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Abstract Receptor recognition and binding is the first step
in the viral cycle. It has been established that Newcastle
Disease Virus (NDV) interacts with sialylated molecules
such as gangliosides and glycoproteins at the cell surface.
Nevertheless, the specific receptor(s) that mediate virus
entry are not well known. We have analysed the role of
the sialic acid linkage in the early steps of the viral infection
cycle. Pretreatment of ELL-0 cells with both «2,3 and «2,6
specific sialidases led to the inhibition of NDV binding,
fusion and infectivity, which were restored after «2,3(N)-
and «2,6(N)-sialyltransferase incubation. Moreover, «2,6
(N)-sialyltransferases also restored NDV activities in &2-6-
linked sialic acid deficient cells. Competition with x2-6
sialic acid-binding lectins led to a reduction in the three
NDV activities (binding, fusion and infectivity) suggesting
a role for «2-6- linked sialic acid in NDV entry. We con-
clude that both «2-3- and «2-6- linked sialic acid containing
glycoconjugates may be used for NDV infection. NDV was
able to efficiently bind, fuse and infect the ganglioside-
deficient cell line GM95 to a similar extent to that of its
parental MEB4, suggesting that gangliosides are not essen-
tial for NDV binding, fusion and infectivity. Nevertheless,
the fact that the interaction of NDV with cells deficient in N-
glycoprotein expression such as Lecl was less efficient
prompted us to conclude that NDV requires N-linked gly-
coproteins for efficient attachment and entry into the host
cell.
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Abbreviations

CMP-NeuAc CMP-N-Acetylneuraminic acid

MALI Maackia amurensis lectin 1

MOI Multiplicity of infection

R18 Octadecylrhodamine B chloride

SNA Sambucus nigra

ST Sialyltransferase

(N) Sialyltransferase transfers sialic acid
to N-linked glycans

(0) Sialyltransferase transfers sialic acid
to O-linked glycans

Introduction

The initial step of virus entry into the host cell consists of
receptor recognition and binding. For this, most viruses have a
receptor binding protein at their surface. Many paramyxovi-
ruses, as well as some orthomyxoviruses, polyomaviruses,
rotaviruses, coronavirus, and adenoviruses, use sialic acid
containing molecules as receptors at the cell surface [1-7].
Sialic acid residues are found at the outermost ends of ganglio-
sides (glycosphingolipids) and N- and O-glycoproteins bound
to Gal residues, with «2-3- or «2-6-linkages. Additionally,
sialic acids may be bound to other sialic acid in an «2-8-
linkage [8]. The specific linkage of sialic acid residue to
glycoconjugates is believed to be one of the major determi-
nants of viral tropism in the above mentioned group of viruses.
Different influenza strains vary in their specificities as regards
sialic acid linkages (x2-3 or x2-6) and the type of sialic acid
residue (NeuAc, NeuGe, or 9-O-Ac-NeuAc) (references in
[9]). Influenza A viruses bind to sialic acid-containing mole-
cules with specificities that vary according to the host species
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[10]; influenza human viruses mainly recognize «2-6-linked
sialic acids whereas avian influenza viruses prefer
o2-3- [10, 11]. A conversion from «2-3 to «2-6 sialic acid
recognition is thought to be one of the changes that must occur
before avian influenza viruses can replicate efficiently in
humans and acquire the potential to cause a pandemic. In
addition, it has been proposed that glycan topology, rather
than sialic acid linkages, may be critical in interactions of
influenza A with target cells [2, 12]. To add further complex-
ity, influenza viruses are able to infect cells in the absence of
any surface sialic acid [13] or independently of cell surface
sialic acid content [14].

Among the paramyxoviruses, ganglioside-bearing sialic
acids attached in «2-3-linkage have been described as the
main receptors for the type-1 murine paramyxovirus virus or
Sendai virus [15, 16]. Additionally, the binding of Sendai
virus to gangliosides with both terminal «2-3 and «2-6
sialic acid- linkages has been reported [17]. Using a solid-
phase binding assay, Suzuki et al. [18] showed that hPTV1
preferably binds to «2-3-linked sialic acids, whereas hPIV3
strongly bound «2-3- and x2-6-linked sialic acids.

Newcastle Disease Virus (NDV), a prototype of para-
myxoviruses, is an avian enveloped RNA-negative strand
virus that causes respiratory disease in domestic fowl, lead-
ing to huge economic losses in the poultry industry. The
envelope of NDV contains two associated glycoproteins that
mediate viral entry: the haemagglutinin-neuraminidase
(HN) and fusion (F) proteins. HN is the receptor-binding
protein that recognizes and binds to sialoglycoconjugates at
the cell surface [1] and also has sialidase activity in separate
sites [19]. Based on crystallographic studies of the HN of
NDYV, two sialic acid-binding sites have been described [20,
21]. Site I would support both receptor-destroying and
receptor-binding activities, while site Il only receptor-
binding activity. It remains unknown whether both sialic
acid-binding sites might interact with the same cell surface
molecule(s). Site I of hPIV1 binds «2-6-linked sialic acids,
whereas site I binds both «2-3- and x2-6-linked sialic acids
[22]. A secondary sialic acid-binding site that bind «2,3
sialyllactose in neuraminidase (=sialidase) from avian, hu-
man and swine influenza viruses has been described [23].

Although it has long been known that NDV requires sialy-
lated glycoconjugates for binding to cells, the exact nature of
the receptor and the specific linkage for the sialic acid have not
been well defined. In previous work, Suzuki et al. [24] deter-
mined the specificity of NDV for gangliosides with terminal
«2-3-linked sialic acids but not terminal «2-6, although only a
reduced number of gangliosides were assayed. We have pre-
viously reported that in vitro assays NDV binds/recognizes
different gangliosides with sialic acids, both terminal and
internal [25]; moreover N-glycoproteins, but not O-
glycoproteins, were required for optimal viral entry [25].
Additionally, we have shown that the binding of NDV to free
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gangliosides or to free sialic acids triggers a conformational
change in HN protein that exposes hydrophobic sites [26].

The present study focuses on NDV interactions with the
sialoglycoconjugates present at the outer plasma membrane
of different cell lines, providing new information about
NDYV receptors. We analyzed the sialyl linkage specificity
of NDV using different sialidases and lectins that recognize
«2-3 or «2-6 sialyl linkages differently. Sialidase and lectin
treatment revealed that NDV uses both «2-3- and «2-6-
sialylated glycans. NDV interacts efficiently with the
ganglioside-deficient cell line GM95, meaning that other
sialylated molecules, i.e. N-linked glycoproteins, may func-
tion as effective receptors in the absence of gangliosides.
Nevertheless, the interaction of NDV with the Lec1 cell line
deficient in N-glycosylation was less efficient as compared
with its parental CHO. After comparing the data concerning
NDYV interactions with both mutant cell lines, GM95 and
Lecl, we concluded that glycoproteins seem to be more
critical than gangliosides for NDV interactions with the
target cell. The data presented here regarding NDV receptor
specificity would be relevant for understanding viral tropism
and for developing new antiviral strategies targeting viral
receptors.

Materials and methods
Cell lines and virus

East Lansing Line (ELL-0) avian fibroblasts and 293T cells
were obtained from the American Type Culture Collection
(ATCC); MEB4 and GM95 were obtained from Riken BRC
Cell Bank (Tsukuba, Japan); ELL-0, MEB4 and GM95 cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM); Chinese hamster ovary (CHO) and mutant Lecl
were also purchased from ATCC and maintained in DMEM:
F12 and AlphaMEM media respectively. All media were
supplemented with L-GlutaMax (580 mg 17", Invitrogen),
penicillin-streptomycin (100 U ml™'=100 pg ml™") and 10 %
heat-inactivated foetal bovine serum (complete medium). The
lentogenic “Clone 30 strain of NDV was obtained from
Intervet Laboratories (Salamanca, Spain). The virus was
grown and purified mainly as described previously [27].

Reagents and antibodies

FITC-Maackia amurensis lectin (FITC-MALI), CMP-N-
acetylneuraminic acid (CMP-NeuAc), GM1, GM3, GT1b,
GDla and AsialoGM1 gangliosides, Arthrobacter ureafaciens-,
Clostridium perfringens- and Vibrio cholerae- sialidases were
from Sigma-Aldrich; «2,3(N)-, 2,6(N)- and «2,3(0)-sialyl-
transferases (STs) were from Calbiochem; octadecyl rhoda-
mine B chloride (R18), Hoechst 33258, and Alexafluor 488
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donkey anti-mouse antibody were from Molecular Probes.
FITC-SNA and MALI lectins were from Vector Laboratories;
monoclonal anti-F (2A6) antibody was generous gift from Dr.
Adolfo Garcia-Sastre (Emerging Pathogens Institute, Mount
Sinai School of Medicine, New York, USA); monoclonal
anti-HN 14f and 1b antibodies were kindly provided by
Dr. Ronald M. Iorio (University of Massachusetts Med-
ical School, Worcester, USA).

Virus titration

Virus titres were calculated in plaque-formation assays in
ELL-0 cells, as described [28]. Plaque numbers were
counted under a light microscope and NDV infectivity was
expressed as plaque forming units (pfu) ml™".

Virus-binding assays

Virus binding was assayed by fluorescence-activated cell
sorting (FACS) analysis. Plated cells were washed three
times with ice-cold OptiMEM, and incubated with NDV at
a multiplicity of infection (moi) of 1 or 5 for 1 h at 4°C.
Then, the cells were washed with ice-cold PBS to remove
unbound virus and were collected by scraping or by incu-
bation with 1 ml EDTA (520 uM) at 37°C for performing
FACS analyses mainly as previously described [29] probing
with both anti-F and anti-HN mAbs. Data were analyzed
with the WinMDI 2.9 software.

NDV-cell fusion assays

Purified NDV was labelled with the fluorescent probe R18
essentially as described previously [30]. Cells plated in 35-
mm plates treated or untreated with lectins, sialidases or
sialyltranferases were incubated for 1 h at 4°C on ice with
3 pug of R18-NDV per plate. Then, cells were washed four
times with cold PBS and incubated in complete medium
containing Hoechst 33258 (10 ug ml™") for 1 h at 37°C.
They were fixed with 2 % formaldehyde in PBS and the
transfer of the rhodamine probe to cells was observed under
an Olympus IX51 inverted fluorescence microscope. The
percentage of fusion was calculated as the number of posi-
tive red-stained cells in 10 random fields with respect to the
total number of cells in these areas of the well.

NDYV infectivity assays

Monolayers of cells were infected for 1 h at room temper-
ature with different dilutions of a recombinant NDV derived
from the Hitchner Bllentogenic strain (tNDV-F3aa-mRFP
[31]), that expresses a monomeric red-fluorescent protein
[32], kindly provided by Dr. Adolfo Garcia-Sastre. After
24 h at 37°C, the cells were observed under an Olympus

IX51 inverted fluorescence microscope with a 10 x objec-
tive. The percentage of infectivity was calculated as the
number of red-fluorescent cells out of the total number of
cells in six random fields.

Sialidase treatment of cells

Cell monolayers at 80 % confluence in 24-well plates were
washed with OptiMEM and incubated in the presence of siali-
dases (25 mU/ml for V.cholerae- and A.ureafaciens-sialidases
and 50 mU/ml for C.perfringens- sialidase) for 1 h at 37°C. For
V.cholerae- sialidase incubations, OptiMEM was adjusted to pH
5.7 and supplemented with 4 mM CaCl,. After sialidase treat-
ments, cells were washed once with OptiMEM and analysed in
binding, fusion and infectivity assays.

Sialyltransferase treatment of cells

Cell monolayers in 24-well plates at 80 % confluence were
washed once with OptiMEM and incubated for 1 h at 37°C
in the presence of V.cholerae- sialidase at 25 mU/ml. After
washing once with OptiMEM, the CMP-NeuAc substrate
and «2,3(N)-, «2,6(N)- and «2,3(0)- STs were added to
sialidase-treated cells. For fusion experiments, the concen-
tration of STs was 50 mU/ml except for experiments with
«2,6(N)-ST in MEB4 and Lecl in which the enzyme
was added at 25 mU/ml; for infectivity experiments the
concentration of STs was 25 mU/ml. All samples (untreated
cells, sialidase-treated cells and sialidase-ST-treated
cells) were incubated for 4 h at 37°C. Then, cells were
washed once in OptiMEM and used in fusion or infectivity
assays.

Lectin inhibition and staining assays

For lectin inhibition experiments, cell monolayers at 80 %
confluence in 24-well plates were washed once with Opti-
MEM and incubated for 1 h at room temperature with
increasing concentrations of SNA, MALI or lentil lectins.
Cells were washed once with OptiMEM and analysed in
binding, fusion or infectivity assays.

Lectin staining of cells was performed by incubation of
the cells with FITC-labelled lectins, FITC-MALI, FITC-
SNA, and FITC-Arachis hypogaea lectin, which recognizes
Gal residues. For fluorescence microscopy assays, cells
growing on 24-well plates were chilled to 4°C, and then
lectin (10 pg/ml for A.hypogaea lectin or 20 pg/ml for
MALI and SNA lectins) was added in OptiMEM. Cultures
were incubated at 4°C for 30 min and washed once with
OptiMEM. Lectin binding to cells was observed under an
Olympus IX51 inverted fluorescence microscope with a 10
x objective or by FACS as above.
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Ganglioside purification from MEB4 and GM95 cells

Total gangliosides were extracted from MEB4 y GM95 cells
by total lipid extraction, diisopropylether (DIPE)/1-butanol/
aqueous phase partition and Sephadex G-50 gel filtration,
according to [33, 34] mainly as previously described [25].

TLC

Gangliosides from MEB4 and GM95 cells and individual
gangliosides were separated by HPTLC on plastic silica gel
60 plates (Merck, Darmstadt, Germany) using chloroform/
methanol/water (50:45:10, v/v/v) containing 0.02 % CaCl,
as the mobile phase. Chemical staining to visualize sialic
acid- containing glycoconjugates (gangliosides) was
achieved by resorcinol (resorcinol-hydrochloric acid) stain-
ing [35], which stains sialic acid a bluish purple colour.

Statistics

The two-tailed unpaired Student’s #-test was used to determine
statistical significance between two groups. Probability values
of p<0.001 were considered extremely statistically significant:
p<0.01 extremely significant and p<0.05 were considered
statistically significant. Statistical analyses were performed
with the QuickCalcs program from GraphPad software.

Results and discussion

To obtain further information about the nature of the NDV
receptor, we analysed the interaction of NDV with five target
cell lines that differ in their surface glycoconjugate expression:
ELL-0, a chicken fibroblast from the natural host of the virus;
GM95, a glycosphingolipid-deficient cell line due to the lack
of the enzyme glycosylceramide synthetase and its parental
cell line MEB4 [36]; CHO and their mutant Lecl, a N-
glycoprotein-deficient cell line caused by a mutation in N-
acetylglucosaminyl! transferase I gene [37, 38]. Lecl is defi-
cient in complex N-linked glycosylation but is not deficient in
glycosphingolipids or O-glycoproteins [39].

The relative levels of «2-3- and «2-6-linked sialic acid
expression at the cell surface were analyzed by fluorescent
lectin staining in a FACS assay, as detailed in Methods.
Cells were probed with FITC-MALI, which binds «2-3-
linked sialic acids [40], or FITC-SNA, which recognizes
«2-6-linked sialic acids [41]. Data summarized in Fig. 1
(left axis of ordinates) and Supplementary Fig. S1 showed
high level of «2-3-linked sialic acid residues present in cell
membrane glycoconjugates in three of the cell lines (ELL-0,
MEB4 and CHO), whereas GM95 and Lecl cells showed
low levels of such linkages; a significant amount of «2-6
linked sialic acid was only detected in ELL-0 cells. In spite
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Fig. 1 Analysis of the relative levels of x2-3 and «2-6-linked sialic
acids on the cell surface and the degree of NDV fusion. Left ordinate
axis: the relative surface levels of «2-3 and «2-6-linked sialic acids
was measured by FACS analysis using FITC-MALI (specific for «2-3
sialic acids) or FITC-SNA (specific for «2-6 sialic acids). Data repre-
sent geometric means+tstandard deviations of three independent experi-
ments. Right ordinates axis: Degree of NDV fusion. R18-labeled NDV
(3 png) was bound to cells for 1 h at4°C, after which they were allowed to
fuse for 1 h at 37°C. Fusion was assessed by transfer of the R18 red dye to
the cell membrane and was quantified as detailed in Methods. Data are
means+standard deviations of three independent experiments

of these differences, NDV fused efficiently with the five cell
lines (Fig. 1, right axis of ordinates). Accordingly, it may be
concluded that there was no correlation between the sialic
acid level and the level of NDV fusion.

Enzymatic removal of cell surface sialic acid residues
was achieved by treatment with sialidases from V.cholera
and C.perfringens, both of which preferably cleave «2-3-
linked sialic acid from glycolipids and glycoproteins (man-
ufacturer’s specifications); and sialidase from A.ureafaciens,
which has a preference for cleaving «2-6-linked sialic acids
[42]. The efficiency of sialic acid removal after enzymatic
treatment was tested by fluorescent lectin staining (Supple-
mentary Fig. S2). Surprisingly, we detected an increase in
the FITC-MALLI staining of CHO cells after C.perfringens
sialidase treatment (Supplementary Fig. S2B), suggesting
that the removal of several sialic acids might unmask some
sialoglycoconjugates at the cell surface recognized by this
lectin. We analyzed the effect of the depletion of receptors
caused by sialidases on NDV binding, fusion and infectivity
in enzyme-treated cells. The fusion activity of NDV with
enzyme-treated cells was analysed by a fluorescent assay, as
detailed in Methods. As expected, the removal of o2-3-
linked sialic acid afforded a significant reduction in viral
fusion in four of the five cell lines (Fig. 2a); pretreatment of
cells with the «2,6 sialidase afforded a 50 % NDV fusion
inhibition only in ELL-0 cells. Similarly, the fusion of
hPIV3, another paramyxovirus, was also inhibited after both
«2,3 and «2,6 sialidase treatments [43]. Additionally, NDV



Glycoconj J (2012) 29:539-549

543

1807 W V.cholera il
1604 O C.perfringens
O A.ureafaciens
1404
° -
cc) 1201 I
o
£ 100 M
=
_5 80
2 *2 e
L 60 7 Kk *.
2
40 *
201 -»
I 1
ELLO MEB4 GM95 CHO Lec1
B
1407 m V.cholerae
@ C.perfringens
1207 O A.ureafaciens _
©
£ 100+
C
o
0 —
€ 80
e
2 60
ie]
=
m i
2 40
20

ELLO MEB4 GM95 CHO Lect

Fig. 2 Effect of sialic acid depletion on NDV fusion and binding. a
Cells were incubated in the presence of V.cholerae- (25 mU/ml),
C.perfringens- (50 mU/ml) or A. ureafaciens- (25 mU/ml) sialidases
for 1 h at 37°C. After washing, 3 pg of R18-labeled NDV was bound
to cells for 1 h at 4°C, after which they were allowed to fuse for 1 h at
37°C. Fusion was assessed by the transfer of the R18 red dye to the cell
membrane and is referred to as the percentage of fusion in comparison
with the control. Data are means+standard deviations of three inde-
pendent experiments. b Cells were incubated with one of the three
sialidases as in a, and the binding of NDV to target cells was analyzed
by a FACS-based immunoassay, as detailed in Methods. Data referring
to binding percentages of the controls are means+standard deviations
of three independent experiments, except those of sialidase from
A.ureafaciens. Statistical analysis was performed using the paired ¢
test: **, p<0.01, highly statistically significant; ***  p<0.001, ex-
tremely significant

efficiently fuses and infects 293 T cells (data not shown) that
preferably have «2-6-linked sialic acids at their plasma
membrane [44] . This result strongly suggests that, if present
at the cell surface, NDV may use x2-6-linked sialic acids as
receptors. C.perfringens sialidase treatment increased 1.3
fold the efficiency of NDV fusion with CHO cells (Fig. 2a),
in accordance with the observed enhancement of MALI

lectin staining in C.perfringens sialidase-treated CHO
cells (Supplementary Fig. 2B) suggesting that the unmasking
of some sialoglycoconjugates at the CHO cell surface by
sialidases would allow NDV to fuse more efficiently.

The binding of NDV to target cells was also sensitive to
sialic acid removal (Fig. 2b); including GM95 and Lecl, the
treatment of cells with both «2,3 sialidases reduced the level of
viral binding from 30 % to 50 %, depending on the cell line.
A.ureafaciens sialidase treatment of ELL-0 cells also elicited
the reduction of NDV binding by about 20 % in comparison
with the controls. In general, binding reduction after sialidase
treatments was lower than the inhibition of fusion (Fig. 2b
versus Fig. 2a) suggesting the absence of a total correlation
between the receptors involved in binding with those that
promote fusion. Another possibility lies in the differences in
the methodology used to analyze both activities. Moreover, the
incomplete inhibition of NDV binding after sialidase treatment
of cells would potentially indicate a role for additional mole-
cules, sialylated or not, since not all sialic acids are accessible to
sialidases [45]. Using an in vitro assay, we have previously
reported the interaction of NDV with gangliosides with sialic
acid residues attached to internal sugars, such as in GM1 or
GD1b [25]. The hydrolysis therefore of external sialic acid
from disialo- or trisialo- gangliosides such as GDla or GT1b
would afford gangliosides such as GM1 and GD1b respectively
(for a schematic representation of ganglioside structures, see
Supplementary Fig. S3), which might be used for NDV binding
but, hypothetically, not for fusion. Owing to the increase in the
FITC-MALI staining of CHO cells (Supplementary Fig. S2B)
after «2,3 sialic acid removal as well as the increase in NDV
fusion (Fig. 2a), an increase in viral binding was also expected.
However, the data revealed a reduction in NDV binding of
about 30 % as compared with the controls after sialidase treat-
ments (Fig. 2b) of this cell line. It could be speculated that
certain non-productive binding sites could have been removed
after sialidase treatment, and then new productive binding sites
could have been unmasked to allow viral fusion to occur more
effectively. Major differences in fusion after «2,6 sialidase
treatment were observed in ELL-0 and CHO cells (Fig. 2a).
In spite of the low level of «2-6-linked sialic acids in CHO cells
(Fig. 1), the fusion and binding of NDV to A.ureafaciens
sialidase-treated CHO cells increased. The enzyme shows a
preference for «2-6-linkages, although it may also hydrolyze
2-3-, 2-8- and x2-9-linked sialic acids [42], and hence NDV
would have more opportunities to bind to receptor-depleted
CHO cells without competition from the sialic acid moieties
removed by the sialidase on the same cell surface.

The effect of sialic acid removal on NDV infectivity was
also studied. Before infection, cells were treated with siali-
dase from V.cholerae, which showed the highest fusion
inhibition effect in most of the cell lines of this study
(Fig. 2a). Following this, control and desialylated cells were
infected with three different concentrations of tNDV-F3aa-
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mRFP recombinant NDV. As detailed in Methods, infectiv-
ity was monitored at 24 h post-infection, calculating the
percentage of the red-fluorescent infected cells from the total
number of cells. The results are summarized in Fig. 3. At the
highest viral concentration assayed (102 dilution), the control
cells were fully infected whereas no inhibition of infectivity
was observed, except in ELL-0 and Lecl cells (Fig. 3a). Nev-
ertheless, at the lowest viral concentration (10~* dilution) in-
fectivity was almost completely inhibited in the five cell lines
(Fig. 3c). The effect of A.ureafaciens sialidase treatment of
ELL-0 cells on NDV infectivity was also analyzed showing
about 50 % of inhibition at both 10~ and 10~ viral dilutions
(Fig. 3d). The reduction in viral infectivity exerted by sialidase
treatment was dependent on the viral concentration: the higher
the viral titre the lower the inhibition of infectivity. It has been
established that at low viral concentrations viruses use more
specific routes for entry [46, 47]; our results would suggest that
the requirement of specific sialic acid residues in the initial
interactions of NDV with cells may be bypassed in the pres-
ence of large concentrations of virus, as reported before for
influenza virus [13]. In the N-glycoprotein-deficient cell line

Fig. 3 Effect of sialic acid
depletion on NDV infectivity.

Lecl, it could be speculated that in the absence of specific
glycoproteins the virus would always use less specific routes
entry, being negatively affected by sialic acid removal at both
low and at high viral concentrations. Moreover, it has been
recently published that NDV may efficiently fuse and infect
Lecl cells suggesting that hybrid and complex-type N-glycans
are not essential for NDV infection [48].

We also carried out some lectin competition assays, ana-
lyzing the effect of the preincubation of target cells with
specific lectins on NDV binding, fusion and infectivity
(Fig. 4). The lectin from MALI, specific for «2-3-linked
sialic acids, inhibited fusion in four of the cells lines assayed
in a dose-dependent manner (Fig. 4a). In general, these data
correlate with those of sialidase fusion inhibition (Fig. 2a).
Unlike the data concerning the effect of sialic acid removal
on NDV fusion in CHO cells (Fig. 2a), we did detect an
inhibitory effect of MALI preincubation of this cell line,
observing about 70 % of fusion inhibition at the highest
dose assayed. These data confirmed that «2-3-linked sialic
acid-linked glycoconjugates are involved in NDV interac-
tion with CHO cells. As expected from the data of o2-6-
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linked sialic acid composition and removal (Figs. 1 and 2),
SNA lectin, which recognizes «2-6-linked sialic acids, only
exerted a significant inhibitory effect on NDV fusion with
pretreated ELL-0 cells (Fig. 4a). As a control, lentil lectin,
which shows specificity for high mannose cores [49], was
ineffective at blocking NDV fusion (data not shown) in any
of the five cell lines studied. The data concerning viral
binding after lectin preincubation were similar to those of
viral fusion inhibition, showing that MALI lectin reduced
NDV binding in ELL-0, MEB4 and GM95 and CHO cells
(Fig. 4b), whereas no inhibition of binding was observed in
Lecl cells. Moreover, preincubation of ELL-0 cells with
SNA lectin prior to NDV binding resulted in a strong
reduction in viral binding, whereas, as expected, very little
or no effect was seen in the other four cell lines. The
negative effect of lectin preincubation on NDV infectivity
shown in Fig. 4c was stronger at the lowest viral concentra-
tion (10™* dilution), like the data concerning the effect of
sialidase on NDV infectivity (Fig. 3).

To further confirm the role of x2-3- and «2-6-linked
sialic acid linkages in NDV specificity, we assayed the
effect of the restoration of sialic acid by treatment of sialic
acid depleted- cells with different STs in the presence of
CMP-NeuAc acting as a sialic acid donor. After sialidase
treatment, cells were incubated with «2,3N-, «2,6N- or
«2,30- STs to attach free sialic acid residues to the terminal
position of the oligosaccharide chain with different specific-
ities [50, 51]. The efficiency of resialylation was assessed in
ELL-0 cells (Supplementary Fig. S4). The fusion of NDV

GM95 CHO Lect

LLO EB4 GM95 CHO

with STs-treated cells was analyzed by fluorescence micros-
copy (Fig. 5). The resialylation of ELL-0 cells with both
«2,3N- and «2,6(N)-STs elicited a significant increase in
NDV fusion, confirming the role of «2-6 sialic acid linkages
NDV interactions with this cell line. Moreover, the increase
in «2-6-linked sialic acids after ST resialylation in MEB4
and GMO95 cells also afforded a partial restoration of the
degree of NDV fusion, which would indicate that, if present,
NDV may efficiently use these glycans. Resialylation with
«2-3(0) ST did not restore NDV fusion, as expected from
our previous data, which indicated that O-glycoproteins
were not essential for NDV activities [25]. The effect of
sialic acid restoration on NDV infectivity was also analyzed
in ELL-0 cells. The data (Supplementary Fig. S5) show that
viral infectivity was partially recovered after both ST treat-
ments, recovery after «2,6N ST incubation being even
higher. The observed differences of NDV fusion recovery
in Ell-0 cells after «2,3(N)- ST treatment (75 %, Fig. 5)
compared with infectivity recovery (30 %, Fig. S5) might be
due to the different enzyme concentration used in both
assays. Taken together, these results strengthen the conclu-
sion that sialic acids attached with both «2-3- and «2-6-
linkages are involved in NDV interactions with target cells.
The interaction of NDV with «2-3- and/or «2-6-linked
sialic acids might depend on the cell line, which may ac-
count for the broad cell tropism of NDV.

As shown in Fig. 1, MEB4 expressed approximately 4.5-
fold as much «2-3-linked sialic acid as GM95, whereas
Lecl expressed 14.5-fold less sialic acids than CHO.
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Fig. 5 Effect of
sialyltransferase treatments on
NDV fusion. Monolayers of
cells were previously
desialylated by incubating them
with sialidase from V.cholerae
at 25 mU/ml for 1 h at 37°C.
Then, cells were incubated with
«2,3(N)-, «2,6(N)- or «2,3(0)-
STs at 50 mU/ml in the presence
of CMP-NeuAc for 4 h at 37°C,
as detailed in Methods. Follow-
ing this, 3 pg of R18-NDV was
allowed to fuse for l hat37°C. a
Representative microphoto-
graphs: Hoechst, nuclei staining;
R18, NDV-fused cells b
Percentage of fusion with respect
to the controls, quantified by
calculating the percentage of
red-labelled cells and referred to
control untreated cells. Data are
meanststandard deviations of
three independent experiments,
except those of «2,3(0)- ST for
MEB4 and Lecl cells, which are b
data from one experiment.
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Despite the low level of «2,3 and «2,6 sialic acid expres-
sion at the cell surface, GM95 and Lecl cells showed a
significant degree of fusion (Fig. 1) and infectivity (Fig. 3)
as compared with those of their parental cell lines, MEB4
and CHO respectively. Accordingly, NDV does not appear
to require a large amount of sialic acids on the cell surface to
interact efficiently with the target cell. Moreover, the rate of
NDV fusion with the ganglioside-deficient cell line GM95
and with its parental MEB4 was similar at different viral
concentrations (Fig. 6a); the same levels of viral infectivity
(Fig. 3 and data not shown) and binding (Supplementary
Fig. S6A) were also observed. GM95 cells were selected
from the parent MEB4 cells of B16 mouse melanoma using
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antibodies against ganglioside GM3 [36]. Nevertheless, it
has been reported that this mutant cell line may incorporate
gangliosides from serum-containing medium in the cell cul-
ture [52]. To exclude this possibility, glycolipid extraction and
TLC analyses of both MEB4 and GM95 cells were performed
(Supplementary Fig. S7). As reported previously [36], gangli-
oside GM3 was detected in MEB4 cells but we failed to detect
any gangliosides in the lipid extract obtained from GM95 cells
nor in GM95 cells adapted for growth in serum-free medium
(data not shown), confirming that GM95 was deficient in the
expression of gangliosides. These results lead us to conclude
that gangliosides are not an absolute requirement for NDV
fusion and infection; the fusion of NDV with GM95 cells
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Fig. 6 a Comparison of the rate of NDV fusion between MEB4 and
GM95. Different concentrations of R18-NDV were bound to cells for
1 h at 4°C, after which they were allowed to fuse for 1 h at 37°C. Data
are meanststandard deviations of three independent experiments. b
Comparison of the rate of NDV fusion between CHO and Leclas in a

might be dependent on N-glycoproteins or other additional
factors, which would be sufficient to allow correct viral-cell
interactions in the absence of glycolipids. Additionally, the
fusion of NDV with the N-glycoprotein-deficient cell line
Lecl was about 30 % or 60 % lower than that seen for CHO
cells, depending on the viral concentration (Fig. 6b); binding
was also less efficient in the mutant cell line than in CHO
(Supplementary Fig. S6B); moreover, in the absence of N-
glycoproteins NDV infectivity was more dependent on sialic
acid residues (Fig. 3). Upon comparing the data of NDV
interactions with both mutant cell lines, GM95 and Lecl, it
may be concluded that glycoproteins seem to be more critical
than gangliosides for NDV interactions with the target cell.
Similarly, it has been shown that influenza virus cannot infect
Lecl] cells, despite undergoing binding and fusion [39]. This
was interpreted in terms of the idea that influenza virus spe-
cifically requires N-linked glycoproteins for infection, gan-
gliosides being an attachment factor that is insufficient for
infection.

Virus attachment and entry into the target cells have been
described as a multistep process involving interactions of
viruses with different molecules at the cell surface, attachment
factors, correceptors and receptors with different affinities. The
use of multistage binding and entry pathways is a common
feature of many viruses, where primary receptors recruit virus
particles to facilitate interaction with a more specific receptor
that mediates viral entry. Many viruses use sialic acid- contain-
ing glycoconjugates as attachment molecules and then bind to
additional receptors for entry [53]. The recognition and bind-
ing to typical sialic acid linkages is believed to be the major
determinant of viral tropism for some viruses. Viruses that bind
to sialic acid show a preference for o2-3-linked sialic acids or
«2-6-linked sialic acids: in influenza viruses, avian species
preferentially bind to «2-3-linked sialic acids whereas human
and swine viruses bind to «2-6-linked sialic acids [11, 54]. It
has also been suggested that avian species may serve as poten-
tial intermediate hosts for the interspecies transmission of
viruses between birds and humans [55]. It has previously been
determined that sialic acid is a determinant receptor for NDV
infection of the host cell (revised in [1]). Here, we have shown
that NDV can productively use both «2-3- and «2-6-linked
sialic acids present at the cell surface glycoconjugates. The
presence of both «2-3- and «2-6-linked sialic acids in tissues
from the upper respiratory tract of chickens [56] indicates that,
in vivo, NDV might use both receptors to initiate infection.
Different viruses also recognize both sialic acid linkages:
paramyxovirus hPIV1 and hPIV3[18, 43, 57, 58]; polyomavi-
ruses [4, 59], adeno-associated viruses [60], and even several
influenza strains [61, 62]. For some viruses that recognize
sialoglycoconjugates, a different role of gangliosides and gly-
coproteins has been proposed, and it has been suggested that
binding to gangliosides is a previous, less stable and transient
step than binding more specifically to N-glycoproteins [39,
52]. Nevertheless, for polyomaviruses, Qian and Tsai [63] have
proposed that glycoproteins and gangliosides play opposite
roles in virus entry, gangliosides being functional receptor
glycoproteins acting as decoy receptors.

Knowledge of the receptors used by NDV and related
viruses may be very useful for a better understanding of
viral tropism and for the potential development of efficient
antiviral strategies. Accordingly, the design of sialic acid-
based antiviral drugs to inhibit the sialidase and/or receptor
binding activity of viral attachment proteins is an important
antiviral strategy for preventing virus entry.
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