catalog no. AM4511M) was diluted
with 25 pl of Opti-MEM (Gibco), followed by incubation at room tem-
perature for 10 min. Portions (25 pl) of Opti-MEM containing 1 to 20
nmol of GAPDH (Ambion, catalog no. 4390487), FN (Ambion, catalog
no. 4392420), or scrambled siRNA were mixed with an equal volumes of
diluted siPORT, followed by incubation at room temperature for 10 min.
Each of these reactions was then mixed with 450 pl of A549 cell suspen-
sion in a culture well. Treated cells were incubated at 37°C for 24 h before
viral infection or immunofluorescence staining.

Quantitative reverse transcription-PCR (RT-PCR). The total RNA
of infected cells was harvested at 4 h postincubation using TRIzol, as
instructed by the manufacturer (Invitrogen). Next, 10 ng of purified RNA
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was reverse transcribed in a 20-pl reaction containing 4 pl of 5X first-
strand buffer (Invitrogen), 2 wl of dithiothreitol (DTT; 0.1 mM), 1 pl of
deoxynucleoside triphosphate (10 mM), 0.5 pl of SuperScript II reverse
transcriptase (Invitrogen, 200 U/ul), 0.5 pl of RNaseOut inhibitor, and
0.5 pl of 10 nM oligonucleotide primer [oligo(dT) for B-actin mRNA or
unil2 primer for M vRNA] as described previously (8). The reaction was
incubated at 42°C for 1 h, followed by an enzyme inactivation step (72°C,
15 min). Three pl of the cDNA sample was mixed with 10 wl of Fast SYBR
green master mix (Applied Biosystems, 4385612) and 1 pl of primers (10
nM each) and DNase/RNase-free water was used to top up the reaction
volume to 20 pl. The reactions were first incubated at 50°C for 2 min and
at 95°C for 20 s, then thermal-cycled for 40 cycles (at 95°C for 15 s and at
60°C for 1 min) in a quantitative PCR platform (7500 Fast real-time PCR
system; Applied Biosystems). The primer sequences used to detect M
vRNA are 5'-CTTCTAACCGAGGTCGAAACG-3" and 5'-GGCATTTTG
GACAAAGCGTCTA-3', whereas the primers used to detect B-actin
mRNA are 5'-CCCAAAGGCCAACCGCGAGAAGAT-3" and 5'-GTCCC
GGCCAGCCAGGTCCAG-3'. Quantitative data from the M gene assay
were normalized by the corresponding data set deduced from the -actin
assay.

Reverse genetics. Recombinant viruses were generated by using a
plasmid-based reverse genetics systems (24). Wild-type WSN and Indo5
were generated as previously described (31). All mutations (WSN HA
[D225G and S138A] and Indo5 HA [N182K, Q222L, and G224S]) were
introduced into the corresponding HA plasmids via standard Dpnl-me-
diated site-directed mutagenesis techniques (14). Recombinant WSN vi-
ruses with point (D225G) and double (D225G S138A) mutations and
recombinant Indo5 viruses with point (N182K) and double (Q222L
G224S) mutations were generated. The identities of these mutated viruses
were confirmed by full-length HA gene sequencing.

TCID,, assay. The 50% tissue culture infective dose (TCIDs,) virus titers
were determined by Reed-Muench methods, as described previously (50).

Neutralization assay. Neutralization was done according to standard
protocols (50). In brief, 100 TCIDs, of virus was mixed with an equal
volume of serial dilutions of antibodies. Each dilution was performed in
quadruplicate. The preincubated mixtures were added to MDCK cellsin a
96-well plate format. Infected cells were incubated for 3 days, and the
cytopathic effect was visually inspected under an inverted microscope.

Hemagglutination assay and hemagglutination inhibition. Hemag-
glutination assay and hemagglutination inhibition were performed ac-
cording to standard protocols (50). Turkey red blood cells (RBCs) were
used in the hemagglutination assay. Both turkey and human RBCs were
used in the hemagglutination inhibition assay.

Preparation of fluorescentlylabeled red blood cells. Human and tur-
key RBCs were labeled with the lipid probe octadecyl rhodamine B (R18;
Molecular Probes), as described elsewhere (3). A portion (15 pl) of R18
was added into 10 ml of 1% RBCs in PBS, and the mixture was incubated
at room temperature in the dark for 15 min. Then, 30 ml of MEM sup-
plemented with 10% fetal calf serum was added to the mixture to absorb
unbound probes. The labeled cells were incubated at room temperature
for another 20 min and then washed with 50 ml of chilled PBS six times.
The cells were pelleted by a brief centrifugation after each wash. The cell
pellet was finally resuspended in 100 ml of chilled PBS.

Hemadsorption assay. MDCK cells were seeded as a monolayer on an
optical fluorescent 96-well plate (Perkin-Elmer). Cells were infected with
WSN at an MOI of 1 and incubated at 37°C for 24 h. The plate was washed
with chilled PBS and incubated with 100 pl of 0.1% R18-labeled RBCs in the
presence of anti-FN or other control antibodies. The reaction mixtures were
incubated with gentle rocking (65 rpm) at 4°C for 30 min. After incubation,
the supernatant (~100 pl) containing unbound RBCs was transferred to a
new 96-well optical fluoresce plate and mixed with an equal volume of 2%
Triton X-100 in PBS. RBCs that bound to the MDCK cell monolayer were
lysed by 200 pl of 1% Triton X-100 in PBS. Both reaction plates were incu-
bated on ice for 2 min. The fluorescence signals (FS) of R18 from bound and
unbound fractions (40) were then measured by a fluorescence spectropho-
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(No Virus) Antibody

2 ug/ml

WSN (H1)

Indo5 (H5)

1 pg/ml 0.2 u/ml

FIG 1 Anti-FN antibody inhibits HIN1, but not H5N1 virus replication. MDCK cells were incubated with WSN (HIN1) or Indo5 (H5N1) virus for 1 h at an
MOI of 1. Cells were treated with anti-FN antibodies at the indicated concentrations immediately after virus incubation. Cells were harvested at 24 h postincu-
bation and fixed in 4% PFA in PBS for NP staining. Cells without viral infection (Mock) and antibody treatment were used as negative and positive controls,
respectively. The samples were examined on a fluorescence microscope and photographed at a X400 magnification.

tometer (Victor 3, Perkin-Elmer) (0.1 s measure time, 530 nm for excitation,
590 nm for emission) using 1% Triton X-100 in PBS as a control for back-
ground subtraction. The percentage of RBCs that bind to infected MDCK
cells is calculated as follows: FSy_,,.a/(FSpound + FSunbound) X 100.

Membrane fusion assay. R18-labeled RBCs and infected MDCK cells
were prepared and mixed as described above. The amounts of RBCs
bound to the infected cells under the tested conditions were confirmed to
be similar (data not shown). After the 30-min incubation step, the wells
were washed with cold PBS, followed by adding 100 .l of diluted citric
acid into each of the well. The mixture was then incubated at 37°C for 1
min to induce fusion (38). Fluorescence signals from these acid-treated
cells (FSyyenching) Were then measured by a plate reader (Victor 3 [Perkin-
Elmer]; 0.1-s measure time, 530 nm for excitation, 590 nm for emission).
After the first reading, the cells were washed with PBS and then lysed in
100 pl of 1% Triton X-100 in PBS on ice for 2 min. The ES values for the
R18 dye (FS,.,,;) released from the lysed cells were measured by a fluores-
cence spectrophotometer (Victor 3 [Perkin-Elmer]; 0.1-s measure time,
530 nm for excitation, 590 nm for emission) as described above. The
percentage of acid-induced membrane fusion was calculated as follows:
(quuenching/FStotal) X 100.

Postattachment assay. The viral entry assay was a modified version of
a previously described protocol (41). In brief, MDCK cells cultured in a
24-well plate were incubated with WSN virus at an MOI of 2 at 4°C for 6
h. The cells were washed with ice-chilled PBS three times and then incu-
bated with 0.2 to 2 pg of anti-FN antibody/ml at 4°C for 2 h. The antibody
was removed, and fresh MEM with TPCK-trypsin was added to the mono-
layer. The cells were then incubated at 37°C for 8 h before harvesting them
for immunohistochemistry analysis.

Removal of a2,3 sialic acids on MDCK cell surface by sialidase S.
MDCK cells were washed once with PBS and treated with sialidase S
(ProZyme) at a final concentration of 100 mU/ml in cell culture medium
at 37°C for 2 h. Treated cells were then washed once with PBS before
carrying out normal viral infection procedures as described above. The
specificity of the sialidase S treatment on MDCK was extensively described
in previous investigations (13).

Desialylation and resialylation of turkey RBCs. The desialylation and
resialylation of turkey RBCs were preformed as previously described (18, 44).
Briefly, RBCs were washed twice in PBS and reconstituted as 20% RBCs in 50
wl of PBS. A total of 50 mU of Vibrio cholerae neuraminidase (Roche)/ml was
used to remove sialic acids in the presence of 10 mM CaCl,. After incubation
of the mixture at 37°C for 1 h, the RBCs were washed twice with PBS and
resuspended in 50 pl of 1% BSA in PBS. For resialylation, the 50 pl of desia-
Iylated RBC solution was incubated with 1 to 1.5 mM CMP-sialic acid (Sigma,
catalog no. C8271) with either (i) 0.125 mU of «2,3-N-sialyltransferase (Cal-
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biochem) at 37°C for 30 min or (ii) 0.192 mU of «2,6-N-sialyltransferase
(Calbiochem) at 37°C for 1 h. The RBCs were then washed twice with PBS and
resuspended to 0.5% in PBS.

RESULTS

Anti-FN antibody specifically inhibits H1, but not H5, viral
propagation. To determine the possible role of FN in the influ-
enza viral life cycle, MDCK cells were treated with various concen-
trations of anti-FN polyclonal antibody immediately after virus
incubation. Infected cells were harvested at 24 h postinfection and
stained for viral NP protein. WSN (HIN1) NP viral protein ex-
pression was severely inhibited in cells treated with 1 to 2 pg of the
antibody/ml (Fig. 1, upper panels). This inhibitory effect on WSN
was also confirmed by using another monoclonal anti-FN anti-
body (FN12-8 [see below]). Strikingly, this inhibitory effect was
not observed in cells infected with Indo5 (H5N1) virus. H5-in-
fected cells treated with various concentrations of anti-FN anti-
body were shown to have NP expression levels comparable to
those of mock-treated infected cells (Fig. 1, bottom panels). These
observations were reconfirmed by detecting M2 viral protein (see
below). In addition, the amounts of progeny viruses generated by
these treated cells were determined by TCIDs, assay. The virus
titration results were in agreement with data from the above im-
munofluorescent staining. There was a >2 log units reduction in
HINT1 virus titer from cultures treated with 2 pg of anti-FN anti-
body/ml (data not shown). In contrast, the virus titer of H5N1
virus was not affected by anti-FN antibody. Anti-GFP was also
used as a control in the present study, and this antibody was found
to have no inhibitory effect on viral replication (see below).

The results presented above demonstrate that blocking cellular
FN with an antibody can reduce the viral propagation of WSN
virus. Cells infected with WSN virus at an MOI of 0.1 also gave
similar observations (data not shown). In order to confirm that
this is not a unique phenomenon for our prototype viruses, the
A/PR/8/33 (HIN1), A/OK/483/08 (H3N2), and A/VN/3046/04
(H5N1) viruses were also tested in the present study. Anti-FN
antibody was found to inhibit the above HIN1 and H3N2, but not
H5N1, viruses (data not shown).

FN-specific siRNA molecules inhibits H1, but not H5, viral
propagation. To determine whether cellular FN is a decisive factor
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FIG 2 FN siRNA inhibits HIN1, but not H5N1 virus replication. A549 cells with mock transfection and cells treated with FN, scrambled, or GAPDH siRNA
molecules were incubated with influenza virus at an MOI of 1. Cells were fixed at 24 h postinfection and stained for M2 protein (green) and nuclei (blue). The
percentages of infected cells (i.e., M2 positive) were deduced from five random views. The samples were examined on a fluorescence microscope and photo-

graphed at a X400 magnification.

for WSN virus propagation, human FN-specific siRNA molecules
were used to knock down the FN expression before virus infection.
Human A549 cells were transfected with 1 to 20 nmol of FN-specific
siRNAs for 24 h. A dose-dependent silencing effect on cellular FN
protein expression was observed in cells treated with FN-specific
siRNA molecules, whereas cells treated with scrambled or GAPDH
siRNAs were found to have a wild-type FN expression level (data not
shown). These siRNA-treated cells were infected with WSN or Indo5
at 24 h posttransfection, and the infected cells were harvested for
immunofluorescence staining at 24 h postinfection. The silencing
effect of FN siRNAs was found to affect WSN viral M2 expression
(Fig. 2). The inhibition on WSN was correlated to the amount of FN
siRNA used in the transfection. In cells treated with 20 nM FN-spe-
cific siRNAs, <50% of cells were positive for viral M2 protein (Fig. 2,
rightmost upper panel; average of five random views). This inhibitory
effect, however, was not observed in H5N1-infected cells. Irrespective
of the FN-specific siRNA concentration used in the experiment,
>95% of cells were positive for HSN1 M2 protein expression. As
expected, >95% of cells treated with unrelated siRNA or mock trans-
fection were M2 positive at 24 h postinfection. Overall, these results
confirmed that FN might play a critical role in WSN, but not Indo5,
virus life cycle.

The inhibitory effect of anti-FN antibody is related to the
receptor binding specificity of HA. Our subsequent analysis
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demonstrated that anti-FN antibody acts on the early phase of
viral replication cycle. Since HA protein plays a key role in the
early stage of viral infection, we hypothesized that cellular FN is
involved in a viral event mediated by the HA of HIN1. To test this
hypothesis, HA segments of prototype H1 (WSN) and H5 (Indo5)
viruses were swapped by reverse-genetic (RG) techniques. Inter-
estingly, RG-WSNXIndo™ was found to be resistant to the
anti-FN antibody (Fig. 3). In contrast, RG-Indo5 X WSN"* was
found to be susceptible to the anti-FN antibody treatment. The
HA titers determined from these viral cultures also confirmed
these findings (data not shown).

Mutations that could change (i) the binding preference of WSN
from «2,6 to &2,3 and (ii) the binding preference of Indo5 from 2,3
to a2,6 were introduced into the corresponding viruses (10, 17, 36).
Binding preferences of wild-type and mutant viruses were all con-
firmed by using resialylated RBCs with exclusively a2,3- or a2,6-
linked sialic acid (Table 1). Consistent with previous findings, wild-
type WSN and Indo5 were shown to have a preference for a2,6- and
a2,3-linked sialic acids, respectively (10, 16). In contrast, their corre-
sponding point and doubt mutants were all shown to have altered
sialic acid binding preferences, with the WSN mutants preferring to
bind to a2,3-linked sialic acid and the Indo5 mutants preferring to
bind to a:2,6-linked sialic acid. We also tested these viruses in MDCK
cells partially depleted with «2,3-linked sialic acid by a sialidase S
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Anti-Fn No antibody

RG-WSN

RG-WSNxIndo5HA

RG-Indo5

RG-Indo5xWSNHA

FIG 3 The inhibitory effect of anti-FN antibodies is determined by viral HA.
MDCK cells were incubated with wild type (RG-WSN and RG-Indo5) and HA
mutant (RG-WSNxIndo5" and RG-Indo5xWSN'*) virus at an MOI of 1.
Cells were immediately treated with anti-FN antibodies at a final concentra-
tion of 2 wg/ml after virus incubation (left column). Cells treated with plain
virus culture medium (right column) were used as controls. The cells were
harvested at 24 h postincubation and fixed in 4% PFA in PBS for M2 staining.
The samples were examined on a fluorescence microscope and photographed
at a X400 magnification.

treatment. As expected, cells depleted with a2,3-linked sialic acid
were found to be more resistant to viruses with an a2,3-linked sialic
acid binding preference (data not shown).

Changing the sialic acid binding preference from a «2,6 to a
«2,3 linkage made the WSN'A(P225) qpnd WENHA(SII8A, D225G)
mutants resistant to the anti-FN antibody treatment (Fig. 4 and
data not shown). Introducing a point (N182K) or a double
(Q222L G224S) mutation into the HA of Indo5 resulted in an
anti-FN antibody susceptible phenotype (Fig. 4 and data not
shown). Our results therefore indicate that the inhibitory effect of
anti-FN antibody is determined by the sialic acid binding prefer-
ence of HA rather than the HA subtype.

Anti-FN antibody inhibits postattachment virus entry event,
but not initial binding of HIN1. To define the potential role of FN

TABLE 1 Hemagglutination assay titer determined by using normal,
desialylated, and resialylated 0.5% turkey RBCs

Hemagglutination assay titer”

Resialyated ~ Resialyated
RBCs (2,3- RBCs (2,6-
Untreated Desialyated N-linked N-linked
Virus RBCs RBCs SA) SA)
WSN 2,048 <2 64 512
WSNHAD2256) 1,024 <2 1,024 16
WSNHAISSA, D225G) 5 148 <2 256 32
Indo5 1,024 <2 2,048 32
IndoMANIE2K) 32 <2 2 32
Indo5HAQ222L, G2245) 16 <2 2 16

@ Expressed as hemagglutination assay units/50 wl. SA, sialic acid.
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in the viral life cycle of WSN, total RNA from anti-FN antibody-
treated infected MDCK cells were harvested at 4 h postinfection.
Quantitative RT-PCR specific for the viral M gene was used to deter-
mine the amounts of vRNA in these infected cells. As shown in Fig.
5A, anti-FN antibody could reduce the HIN1 gene expression by >3
log units (P < 0.05). In contrast, H5-infected cells treated with or
without the anti-FN antibody were found to have similar M gene
expressions. These results indicated that FN might play a role in the
early phase of the replication cycle of WSN virus.

To further determine the effective time window of anti-FN anti-
body against the WSN viral infection, MDCK cells were treated with
anti-FN antibody only immediately before, during, or after the viral
incubation step (Fig. 5B). Cells treated with anti-FN antibody only
before or during the virus incubation step were found to have M2
expressions similar to the one observed from the untreated infected
cells. It should be noted that anti-FN antibody was not added in the
subsequent procedures in these two experimental groups. For cells
treated at different postinfection time points, the addition of anti-FN
antibody was able to reduce M2 protein expression. The inhibitory
effect was found to be most prominent when the antibody was added
immediately after the viral incubation step. This inhibitory effect
would be lost if the antibody was added at or after 3 h postincubation.
In addition, coincubation HIN1 inocula and anti-FN antibody (2
pg/ml) for 1 h prior to the infection was found to have no effect on
virus infectivity, indicating that the antibody itself does not directly
neutralize WSN virus (data not shown).

Pretreating cellular FN by anti-FN antibody before or during the
viral incubation step failed to inhibit the virus replication of WSN,
suggesting that FN is not required for the initial binding between
virus and cell. Two independent tests were used to test this hypothe-
sis. First, a quantitative hemadsorption assay was used to test whether
the anti-FN antibody would inhibit RBCs to bind to infected cells.
Fluorescence-labeled turkey or human RBCs were incubated with
WSN-infected cells in the presence of anti-FN or anti-GFP antibody.
The hemadsorption activities of both control and experimental
groups were found to be similar (data not shown). Second, this an-
ti-FN polyclonal antibody and another monoclonal anti-FN anti-
body (EN12-8 [see below]) were tested for their abilities to inhibit
HA-induced hemagglutination. None of these antibodies were found
to have hemagglutination inhibition activities against HIN1 (WSN
and PR8) and H5N1 (Indo5 and VN3046) viruses (data not shown).
These data suggested that anti-FN does not affect the initial binding of
HA to cell membrane.

A fluorescence-labeled RBC fusion assay was then used to test
whether FN is involved in the postattachment event of viral entry.
WSN-infected MDCK cells were first coincubated with fluorescently
labeled human RBCs and anti-FN antibody. Membrane fusion was
induced by a brief acidic treatment. Extensive membrane fusions
were observed in the positive control (i.e., without the anti-FN anti-
body treatment). The number of labeled RBCs fused to the infected
cells was indirectly measured by a fluorescence spectrophotometer.
As shown in Fig. 6A, anti-FN antibody was found to inhibit mem-
brane fusion in a concentration-dependent manner. In the presence
of 2 pg of anti-FN antibody/ml, the fluorescence signal was reduced
to 20% of the positive control. The signal from reaction treated with
anti-GFP control antibody was similar to the positive control, as ex-
pected. In addition, the ability of anti-FN antibody to inhibit mem-
brane fusion was further confirmed by a cell fusion inhibitory assay
(48). In this experiment, acid-induced fusion of WSN HA-expressing
HelLa cells can be inhibited by anti-FN antibody (data not shown).
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controls. Cells were harvested at 24 h postincubation and fixed in 4% PFA in PBS. Fixed cells were stained for M2 (green) and nuclei (blue). The samples were
examined on a fluorescence microscope and photographed at a X400 magnification.

A previously described postattachment assay was used to con-
firm whether the anti-FN antibody is able to block viral entry even
after virus attachment (41). The number of M2-expressing cells
was examined at the 8-h postoperative time point. The entry of
WSN virus was severely inhibited in cells treated with 2 g of
anti-FN antibody/ml (Fig. 6B, top left panel). When the antibody
was used at a concentration of 1 pg/ml, the viral entry was found
to be partially inhibited. Similar inhibition was not observed in
cells treated with anti-GFP antibody (2 wg/ml) or anti-FN anti-
body at a concentration of 0.2 pug/ml. In summary, these results
indicate that anti-FN antibody can inhibit the viral postattach-
ment event but not the initial virus binding.

The entry of HIN1 virus is related to the cell-binding domain
of FN but is not mediated by the  subunit of the FN receptor.
Antibodies specific for the N-terminal end (FN9-1), mid-region
(FN12-8), and C-terminal end (FN12-8) of the FN protein were used
to map the region important for influenza virus replication. MDCK
cells were incubated with the wild-type WSN or Indo5 virus and
treated with these antibodies immediately after virus incubation.
FN12-8, which is specific for the cell-binding domain of FN (22),
inhibited the replication of WSN virus (Fig. 7A). This inhibitory ef-
fect, however, could not be observed in infected cells treated with
FNO9-1 or FN12-8. The Indo5 virus, which is resistant to the poly-
clonal anti-FN antibody was also found to be resistant to all of these
monoclonal anti-FN antibodies (Fig. 7A, left bottom half panels).

Similar results were also observed from the A549 cell model.
FN12-8 could only inhibit the expression of M2 in cells incubated
with the wild-type WSN virus (Fig. 7A, right half panels). In ad-
dition, a monoclonal antibody (FNH3-8) specific for a region ad-
jacent to the C-terminal of cell-binding domain of FN was in-
cluded in the experiment. This antibody was found to have no
effect on viral M2 expression. These results suggested that the
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cell-binding domain of FN might play arole in the postattachment
event of HIN1 virus.

a5B1 integrin is a well-known FN receptor. FN uses its syner-
gistic adhesion site and Arg-Gly-Asp motifs within the cell-bind-
ing domain to bind to this protein for cell membrane attachment
(2). To investigate whether a5B1 integrin is directly involved in
the postattachment event of WSN virus, two B1-integrin-specific
antibodies (AIIB2 and N20) were tested individually in the MDCK
and A549 cell models (21, 27). Both of these antibodies were tested
at a concentration known to inhibit biological functions of a551
integrin in cell cultures. These two antibodies, however, failed to
inhibit the replication of HIN1 or H5N1 virus (Fig. 7B). These
results indicate that the inhibitory effect of anti-FN antibody
might not be related to the a581 integrin.

DISCUSSION

In this study, we have reported that the FN might play a role in
influenza virus replication. The virus replication could be inhib-
ited by treating cells with anti-FN antibody. This effect was also
confirmed by using a monoclonal antibody specific for the cell-
binding domain of FN. Knocking down the FN expression by
siRNA could also inhibit influenza virus replication, indicating
that the inhibition is primarily due to the reduced endogenous FN
expression. Our results demonstrated that FN is not involved in
the early attachment event of the virus to host cells, suggesting the
virus attaches to other sites initially. Our subsequent work showed
that anti-FN antibody might block a postattachment event. These
findings agree with the observation that a potent inhibitory effect
of anti-FN antibody could only be observed when the antibody
was added immediately after the virus incubation step. Such an
effect, however, could not be observed in cells treated with only
the antibody before or during the virus incubation step.
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of the experiment. Infected cells were harvested at 24 h postincubation and fixed in 4% PFA in PBS. Fixed cells were stained for M2 (green) and nuclei (blue). Cells
without viral infection (Mock) and infected cells with the antibody treatment (No Ab) were used as controls. The samples were examined on a fluorescence

microscope and photographed at a X200 magnification.

One of our interesting findings is that anti-FN antibodies or FN
siRNA can only inhibit the replication of wild-type WSN or PR8
virus. This inhibition was not observed in cells infected with wild-
type Indo5 or VN3046 virus. Changing the binding preference of
these HA proteins from «2,6-linked sialic acid to «2,3-linked sialic
acid could convert the virus from a susceptible to a resistant pheno-
type and vice versa. It is well known that the receptor binding speci-
ficity of influenza virus is modulated by multiple amino acid residues
in the HA molecule. Mutating some of these positions may result in
major or subtle differences in receptor binding specificity (47). The
mutations tested in our studies were previously shown to be critical in
modulating sialic acid binding preferences (10, 17, 36). Although our
studied H1 and H5 viruses or their mutants do not have an exclusive
2,3 or a2,6 binding specificity (Table 1), changing the receptor
binding preferences of the studies viruses was found to affect their
phenotypes in our study. Depleting cell surface «2,3-linked sialic ac-
ids by using sialidase S had no obvious effect on the infection of
wild-type WSN and PR8 (data not shown), suggesting that the a2,6-
linked sialic acid binding preference is critical for their infections.
Furthermore, ahuman H3 virus that has an exclusive 2,6 binding (19)
was shown to be susceptible to anti-FN antibodies. Overall, these
results indicated that the receptor binding preference of HA is a major
determinant of the susceptibility of influenza viruses to anti-FN an-
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tibody but that this does not apply to the HA subtype itself. Further
systematic characterization of viruses with well-defined or highly re-
stricted binding specificities to different sialylated glycans in our
model may help to reveal the inhibitory spectrum of anti-FN anti-
body against influenza A virus.

FN contains 4 to 9% carbohydrate, mostly in N-linked oligosac-
charide chains (49). However, as demonstrated by our experiments,
FN is unlikely to be the major cellular protein for initial influenza
virus attachment. In addition, it should be noted that the sialic acid
groups of cellular FN exist in a «2,3 linkage form (15, 42). If influenza
virus can directly bind to the sialic acid groups of cellular FN, it is
surprising that anti-FN antibody can only inhibit viruses with a a2,6-
linked sialic acid binding preference. Hence, we speculate that influ-
enza virus does not directly bind to FN for viral entry. However, we
cannot exclude the possibility that influenza viruses with a a2,6-
linked sialic acid binding preference might bind to FN via an un-
known mechanism. Apart from binding to «2,3- and «2,6-linked
sialic acid, influenza viruses are reported to bind to other sialic acid-
containing glycans (47, 52). Moreover, recent studies have demon-
strated that the attachment and entry of influenza virus can occur
independently of sialic acid (33).

How does FN affect viral postattachment events? Real-time imag-
ing analysis of influenza virus infection revealed that the viral entry
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cells were strained for M2 (green) and DAPI (blue).

can be divided into at least three stages (28). In stage 1, the attached
virus moves slowly at the cell periphery for an extended period of
time. This is probably one of the bottlenecks for viral entry. In fact, a
great portion of viral particles (~70%) are still found to attach to the
cell surface after the postincubation period. After the stage 1 process,
the attached virion then moves rapidly toward the perinuclear region
of infected cell (stage 2). This is followed by an intermittent, often
bidirectional virion movement in the perinuclear region (stage 3).
Recently, it has been observed that the endocytosed viral particles in
the perinuclear region finally move to microtubule organization cen-
ter for membrane fusion after the stage 3 movement (32). FN is one of
the major components of extracellular matrix and is an important
regulator for extracellular matrix remodeling. The protein has a high
turnover rate, and it is endocytosed for intracellular degradation. In-
hibiting the cleavage of large extracellular fibronectin fibrils in the
extracellular matrix can reduce the endocytosis of FN (45). In addi-
tion, FN is also known to modulate the internalization/endocytosis of
cellular receptors, such as insulin receptor and integrins. It is possible
that the anti-FN antibody can inhibit the extracellular matrix remod-
eling, thereby inhibiting the endocytosis of influenza virus. We have
demonstrated here that anti-FN antibody can inhibit HA-mediated
membrane fusion. It is also possible that the internalized anti-FN
antibody could prevent the membrane fusion induced by viral HA.
On the other hand, it should be noted that some influenza viral par-
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ticles can also be rapidly internalized after the initial attachment (28).
At the time of the antibody treatment in our study, it is likely that a
fraction of the attached viruses might have already been internalized.
FN located at the extracellular matrix at cell surface is known to affect
the normal trafficking of endocytosed vesicles. For example, FN at the
extracellular matrix is known to modulate the fate of endocytosed
surface receptor and lipid rafts (4, 7). Thus, the anti-FN might also
have some effects on the trafficking of endocytosed influenza viruses.

Influenza virus can enter host cells through various pathways. The
clathrin-mediated endocytic pathway is believed to be the major
pathway for influenza virus entry. Other pathways, such as caveolin-
dependent and clathrin- and caveolin-independent viral entry, are
also reported to be relevant in viral entry (29, 35). However, the de-
tails of influenza virus entry are still far from fully understood. Recent
studies have further demonstrated that influenza virus can enter host
cells by other novel mechanisms, such as macropinocytosis and DC-
SIGN-mediated endocytosis (12, 34). It should be noted that many of
these previous studies used human (H1 and H3) influenza viruses as
models. Moreover, there was no direct comparison between the en-
tries of human and avian influenza viruses. It is possible that the sialic
acid binding preference of HA can modulate the preferences of these
viral entry pathways. Our data here at least demonstrate that viruses
with a a2,6-linkage sialic acid preference can enter host cells via a
pathway mediated by FN. Further real-time microscopic analysis of

jviasm.org 10711


http://jvi.asm.org

Leung et al.

A) MDCK A549
No Ab FN1-1 FN9-1  FN12-8 No Ab FN 1-1 FN9-1  FN128  FNH3-8
N : 5
[
= 5 , ,
= z
wv
= g
o o
<
5 5
N
N
g =
= =
= S
o o
e ©
£ £l
o o
<
S 3

WSN WT

Indo WT

WSN WT

Indo WT

FIG 7 The entry of HIN1 virus is related to the cell-binding domain of FN but is not mediated by the 81 subunit of FN receptor. (A) The cell-binding domain
of FN is important for replication of WSN. MDCK (left panels) and A549 (right panels) cells were treated similarly to the treatments described in Fig. 3, except
the anti-FN polyclonal antibody was replaced by FN-specific monoclonal antibodies (FN 1-1, FN 9-1, FN12-8, and FNH 3-8), as shown in the figure. All
antibodies were used at a final concentration of 2 ug/ml. (B) The B subunit of FN receptor is not involved in inhibition caused by anti-FN antibody. MDCK (left
panels) and A549 (right panels) cells were treated similar to work described in Fig. 3, except the anti-FN polyclonal antibody was replaced by different
anti-B1-integrin antibodies (N20 and AIIB2) as shown. All antibodies were used at a final concentration of 2 pg/ml. Infected cells were harvested at 24 h
postincubation and fixed in 4% PFA in PBS. Fixed cells were stained for M2 (green) and nuclei (blue). The samples were examined on a fluorescence microscope

and photographed at a X200 magnification.

the virus movement on the cell surface and viral endocytosis in the
presence of anti-FN antibody can help to address this issue. In addi-
tion, our model might be useful for studying HA-mediated mem-
brane fusion.

Among all of the tested monoclonal anti-FN antibodies, only
FN12-8 can inhibit virus replication. This antibody specifically
binds to the cell-binding domain of FN. This domain is well
known to bind to a5B1 integrin, a major FN receptor for regulat-
ing the endocytosis of FN. a5B1 integrin is reported to facilitate
the entry of Ebola virus and parvovirus (43, 51). Blocking the
biological function of a5B1 integrin by anti-B1 antibodies, how-
ever, was found to have no effect on influenza virus replication in
our studies. These data suggest that the interaction between o531
integrin and FN is not essential for virus infection. FN is known to
bind to other integrins (e.g., «VP3) and extracellular matrix com-
ponents to facilitate virus entry (30).

In conclusion, we have discovered that FN is an essential com-
ponent for the entry of influenza A viruses with a «2,6-linkage
sialic acid binding preference. Our results demonstrate that influ-
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enza viruses with different sialic acid binding preferences might
affect the viral entry pathway. Further investigation on this virus-
host interaction might help reveal details of postattachment
events of influenza virus.
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