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Influenza A viruses (IAVs) bind glycoconjugate receptors
displaying terminal sialic acids on host cells. The virus
hemagglutinin (HA) protein mediates adhesion to the
cells via the core structure “NeuS5Aco2,3(6)Galf1,3(4)Glc-
NAcp1-" where the linkage between the sialic acid and the
galactose can be either 2,3 or 2,6 (reviewed by Suzuki
[22]). Adhesion to these structures is a crucial first step in
the infection process, and several studies have shown that
the linkage between the sialic acids and the galactose is a
strong determinant of virus host range [3, 22]. However, a
switch in receptor tropism from «2,3- to o2,6-sialylated
glycans requires only one amino acid substitution in the
HA protein (reviewed by Suzuki [22]).

Most human influenza isolates have tropism for sialic
acids linked 02,6 to galactose and cause upper respiratory
tract infection, whereas avian virus isolates usually show
preferred binding to «2,3-linked sialic acids and preferen-
tially replicate in the intestinal epithelium of birds [4, 20].
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Accordingly, o2,6-sialylated glycans have been found in
the tracheae of humans [1] and «2,3-sialylated glycans in
the intestines of mallards (Anas plathyrhyncos), chickens
(Gallus gallus) and quails (Coturnix japonica) [7, 9-11, 23].
Based on these results, the Neu5Aco2,3Gal structure
was termed the “avian influenza receptor”, whereas the
NeuSAca2,6Gal structure was denoted the “human influ-
enza receptor” [8, 26]. However, poultry isolates with
tropism for «2,6-sialylated glycans have been reported [15,
17], and human strains binding to and replicating in quail
tissue have been described [9, 23]. Additionally, the pres-
ence of both SAx2,6-Gal and SA«2,3-Gal receptors was
reported in many tissues of chicken (Gallus gallus) and
Pekin ducks (Anas platyrhynchos domesticus), whereas
only SAcx2,3-Gal was present in the intestinal epithelial
cells of these species [14]. In infection experiments of
mallards, highly pathogenic H5N1 viruses showed higher
levels of replication in the tracheae of the infected birds
compared to the cloacae [21]. In two recent studies com-
paring cloacal versus oropharyngeal sampling for IAV in
wild mallards, oropharyngeal samples accounted for a
significant proportion of positive samples [5, 18]. The
involvement of tissues other than intestines in IAV infec-
tion of birds therefore merits further investigation.

In this study, we determined the expression of Neu5A-
co2,6Gal structures in tracheal epithelia of wild birds and
domestic chickens using the Sambucus nigra agglutinin
(SNA) which specifically recognizes o2,6-linked sialic
acids [6]. Although other researchers have used the
Maackia amurensis agglutinin (MAA) to investigate the
expression of o2,3-linked sialic acids, we chose to only use
SNA because important limitations of MAA lectins have
been pointed out ([2, 12, 25], briefly discussed below). For
tissue collection, we used naturally succumbed birds (dead
from trauma) collected at two Swedish bird rehabilitation
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clinics and at Ottenby Bird Observatory, SE Sweden. The
birds were frozen at —80°C shortly after death in order to
minimize tissue degradation. Each bird was thawed in the
laboratory and the trachea dissected. Tissue quality was
examined, and only sections with a preserved tracheal
epithelium were included for analysis. In total, nine species
were investigated, for which tracheal tissue from two or
three individual birds was available (Table 1). Together,
these species represent six families and four orders of birds.

Tissues were fixed overnight in 4% paraformaldehyde
(Sigma) diluted in Tris-buffered saline (TBS) and after-
wards incubated for 24 h in a 15% TBS-sucrose solution
(50 mM, pH 7.5). They were then incubated for another
48 h in fresh 15% TBS-sucrose solution (50 mM, pH 7.5)
before being embedded in OCT compound (Tissue Tech,
Sakura Finetek Europe, Zoeterwoude, NL) and frozen in
isopentane on a bed of dry ice. Sections (6 pum) were cut
with a cryostat microtome (HMS50SE, Microm, Heidelberg,
GE), mounted on poly-lysine slides (Menzel GmbH & Co,
Braunzweig, GE), air dried and stored at —20°C until they
were stained the next day. Slides where washed twice in
50 mM TBS and incubated in a moist chamber at room
temperature for 1 h with 50 pl digoxigenin (DIG)-labeled
SNA (1 pg/ml) (DIG Glycan Differentiation Kit, Roche
Applied Science) diluted in 100 pl of buffer (50 mM TBS,
0.15 M NaCl, 1 mM MgCl,, 1 mM CaCl,, 1 mM MnCl,,
pH 7.5). A negative control slide was incubated with buffer
only. After several washes, slides were incubated for 1 h at
room temperature with a sheep anti-DIG-AP antibody
(provided with the glycan differentiation kit) diluted
1/1,000 in 50 pl TBS. After three washing steps, slides
were incubated with 50 pul Vulcan fast red (Biocare
Medical, Concord, CA), according to the manufacturer’s
instructions. Staining was stopped by washing twice in
demineralised water, and tissues were counterstained with
Meyers hematoxylin (Histolab, Gothenburg, Sweden)
before dehydration and mounting with Pertex (Histolab,

Gothenburg, Sweden). Sections were examined under the
microscope (Leica DM IL) by two independent investiga-
tors for epithelial expression of sialic acid receptors.

To confirm the specificity of SNA lectin binding to the
NeuS5Acu2,6Gal structure, control experiments were per-
formed in which tracheal tissues from six birds were
depleted of sialic acids by treatment with neuraminidase
from Arthrobacter ureafaciens (which hydrolyzes sialic
acids linked 02,3-, 02,6- and 02,8- to galactose) (Table 2).
Consecutive sections were incubated for 24 h at room
temperature with 10 mU A. wreafaciens neuraminidase
(Sigma) in 100 pl of 20 mM HEPES buffer (Sigma) or
with Hepes buffer only. After several washes in TBS, tis-
sues were subjected to lectin histochemistry with SNA as
described above. Incubations with neuraminidase were
performed both at pH 5.5 and 7 for 6 or 24 h with the same
results. Tissues from six tracheae of four different bird
species were used, and all neuraminidase-treated slides lost
SNA staining, whereas the untreated controls were stained
strongly by SNA (Table 2; Fig. le). For comparison, tra-
cheal epithelia were stained with MAA lectins with or
without neuraminidase treatment. Out of five tracheae
stained, only one lost the MAA staining after neuramini-
dase treatment, and this tissue had already low staining in
the untreated control (Table 2; Fig. 1f). Other studies have
shown that the MAL isolectin (one of the two isolectins
included in the MAA preparation from the DIG Glycan
Differentiation Kit, Roche Applied Science) can also bind
to the unsialylated Galf1,4GlcNAc structure [2, 12, 25].
This unspecific binding is a likely explanation for our
observations and highlights the fact that neuraminidase
treatment should always be done when using lectins to
study IAV receptors.

We found specific staining with SNA in the tracheal
epithelium of all nine species tested (Table 1). Staining
was most pronounced along the apical surface of ciliated
cells (Fig. 1). Expression of a2,6-linked sialic acids has, to

Table 1 Bird species tested for expression of the NeuSAco2,6Gal structure in tracheal epithelium as determined by SNA staining

Order Family Species (scientific name) SNA binding
Anseriformes Anatidae Mallard (Anas platyrhynchos) ++4+
Galliformes Gallidae Chicken (Gallus gallus) +++
Charadriiformes Scolopacidae Dunlin (Calidris alpina) +++
Laridae Black-headed gull (Larus ridibundus) ++
Mew gull (Larus canus) ++
Herring gull (Larus argentatus) +++
Alcidae Common murre (Uria aalge) +++
Columbiformes Columbidae Common wood-pigeon (Columba palumbus) ++
Domestic pigeon (Columba livia) +++

Staining intensity was scored on a scale from — to +-++, where — represents no staining; » = 3 individual birds per species, except for mallard

and chicken, where n = 2
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Table 2 MAA and SNA staining of tracheal epithelium after neuraminidase treatment

Species (scientific name) SNA Neuraminidase SNA MAA Neuraminidase MAA
Mallard (Anas plathyrynchos) +? + +

Black-headed gull (Larus ridibundus) +++ 4+ 4+

Black-headed gull (Larus ridibundus) ++ + —

Mew gull (Larus canus) +4++ 4+t 4t

Mew gull (Larus canus) 444+ ++ +

Domestic pigeon (Columba livia) +++ ND® ND

# Staining intensity was scored on a scale from — to +++
® ND not determined

Mallard
Anas platyrhynchos
R

Chicken
Gallus gallus

Dunlin
Calidris alpina

Domestic Pigeon
Columba livia

Mew Gull Larus canus

Fig. 1 Lectin histochemistry on avian tracheal tissue sections.
Tissues from mallard (a), domestic chicken (b), dunlin (c), domestic
pigeon (d) and mew gull (e and f) are shown. Sections were stained

our knowledge, only been described in the trachea of
Mallard/Pekin duck, and in chicken and quail [9, 11, 14,
23]. Our findings extend these observations and suggest
that the Neu5Aco2,6Gal structure recognized by SNA is

with SNA (al-dl), or with buffer only (a2-d2). For specificity
assessment, sections were treated with neuraminidase (e2, f2) or
buffer (el, f1) before SNA staining (e) or MAA staining (f)

expressed in the trachea of bird species from several dif-
ferent taxonomic orders and genera.

Because binding is only the first step of virus replica-
tion, further studies are needed to determine whether IAVs
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with tropism for o2,6-linked sialic acids are indeed able to
replicate in the trachea of bird species expressing these
receptors. Early attempts to infect cultures of tracheal cells
with avian influenza viruses showed that mallard and
Turkey tracheal epithelium can be infected in vitro [13,
19]. Although Webster and coworkers demonstrated poor
viral recovery from mallard tracheas [24], more recent
studies detected IAV RNA in oropharyngeal swabs from
wild mallards in proportions ranging between 3.7 [18] and
5.1% [5]. The receptor tropism of these avian isolates
recovered from oropharyngeal swabs remains to be
assessed.

Animal species such as pigs, which express both o2,3-
and o2,6-sialylated glycans, are believed to constitute
potential mixing vessels for genetic reassortants of human
and avian viruses [10, 16]. Detection of both Neu5SA-
co2,6Gal and NeuSAca2,3Gal structures on chicken and
quail intestinal epithelium [9, 11, 23], and in vitro infection
experiments suggest that these bird species might also
serve as mixing vessels for human and avian [AVs [9, 23].
Our finding of the Neu5Aca?2,6Gal structure in the tracheae
of several bird species suggests that bird species other than
quail and chicken might also be able to bind both human
and avian viruses.
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