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Receptor-Binding Profiles of H7 Subtype Influenza Viruses in
Different Host Species

Alexandra S. Gambaryan,? Tatyana Y. Matrosovich,® Jennifer Philipp,® Vincent J. Munster,** Ron A. M. Fouchier,© Giovanni Cattoli,
llaria Capua,® Scott L. Krauss,® Robert G. Webster, Jill Banks,’ Nicolai V. Bovin,® Hans-Dieter Klenk,® and Mikhail N. Matrosovich®
M. P. Chumakov Institute of Poliomyelitis and Viral Encephalitides, Russian Academy of Medical Sciences, Moscow, Russia®; Institute of Virology, Philipps University,
Marburg, Germany®; Department of Virology, Erasmus Medical Centre, Rotterdam, The Netherlands®; OIE/FAO Reference Laboratory for Avian Influenza and Newcastle
Disease, Istituto Zooprofilattico Sperimentale delle Venezie, Legnaro, Padua, Ita\y"; Department of Infectious Diseases, St. Jude Children’s Research Hospital, Memphis,
Tennessee, USA®; Department of Virology, Animal Health and Veterinary Laboratories Agency, New Haw Surrey, United Kingdom"; and Laboratory of Carbohydrate
Chemistry, Shemyakin and Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow, Russia?

Influenza viruses of gallinaceous poultry and wild aquatic birds usually have distinguishable receptor-binding properties. Here
we used a panel of synthetic sialylglycopolymers and solid-phase receptor-binding assays to characterize receptor-binding pro-
files of about 70 H7 influenza viruses isolated from aquatic birds, land-based poultry, and horses in Eurasia and America. Unlike
typical duck influenza viruses with non-H7 hemagglutinin (HA), all avian H7 influenza viruses, irrespective of the host species,
displayed a poultry-virus-like binding specificity, i.e., preferential binding to sulfated oligosaccharides Neu5Aca2-3Galf31-4
(6-O-HSO;)GIcNAc and Neu5Aca2-3Gal B1-4(Fucal-3)(6-0O-HSO;)GlcNAc. This phenotype correlated with the unique amino
acid sequence of the amino acid 185 to 189 loop of H7 HA and seemed to be dependent on ionic interactions between the sulfate
group of the receptor and Lys193 and on the lack of sterical clashes between the fucose residue and GIn222. Many North Ameri-
can and Eurasian H7 influenza viruses displayed weak but detectable binding to the human-type receptor moiety Neu5Aca2-
6Galf31-4GIcNAc, highlighting the potential of H7 influenza viruses for avian-to-human transmission. Equine H7 influenza
viruses differed from other viruses by preferential binding to the N-glycolyl form of sialic acid. Our data suggest that the recep-
tor-binding site of contemporary H7 influenza viruses in aquatic and terrestrial birds was formed after the introduction of their
common precursor from ducks to a new host, presumably, gallinaceous poultry. The uniformity of the receptor-binding profile
of H7 influenza viruses in various wild and domestic birds indicates that there is no strong receptor-mediated host range restric-
tion in birds on viruses with this HA subtype. This notion agrees with repeated interspecies transmission of H7 influenza viruses

from aquatic birds to poultry.

he major natural reservoirs of influenza A viruses are wild

aquatic birds of the orders Anseriformes (ducks, geese, and
swans) and Charadriiformes (gulls, terns, and waders), which har-
bor viruses of all 16 hemagglutinin (HA) and 9 neuraminidase
(NA) antigenic subtypes currently known. Dabbling ducks (Ana-
tinae), such as mallards and teals, carry almost all subtypes and
show particularly high virus isolation rates, suggesting a unique
role of these species in the persistence of influenza viruses in na-
ture (for reviews, see references 14, 41, 46, and 64). Occasionally,
influenza viruses of aquatic birds infect other birds and mammals,
adapt to efficiently replicate and transmit in the new species, and
continue to circulate, forming new stable host-specific virus lin-
eages. All known lineages of influenza A viruses in land-based
birds and mammals are believed to originate from the viruses of
wild aquatic birds. Adaptation of influenza viruses to their sialic
acid-containing receptors in a new host species is often required
for successful interspecies transmission. Thus, avian influenza vi-
ruses bind to receptors containing terminal sialyl-galactosyl resi-
dues linked by an 2-3 linkage (Neu5Aca2-3Gal), whereas swine
and human viruses bind to receptors which contain terminal a2-
6-linked sialyl-galactosyl moieties (Neu5Aca2-6Gal) (10, 18, 27,
32, 35, 44, 47, 50), and a corresponding switch in the receptor
specificity of the avian precursor is essential for the emergence of
new stable virus lineages in humans and pigs (reviewed in refer-
ences 1, 25, and 34).

Based on early data (10, 35), it was assumed that all avian in-
fluenza viruses have similar receptor-binding specificities and,
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therefore, that there is no significant receptor-mediated restric-
tion on viral interspecies transmission in birds. The first evidence
arguing against this concept was obtained in a study on H5N1
viruses from Hong Kong isolated in 1997, when virus isolates from
poultry and humans were found to have a lower receptor binding
affinity and a lower neuraminidase activity than closely related
viruses of aquatic birds (33). In addition, analysis of the HA and
NA sequences of H5 and H7 influenza viruses from various avian
species revealed that poultry influenza viruses often differ from
duck influenza viruses by additional N-linked glycans at the top of
HA and by large deletions in the stalk of NA (2, 33). Furthermore,
the HIN2 viruses widely circulating in poultry in Eurasia were
found to differ significantly in their receptor specificity from
HON?2 viruses of other evolutionary lineages. In particular, these
Eurasian poultry influenza viruses displayed good binding to «2-
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6-linked sialic acids (37, 53). Studies on expression of sialic acids
in intestinal and respiratory epithelia of different birds revealed
substantial host-specific distinctions, among them, expression of
both Neu5Aca2-3Gal- and Neu5Aca2-6Gal-terminated sialyloli-
gosaccharides in chicken and quail, in contrast to ducks, which
mainly contain Neu5Aca2-3Gal in their intestinal epithelium (16,
19, 23, 29, 49, 63). Taken together, these findings indicated that
influenza viruses perpetuated in different birds can have different
receptor specificities owing to distinctions in the sialic acid recep-
tors in these avian species.

Subsequent detailed studies on viral receptor-binding specific-
ity revealed that preferential binding to terminal Neu5Aca2-3Gal
disaccharide is shared by the majority of avian viruses; however,
viruses adapted to ducks, gulls, and land-based gallinaceous poul-
try differ in their ability to recognize the subterminal saccharides
of Neu5Aca2-3Gal-terminated receptors (reviewed in references
34 and 43). Duck influenza viruses of various HA subtypes (H1 to
H5, H9 to H11) preferentially bound to receptors with type 1 and
type 3 oligosaccharide sequences, i.e., having the 1-3 linkage be-
tween the terminal Neu5Aca2-3Gal moiety and the penultimate
sugar residue such as Neu5Aca2-3GalB1-3GlcNAc (SLe®) and
Neu5Aca2-3GalB1-3GalNAca (STF). Sulfation at the 6-OH
group of the subterminal GIcNAc had little effect on binding of
duck influenza viruses, whereas fucosylation of this residue re-
duced the binding significantly (15, 17, 20, 21). In contrast to duck
influenza viruses, the H4, H6, H13, and H14 subtype viruses iso-
lated from gulls showed high-avidity binding to fucosylated sialy-
loligosaccharides Neu5Aca2-3GalB1-4(Fucal-3)GIcNAc (SLe¥)
and Neu5Aca2-3GalB1-3(Fucal-4)GIcNAc (SLe?) (17, 67). In-
fluenza viruses with HA subtypes H5, H7, and H9 are commonly
reported in terrestrial gallinaceous poultry (7, 9). The common prop-
erties shared by these poultry-adapted viruses are (i) preferential
binding to receptors with type 2 sequences having a 31-4 bond be-
tween the Neu5Aca2-3Gal moiety and the next sugar residue, such as
Neu5Aca2-3GalB1-4GlcNAc (3'SLN) and (ii) particularly strong
binding to the corresponding sulfated analogues Neu5Aca2-3GalB1-
4(6-O-HSO;)GIcNAc (Su-3'SLN) and Neu5Aco2-3GalB1-4(Fucal-
3)(6-O-HSO;)GlcNAc (Su-SLe¥) (17, 20, 21).

In the case of H5 and H9 subtypes, virus strains with both
duck-virus-like and poultry-virus-like receptor phenotypes were
identified in corresponding avian species (17, 20, 21). In contrast
to these relatively extensive analyses of H5 and H9 influenza vi-
ruses, previous studies on receptor specificity of H7 influenza vi-
ruses were limited to a few virus strains from North American and
Eurasian poultry. All tested H7 influenza viruses displayed a poul-
try-virus-like receptor specificity, and some of them showed the
ability to bind to human-type receptors (4, 20, 68). To fill the gap
in current knowledge on the receptor specificity of H7 influenza
viruses, especially those circulating in wild aquatic birds, here we
analyzed a large collection of viruses from various host species.

MATERIALS AND METHODS

Viruses. The viruses were from the repositories of Erasmus Medical Cen-
ter, Rotterdam, The Netherlands; Istituto Zooprofilattico Sperimentale
delle Venezie, Padova, Italy; St. Jude Children’s Research Hospital, Mem-
phis, TN; Veterinary Laboratories Agency, Weybridge, Addlestone,
United Kingdom; and M. P. Chumakov Institute of Poliomyelitis, Mos-
cow, Russia. Viruses were grown in 10-day-old embryonated chicken
eggs. Highly pathogenic viruses were inactivated by treatment with 3-pro-
piolactone as described previously (33). The allantoic fluids were clarified
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by low-speed centrifugation and used in the binding assays without fur-
ther purification.

To determine HA sequences, viral RNA was extracted from virus-
containing allantoic fluid, reverse transcribed, and PCR amplified using
HA-specific primers. The PCR products were purified using a PCR puri-
fication kit (Qiagen) and sequenced using a BigDye Terminator cycle
sequencing Ready Reaction kit (Applied Biosystems, Carlsbad, CA).

Receptor-binding assays. Receptor specificity of the viruses was charac-
terized by determining their binding to soluble synthetic poly-N-(2-hydroxy-
ethyl)acrylamide-based sialylglycopolymers (SGPs) (Lectinity Holding, Inc.,
Moscow, Russia) (6). The nonlabeled SGPs contained 20 mol% of specific
sialyloligosaccharide attached to the 30-kDa polymer. The structures and des-
ignations of their oligosaccharide moieties are shown below.

Neu5Aca2-3GalB1-4GlcNAcB 3'SLN
Neu5Gca2-3GalB1-4GIcNAcS 3'SLN(Gc)
Neu5Aca2-3GalB1-4(6-O-HSO;)GIcNAcB Su-3'SLN
Neu5Aca2-3GalB1-4(Fucal-3)GIcNAcB SLe*
Neu5Aca2-3GalB1-4(Fucal-3)(6-O-HSO;)GlcNAcB Su-SLe*
Neu5Aca2-3GalB1-3GlcNAcS SLe¢
Neu5Aca2-3GalB1-3(6-O-HSO;)GlcNAcS Su-SLe®
Neu5Aca2-3GalB1-3(Fucal-4)GlcNAcS SLe*
Neu5Aca2-6GalB1-4GlcNACS 6'SLN

The association constants of viral complexes with nonlabeled SGPs
were determined in a solid-phase fetuin binding inhibition assay as de-
scribed in detail previously (20, 36). In brief, 50-ul aliquots of bovine
fetuin solution (5 ug/ml) in phosphate-buffered saline (PBS) were incu-
bated in 96-well enzyme-linked immunosorbent assay (ELISA) micro-
plates (Greiner) at 4°C overnight. The plates were washed with water and
dried. Viral suspensions were diluted with PBS to hemagglutination titers
0f 20 to 40. A 50-ul volume of virus solution was added to each well of the
fetuin-coated microplates. After incubation at 4°C overnight, the plates
were washed with ice-cold washing buffer (0.02% Tween 80-PBS). Serial
2-fold dilutions of SGPs in a solution of PBS containing peroxidase-la-
beled fetuin, 0.02% Tween 80, 0.2% bovine serum albumin, and 1 uM
oseltamivir carboxylate (sialidase inhibitor) were added into the wells (50
pl/well), and the plates were incubated at 4°C for 1 h. After washing, the
peroxidase activity in the wells was assayed with tetramethylbenzidine
substrate solution. The absorbencies at 450 nm were determined, and the
data were transferred to a PC and processed using Microsoft Excel soft-
ware. The apparent association constants (K, ) of virus complexes with
SGPs were calculated for each experimental point within the binding in-
hibition range of 20% to 80%, and the results were averaged. Receptor-
binding assays were repeated three to four times on different days, and the
results were averaged.

To facilitate detection of low-avidity binding of the viruses to
Neu5Aca2-6Gal-terminated receptors, we used high-molecular-mass
polyvalent SGP that contained 20 mol% of 6'SLN and 5 mol% of biotin
attached to the 1,500-kDa polymer. A matching biotinylated SGP con-
taining 3'SLN instead of 6'SLN was used as a control. The binding of
biotinylated SGPs was determined in a direct solid-phase binding assay
(32). The viruses were adsorbed in the well of fetuin-coated plates as
described above. Serial 2-fold dilutions of sialylglycopolymers in the re-
action buffer (RB; 0.02% Tween 80—0.02% bovine serum albumin—1 uM
oseltamivir carboxylate—PBS) were added into the wells (50 ul/well), and
the plates were incubated at 4°C for 1 h. After washing, streptavidin-
peroxidase solution in RB (1/2,000) was added at 50 ul/well, and the plates
were incubated at 4°C for 1 h. After washing, the peroxidase activity in the
wells was assayed as described above. The data were converted to
Scatchard plots (A,5,/C versus A,s,), where Cis the concentration of the
sialic acid in solution and A5, is the absorbency in the corresponding
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TABLE 1 Viruses studied and their receptor-binding phenotypes

TABLE 1 (Continued)

Influenza virus Accession no.” Phenotype”  Influenza virus Accession no.”  Phenotype®

Non-H7 duck viruses Mallard/Sweden/56/02 (N7) AY999977 P
Mallard/Alberta/119/98 (HIN1) d Mallard/Sweden/82/02 (N7) AY999978 P
Mallard/Ontario/56/76 (H2N3) d Mallard/Sweden/85/02 (N7) AY999979 P
Mallard/New York/6750/78 (H2N2) d Mallard/Sweden/87/02 (N7) AY999980 P
Mallard/Alberta/353/88 (H2N3) d Mallard/Sweden/91/02 (N9) AY999981 P*
Mallard/Alberta/205/98 (H2N9) d Mallard/Sweden/92/02 (N7) AY999982 P
Mallard/Alberta/226/98 (H2N3) d Mallard/Sweden/94/02 (N7) AY999984 P
Mallard/Alberta/279/98 (H3N8) d Mallard/Sweden/102/02 (N7) AY999986 P
Mallard/Moscow/3556/08 (H3N2) d Mallard/Sweden/105/02 (N7) AY999989 P
Mallard/Alberta/47/98 (H4N1) d Mallard/Sweden/106/02 (N7) AY999990 P
Mallard/Moscow/3661/08 (H4N6) d Mallard/Sweden/107/02 (N7) AY999991 P
Mallard/Moscow/3641/08 (H11N9) d Mallard/Sweden/64/03 (N7) CY096611+ P

Mallard/Sweden/65/03 (N7) CY096612+ P

H7 Eurasian poultry viruses Redknot/Sweden/1/04 (N8) CY096610+ P
Chicken/FPV/Rostok/34 (N1) HPAI® FLAHA7N1 P$ Mallard/Italy/33/01 (N3) AY586411 P
Turkey/England/647/77 (N7) AF202247 p* Mallard/Italy/440-8/05 (N7) EPI1167284+ P
African starling/England/983/79 (N1) AF149295 p Mallard/Italy/497-29/06 (N7) EPI167286+ P
Chicken/England/4054/06 (N3) EF467826 P Mallard/Italy/497-35/06 (N7) EPI167287 + P
Duck/Turkey/55/centinkaya/06 (N1) N/A P Shoveler/Italy/2698-27/06 (N7) EPI167289+ P
Chicken/Wales/1306/07 (N2) EF675618 p* Shoveler/Italy/377-6/06 (N7) EPI167285+ P
Chicken/England/1158-11406/08 (N7) FJ476173 P Mallard/Italy/1336/07 (N3) EPI167295+ P*
Turkey/Italy/977/99 (N1) CY024754 p Mallard/Italy/6104-14/07 (N3) EPI167300+ P
Turkey/Italy/1081/99 (N1) AF364135 P Teal/Italy/794-3/08 (N1) EPI167298+ P
Turkey/Italy/1082/99 (N1) AF364136 p
Turkey/Italy/2379/99 (N1) AF364148 p* H7 North American aquatic bird virues
Turkey/Italy/2715/99 (N1) AF364150 p* Mallard/Alberta/279/77 (N3) CY005976 P
Turkey/Italy/2732/99 (N1) CY025181 p* Ruddy turnstone/NJ/65/85 (N3) CY005928 P
Turkey/Italy/3185/99 (N1) AF364153 p* Green-winged teal/Alberta/228/85 (N3) ~ CY005978 P
Turkey/Italy/3560/99 (N1) AF364158 P* Ruddy turnstone/DE/2378/88 (N7) CY005980 P
Turkey/Italy/4294/99 (N1) AF364162 p* Redknot/NJ/325/89 (N7) CY005981 p
Turkey/Italy/5079/99 (N1) HPAI AF364169 P Mallard/Alberta/34/01 (N1) CY005983 P
Ostrich/Italy/984/00 (N1) HPAI DQ991343 P Laughing gull/DE/22/02 (N3) CY099313+ P
Ostrich/Italy/2332/00 (N1) HPAI DQY91312 P Laughing gull/DE/42/06 (N3) EU030984 p*
Turkey/Italy/2984/00 (N1) HPAI CY021533 P Mallard/Alberta/243/06 (N3) CY099314+ P*
Turkey/Italy/4426/99 (N1) GU052992 p* Ruddy turnstone/DE/294/06 (N3) N/A p*
Turkey/Italy/1351/01 (N1) CY021421 p Ruddy turnstone/DE/108/07 (N3) CY036775 P*
Turkey/Italy/8912/02 (N3) CY020605 P Seal/Massachusetts/1/80 (N7) K00429 p
Turkey/Italy/251/03 (N3) CY020589 »
Turkey/Italy/3620/03 (N3) CY021357 P H?7 equine viruses
Turkey/Italy/4608/03 (N3) CY021485 p* Equine/Detroit/3/64 (N7) CY099312+ E7
Turkey/Italy/4479/04 (N3) CY020581 P Equine/Lexington/1/66 (N7) X62556 E7

Equine/Cordoba/5/76 (N7) CY099311+ E7

H7 North American poultry viruses Equine/Santiago/1/77 (N7) AY383756 E7
Turkey/Minnesota/1200/80 (N3) CY014778 P*
Turkey/Minnesota/1/88 (N9) CY014786 P H3 equine viruses
Turkey/Virginia/4529/02 (N2) N/A p*$ Equine/Miami/63 E3
Avian/New York/273874/03 (N?) N/A P s Equine/Tennessee/5/86 E3
Chicken/NJ/294508-12/04 (N2) EU743253 P Equine/Kentucky/2/86 E3
Chicken/Delaware/296763/04 (N?) N/A p*s @ Data represent GenBank or EpiFlu accession numbers for the nucleotide sequences.

Data for non-H7 HAs are not included. N/A, not available; “+,” sequences determined

H7 viruses isolated from humans in this study.
England/268/96 (N7) AF028020 P b Data represent distinctive patterns of virus binding to a panel of SGPs (see typical
Netherlands/219/2003 (N7) HPAI AY338459 P$ examples shown in Fig. 2 to 4; see also Table S1 in the supplemental material). d, see
Netherlands/230/2003 (N7) HPAI EPI319937 P$ Fig. 2A; P, see Fig. 2B; p, see Fig. 2C; E7 and E3, see Fig. 3. “*,” virus binding to 6'SLN
Netherlands/231/2003 (N7) HPAI EPI319940 P$ El;—lIgP:IB lé'llinc}lllC); :};’(’) d:rt?cf:?/:rflzzffi::lizzu\firszjsy v(v?tolj.multibasic cleavage site between
New York/107/03 (N2) EU587368 prs HA1 aI;d liA;.I;PV,gfowl plague plague virus. ¢

H?7 Eurasian aquatic bird viruses
Duck/Hong Kong/293/78 (N2) U20461 P* o . .
Mallard/Netherlands/12/00 (N3) CY014718 P well. The apParent association constants of virus complexes with SGPs
Mallard/Netherlands/9/05 (N7) CY077008 » were deter{mned from t‘he sloPes of the Scatchard plots.
Mallard/Netherlands/22/07 (N1) CY043840 P Analysis of HA amino acid sequences. The H7 HA sequences were
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obtained from GenBank through the NCBI Influenza Virus Resource (3)
accessed on 21 December 2009. From the 954 available sequences, 705
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FIG 1 Evolutionary relationships of H7 HAs. Phylogenetic trees for the amino acid sequences of the HA1 protein were inferred by the neighbor-joining
method using MEGA software version 5 (61). The scale bars represent 0.05 units of amino acid substitutions per site. (A) The tree is based on 665
sequences available from GenBank and 19 sequences determined in this study. Numbered branches include viruses from the Eastern Hemisphere (clade
1) and the Western Hemisphere (clade 2); viruses from North America (clade 2.1) and South America (clade 2.2); viruses isolated in Europe and Asia after
1970 (clade 1.1); North American poultry influenza viruses with an eight-amino-acid deletion in the receptor-binding site (clade 2.1.1); and H7 equine
influenza viruses (clade 3). Red dots mark viruses isolated from wild and domestic aquatic birds (mainly ducks). Green dots mark viruses isolated from
humans. Blue dots depict viruses tested for receptor binding properties in this study; blue stars show four viruses characterized previously (20). (B) Tree
for the viruses tested in this study and in reference 20. The strain names are colored in accord with the viral receptor-binding specificity: black, typical
poultry-virus-like phenotype (Fig. 2B); purple, atypical poultry-virus-like phenotype (Fig. 2C). Green diamonds depict viruses that bind to 6'SLN. The

numbering of the clades is the same as in panel A.

nonredundant amino acid sequences were selected. After exclusion of
short and ambiguous sequences, 665 sequences were left. Nineteen HA
sequences were determined in this study (see Table 1 for the accession
numbers). All sequences were combined and edited using BioEdit ver-
sion 7.0.5.32 (24). The H3 numbering system in accord with the align-
ment of Nobusawa et al. (44) is used throughout the paper. A phylo-
genetic tree was generated based on the amino acid sequences of the
HA1 part using MEGA software version 5 with the neighbor-joining
method (61). All ambiguous positions were removed for each se-
quence pair.

Molecular models. Modeling was performed using atomic coordi-
nates of the H7 HA complex with pentasaccharide LSTa determined pre-
viously (52). The molecular models were generated using PyMOL 1.4
(Schrodinger, LLC).
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RESULTS

Selection of viruses for the study. To explore the natural diversity
of viruses with H7 HA and to select representative viruses for the
receptor-binding studies, we analyzed HA sequences available in
GenBank together with a few newly determined sequences of vi-
ruses from our repositories. The phylogenetic relationship be-
tween the H7 influenza viruses is shown in Fig. 1A. They are sep-
arated into avian viruses of the Eastern Hemisphere (clade 1) and
Western Hemisphere (clade 2) and viruses of the equine H7 lin-
eage (clade 3), which is roughly equidistant from either avian
group. A few available sequences of South American viruses (clade
2.2) are well separated from the North American viruses (clade
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2.1). The majority of sequences of viruses isolated in the Western
Hemisphere are represented by those of viruses isolated in Europe
and Asia after 1970 (clade 1.1). Four less-represented lineages in-
clude historical Eurasian isolates from the first half of the 20th
century and African, Australian, and Pakistani viruses (not labeled
on the tree).

To cover the major lineages of H7 influenza viruses, we studied
viruses isolated from (i) North American ducks and shorebirds
(clade 2.1), (ii) European ducks and poultry (clade 1.1), and (iii)
horses (clade 3) (see Fig. 1 and Table 1). Representatives of the
largest group of contemporary North American poultry influenza
viruses with amino acid deletion 221 to 228 in the HA receptor-
binding site (RBS) (58) (Fig. 1; clade 2.1.1) were not included, as
their receptor-binding properties were characterized previously
(20). To choose specific viral strains for the study, we analyzed
amino acid sequences of the HA globular head (amino acid posi-
tions 90 to 250; see Fig. S1 in the supplemental material) and
selected strains that differed by amino acid substitutions in the
vicinity of the RBS. As a result, there was some bias in the selected
virus panel toward the viruses with atypical sequences, because
many European duck and poultry influenza viruses with identical
HA sequences were represented in our panel by a single isolate. In
addition to the viruses with known HA sequences, we tested a few
nonsequenced viruses (Table 1). For the comparison with H7 in-
fluenza viruses, 11 representative duck influenza viruses of other
subtypes and three H3 subtype equine influenza viruses were
tested.

Receptor-binding properties of avian H7 influenza viruses.
The receptor-binding characteristics were studied using a panel of
seven sialylglycoproteins with terminal Neu5Aca2-3Gal moiety
and distinctive structures of penultimate sugar residues (see Ma-
terials and Methods for structures and abbreviations of SGPs).
The values of association constants of viral complexes with SGPs
for all tested viruses are presented in Table S1 in the supplemental
material. Based on these data, a specific receptor-binding pheno-
type (d, P, or p) was assigned to each virus (Table 1) as illustrated
in Fig. 2. Viruses shown in Fig. 2A (phenotype d) displayed max-
imal binding avidity for Neu5Aca2-3Gal1-3GlcNAc-containing
SGP (SLe‘) and did not bind to fucosylated analogues SLe*, Su-
SLe*, and SLe". Sulfation of the receptor moiety had relatively little
or no effect on the binding avidity. This binding pattern was
shared by all 11 tested duck influenza viruses with H1, H2, H3, H4,
and H11 HAs.

All tested H7 influenza viruses displayed another binding pat-
tern. Virus strains represented in Fig. 2B (phenotype P) showed
comparable levels of binding avidity to 5 SGPs (3'SLN, SLe*, SLe",
Su-SLe€, and SLe"), indicating that neither the type of linkage
between Gal and the penultimate GIcNAc nor fucosylation of
GlcNAc significantly affects the binding. The most prominent fea-
ture of these viruses was their strong and equal binding to two
SGPs that contained sulfated sialyloligosaccharide moieties, Su-
3’SLN and Su-SLe*. The binding avidity for these sulfated SGPs
was 10 to 20 times higher than that for corresponding nonsulfated
analogues 3'SLN and SLe*. As can be seen from Table 1, Table S1
in the supplemental material, and Fig. 1B, phenotype P is typically
observed in the H7 influenza viruses tested in this study irrespec-
tive of their isolation place (Europe or North America) and host
species (wild aquatic birds or poultry).

The viruses represented in Fig. 2C show the same distinctive
H7-virus-like binding preference for sulfated receptors. However,
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FIG 2 Examples of receptor-binding profiles of avian influenza viruses. Asso-
ciation constants of viral complexes with nonlabeled Neu5Ac2-3Gal-contain-
ing sialylglycopolymers were determined using a binding inhibition assay.
Colors depict the sialyoligosaccharide moiety of the SGP. (A) Duck influenza
viruses with non-H7 HA (receptor-binding phenotype d). (B) Viruses repre-
senting typical binding phenotype (P) of H7 influenza viruses with a K, [Su-

SLe*]/K,[3'SLN] ratio equal to or higher than 10 (see Table S1 in the Slipple—

mental material). (C) H7 influenza viruses with atypical binding phenotypes
(p) (K, 4[Su-SLe*]/K,[3"SLN] ratio between 1 and 8).

ass ass

their binding pattern is less pronounced. In particular, these vi-
ruses show a smaller difference in their binding to sulfated and
nonsulfated SGPs compared with the typical H7 influenza viruses
represented in Fig. 2B. For brevity, the viruses with such devia-
tions from the typical H7 P phenotype are designated “atypical”
(phenotype p). They were present in various lineages of H7 influ-
enza viruses, with some prevalence among the viruses isolated
from poultry (Table 1 and Fig. 1B).

Importantly, none of the tested H7 influenza viruses showed
areceptor-binding profile characteristic of wild duck influenza
viruses with other HA subtypes (Table 1 and previous reports
(17, 20]).

Recognition of the N-glycolyl species of sialic acid. The N-
glycolylneuraminic acid (Neu5Gc) does not seem to be present in
birds, but it is found in all mammals except humans (54). To
assess viral recognition of Neu5Gc, we used SGP with
a Neu5Gca2-3GalB1-4GIcNAc moiety [3'SLN(Gc)]. Control
non-H7 duck influenza viruses did not bind to 3'SLN(Gc),
whereas all representative avian H7 influenza viruses tested
showed detectable binding (see Table S1 in the supplemental ma-
terial). However, the avian H7 influenza viruses bound to
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FIG 3 Examples of receptor-binding profiles of equine influenza viruses with

H7 and H3 HA. Association constants of viral complexes with nonlabeled
sialylglycopolymers were determined using a binding inhibition assay.

3"SLN(Gc) 10 to 50 times less avidly than they bound to the cor-
responding Neu5Ac-containing analog (3'SLN) and 100 to 200
times less avidly than to their highest-avidity receptor, Su-SLe*.
The equine H7N7 viruses showed a strikingly different binding
pattern. They bound to 3'SLN(Gc) with markedly higher avidity
than any of the Neu5Ac-containing SGPs tested (Fig. 3; see also
Table S1 in the supplemental material). Three equine H3N8 vi-
ruses were tested for a comparison. These viruses bound to
3"SLN(Gc) much less efficiently than to the Neu5Ac-containing
counterpart 3'SLN and, especially, than to the highest-affinity re-
ceptor, Su-3"SLN.

Binding to Neu5Aca2-6Gal-containing receptor analogue.
Although most avian influenza viruses do not bind to a2-6-linked
sialic acid, we and others previously noticed that a few tested H7
poultry influenza viruses showed weak but significant binding to
Neu5Aca2-6Gal-containing receptors (4, 20, 68). To facilitate de-
tection of viral low-avidity interactions with a2-6-linked recep-
tors, we assayed binding of high-molecular-mass 6’ SLN-contain-
ing biotinylated SGP (6'SLN-biot) in a direct binding assay.
Figure 4 illustrates the spectrum of binding patterns observed. All
non-H7 duck influenza viruses, all equine influenza viruses, and
many H7 avian viruses showed no binding to 6'SLN-biot (Fig. 4A;
see also Table S1 in the supplemental material). Yet a significant
fraction of H7 avian viruses displayed low (Fig. 4B) to pronounced
(Fig. 4C) binding to 6'SLN-biot; such binding, however, was al-
ways weaker than the binding to the matching 3’'SLN-containing
counterpart (3'SLN-biot). As can be concluded from Fig. 1B, Ta-

Receptor Specificity of H7 Influenza Viruses

ble 1, and Table S1 in the supplemental material, the H7 avian
viruses that were capable of binding to «a2-6-linked sialic acid
belonged to different evolutionary lineages and were isolated from
both poultry and wild aquatic birds.

Analysis of HA sequences. Our data revealed several distinc-
tions in the receptor binding profiles of H7 influenza viruses and
duck influenza viruses with non-H7 HA, such as enhanced bind-
ing of H7 influenza viruses to sulfated receptors Su-3'SLN and
Su-SLe%, their ability to bind fucosylated sialyloligosaccharides,
and their occasional binding to a2-6-linked sialic acids. To under-
stand the molecular basis of these distinctions, we first compared
amino acid sequences of H7 HA with avian HAs of other subtypes,
focusing on amino acids forming the receptor-binding domain
(amino acids 90 to 250) (Fig. 5; see also Fig. S1 in the supplemental
material). The H7 HA and the phylogenetically close H15 HA (51)
differed from all other avian HAs by the substitution of Pro to Ser
in conserved position 185 of the RBS (Fig. 5). Residues in posi-
tions 185 to 189 of the H7 HA have small side chains (typically,
Ser-Gly-Ser-Thr-Thr), whereas other avian viruses have, in addi-
tion to Pro185, at least one large amino acid in these positions.
These distinctions in the sequence of the 185 to 189 loop of H7 HA
could affect the structure of the “left” side of its RBS.

Inefficient binding of duck influenza viruses to the fucosylated
receptors SLe*, SLe?, and Su-SLe* seems to depend at least partially
on steric clashes of the fucose moiety with the subtype-conserved
bulky amino acid in position 222 of the HA (17, 20). Apparently,
there are no such clashes in the case of the H7 HAs, which display
similar binding avidities for the fucosylated receptors SLe* and
SLe* and their nonfucosylated counterparts SLe® and 3’SLN, re-
spectively (Fig. 2; see also Table S1 in the supplemental material).
Our previous studies on H5N1/97 avian and H3N8 equine influ-
enza viruses suggested that enhanced binding of these viruses to
sulfated receptors with type 2 cores (Su-3'SLN and Su-SLe*) can
be explained by favorable electrostatic interactions of the sulfate
moiety with the positively charged side chain of lysine or arginine
in position 193 of the HA (17, 20, 21). The same mechanism may
be responsible for the strong binding of H7 influenza viruses to
Su-3'SLN and Su-SLe*, as all these viruses have Lys193 (see Fig. S1
in the supplemental material).

To test our hypotheses about atomic interactions of the H7 HA
with the sulfate and fucose moieties of the receptors, we modeled
the positioning of the Su-SLe* analogue in the RBS by the use of
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FIG 4 Examples of virus binding to Neu5Aca2-3Gal- and Neu5Aca2-6Gal-containing biotinylated SGPs in a direct binding assay. The viruses displayed
comparable levels of binding to 3’SLN-containing SGPs (open circles); two of them (panels B and C) also bound to 6’SLN-containing SGPs (closed circles).
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H10 CY005998
[H7 cY006029
HI5 CY006009
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H12 CY005925
H9 CY005919
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H1 AY633212
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H5 CY014615
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FIG 5 Structure of the 185 to 189 peptide loop of H7 HA. (A) Partial amino acid sequences of the 16 HA subtypes. Amino acids in the region from 185 to 189
with bulky side chains are highlighted in yellow. H7 HA is indicated with a red box. GenBank accession numbers for the sequences are shown next to the subtype.
The top line shows H3 numbering. Stars in the bottom line depict amino acid residues that interact with sialic acid in the HA-receptor complex. The sequences
are listed according to their homology; amino acids conserved among at least 14 of 16 sequences are shaded. (B) Location of the 185 to 189 loop (colored in red)

on the model of H7 HA complex with pentasaccharide LSTa (52). Only the sialic acid moiety of LSTa is shown (stick model).

the crystal structure of the H7 HA complex with the nonfucosy-
lated and nonsulfated pentasaccharide LSTa (52). As illustrated in
Fig. 6, the modeling predicted formation of an ionic bond between
the sulfo group of Su-SLe* and Lys193 and a concomitant lack of
sterical conflicts between fucose and its closest counterpart in the
RBS, glutamine in position 222.

To identify amino acid substitutions responsible for the devi-
ation of some H7 influenza viruses from the typical receptor-
binding phenotype, we analyzed HA sequences of H7 influenza

A

viruses tested in this study (see Fig. S1 in the supplemental mate-
rial).The majority of atypical European viruses shared substitu-
tion G186V. Furthermore, three out of five atypical North Amer-
ican strains had mutation G186A or G186E. This correlation
agreed with our hypothesis about the important role played by
residues 185 to 189 in the structure and distinctive receptor-bind-
ing profile of H7 HA. Substitutions G205E (Turkey/Italy/977/99),
$227T (Laughing gull/Delaware/42/06), and K193R (Seal/Massa-
chusetts/1/80) and deletion 221 to 228 (NewYork/107/03 and

FIG 6 Molecular model of H7 HA complexed with sialyoligosaccharide Su-SLe*. The model represents the crystal structure of the H7 HA complex with LSTa
(52), in which bound sialyloligosaccharide was modified to generate Su-SLe* by the use of Pymol. The HA is shown as a gray molecular surface. Lys193 and
GIn222 are highlighted and labeled. The fucose residue of Su-SLe* is depicted by purple dots; the sulfo group is shown in orange-red. Panels A and B show
different views of the same model and illustrate formation of and ionic bonds between the sulfo group and Lys193 and the lack of sterical conflicts between fucose
and GIn222.
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Chicken/NJ/294508-12/04) also correlated with atypical binding
phenotypes. Substitutions in these positions are known to affect
receptor-binding characteristics of influenza viruses (4, 11, 15, 38,
57, 60, 66, 68). Given the significant evolutionary divergence of
HAs of H7 poultry and equine influenza viruses, it was impossible
to predict specific amino acid substitutions responsible for the
preferential binding of equine influenza viruses to the N-glycolyl
form of sialic acid. Substitutions in the 130 and 220 loops of the
HA RBS seem to be the most plausible candidates for the differ-
ences in binding specificity.

N-linked glycans in the proximity of the RBS can affect viral
receptor-binding characteristics (for reviews, see references 34
and 55). The viruses in our panel differed by potential glycosyla-
tion sites at Asn133 and Asn158; these sites are known to be gly-
cosylation competent (62). The presence or absence of these sites
did not clearly correlate with the binding phenotype of the virus,
although we noticed that 7 of 11 viruses with the site at Asn158
showed binding to 6'SLN.

DISCUSSION

We previously found that duck influenza viruses with various di-
vergent HA subtypes (H1 to H5, H9 to H11) shared receptor bind-
ing specificity, suggesting that these viruses either evolved from a
common duck ancestor or acquired duck-virus-like receptor
specificity during their prolonged circulation in ducks (20, 34).
The H5N1 and HIN2 stable virus lineages in gallinaceous poultry
originated from viruses of aquatic birds (7, 9, 48) and have dis-
tinctive poultry-virus-like receptor specificity (17, 20). These
findings indicate that the duck-to-poultry adaptation of H5 and
H9 influenza viruses altered their receptor specificity.

The influenza viruses with H7 HA subtypes were isolated from
a variety of aquatic and land-based birds. The viruses were asso-
ciated with poultry outbreaks of avian influenza (“fowl plaque”)
of low and high pathogenicity in both hemispheres and occasion-
ally infected mammals, including humans (reviewed in references
5, 9, and 65). Interestingly, little genetic diversity has been ob-
served between H7 influenza viruses isolated from wild aquatic
and land-based domestic birds in the same geographical area (2, 8,
42), suggesting their relatively frequent and perhaps unrestricted
interspecies transmission. Given the importance of H7 influenza
viruses with respect to animal and human health and their appar-
ent expanded host range, we characterized receptor specificity of
H?7 influenza viruses isolated from different host species and rep-
resenting almost all currently known evolutionary lineages (Fig. 1
and Table 1).

The equine H7 influenza viruses differed from all other H7
influenza viruses by their clear preference for the N-glycolyl form
of sialic acid, which is the major sialic acid species expressed in the
horse tracheal epithelium (59). The ability of H3 and H7 influenza
viruses to bind both Neu5Ac and Neu5Gc was noticed previously
(17, 18, 59). The receptor-binding assay used in this study shows
that H7 equine influenza viruses bind Neu5Gc significantly better
than Neu5Ac, whereas H3 equine influenza viruses display the
opposite binding preference. Because Neu5Gc is absent in birds
and humans (54), one can assume that equine H7 influenza vi-
ruses were strongly adapted to their host and that their receptor
specificity could have restricted their transmission to other spe-
cies.

All non-equine H7 influenza viruses displayed relatively ho-
mogeneous receptor-binding properties. The key feature of these

April 2012 Volume 86 Number 8

Receptor Specificity of H7 Influenza Viruses

viruses was their enhanced avidity for sulfated receptor sequences
with type 2 cores (Su-3'SLN and Su-SLe*), most likely owing to
ionic interactions of the negatively charged sulfate with a con-
served positively charged amino acid in position 193 (Lys or Arg).
In addition, most H7 influenza viruses tolerated fucosylation of
the third sugar in both type 1 and type 2 sequences (SLe® and
SLe*). These features, individually or in combination, are known
hallmarks of poultry-adapted viruses with H5 and H9 HAs that
differentiate these viruses from viruses in ducks (17, 20, 21). An
independent acquisition by H5, H7, and H9 poultry influenza
viruses of a strong binding to Su-SLe* suggests that this property
provides the viruses with a selective replicative advantage in poul-
try. In mammals, SLe* and its sulfated forms, among them Su-
SLe*, are well-known naturally occurring sequences recognized by
E-, P-, and L-selectins (12, 39, 56). SLe* and related molecules are
constitutively expressed glycan sequences typical for endothelial
cells and leukocytes, and their levels can increase manyfold during
the inflammation process (12). Given that both selectins and their
ligands are evolutionary conserved molecules, one can predict ex-
pression of Su-SLe* on avian endothelial cells. Interestingly, three
previous reports described a strong HA-dependent tropism of H5
and H7 poultry influenza viruses to endothelial cells of chicken
embryo cells (13) and to cultured human pulmonary microvascu-
lar endothelial cells (45, 69). Thus, enhanced binding of poultry
influenza viruses to Su-SLe* and other sulfated and fucosylated
sialyloligosaccharide sequences could have emerged as an adap-
tive change required for viral endotheliotropism in birds, a well-
known feature of highly pathogenic poultry influenza viruses with
H5 and H7 HA (28).

In is believed that influenza A viruses in land-based birds and
mammals originate from the viruses of wild aquatic birds. Re-
markably, we found that none of the H7 influenza viruses isolated
from North American and Eurasian ducks and shorebirds tested
in this study showed a binding phenotype typical of the duck
influenza viruses with non-H7 HAs. Because all H7 influenza vi-
ruses, irrespective of the host of origin, share the unique structure
of the 190 loop and distinctive poultry-virus-like binding pheno-
type, one can speculate that structural and functional features of
the RBS of contemporary H7 influenza viruses were formed after
the introduction of their common precursor from ducks to a new
host, presumably, gallinaceous poultry. The original H7 duck in-
fluenza virus seems to have become extinct; alternatively, the H7
HA could have evolved from a non-H7 HA subtype after its duck-
to-poultry transmission.

Efficient circulation of H7 influenza viruses in ducks despite
their poultry-virus-like receptor specificity could be explained by
a relatively good binding of these viruses to the “duck-type” re-
ceptor sequence SLe® (see Fig. 2; see also Table S1 in the supple-
mental material). In contrast, the H9 poultry-adapted viruses
have almost completely lost binding to this sequence (20). The
ability of the progenitor H7 subtype virus to replicate in both
ducks and poultry without major changes in the receptor specific-
ity could have contributed to its fast expansion.

Although distinctive receptor-binding properties of the H7 HA
permit virus replication in various avian species without signifi-
cant changes in the RBS and receptor specificity, adaptive changes
in the neuraminidase seem to be essential for the duck-to-poultry
adaptation. Thus, deletions in the stalk of the NA that affect its
catalytic activity are commonly observed in H5 and H7 poultry
influenza viruses but not in their putative duck precursors (2, 8,
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31, 33). Emergence of the NA stalk deletions as the first essential
change in the duck influenza viruses during their experimental
adaptation to poultry was confirmed in several independent stud-
ies (22, 26, 30, 40). In addition to deletions in the NA, HA muta-
tions leading to emergence of new glycosylation sites near the RBS
of H5 and H7 influenza viruses correlate with virus isolation from
poultry. These mutations do not seem to emerge immediately
after the virus transmission to poultry (2, 33). They rather corre-
late with the acquisition of the multibasic cleavage site by the virus
and could thus be a consequence of the extended tissue tropism of
the virus such as the ability to replicate in endothelial cells (13).
We have tested only a few HPAI H7 influenza viruses, and their
receptor-binding phenotypes were similar to phylogenetically
close low-pathogenic strains (Table 1). Further studies are needed
to understand the role of NA deletions and enhanced HA glyco-
sylation in virus replication and pathogenicity in poultry.

Similarly to most avian viruses, many H7 influenza viruses do
not bind Neu5Aca2-6Gal-terminated receptors. The potential
structural reasons underlying the lack of binding of the human-
type receptors by the typical H7 influenza virus A/Turkey/Italy/02
were previously discussed (52). Since 1994, the H7 influenza vi-
ruses circulating in North American live bird markets have ac-
quired an eight-amino-acid deletion in the RBS (positions 221 to
228) (see Fig. 1; see also Fig. S1 in the supplemental material). The
viruses of this lineage maintained preferential binding to
Neu5Aca2-3Gal-terminated sequences and acquired weak-to-
moderate binding to 2-6-linked sialic acids (4, 20, 68). Structural
analysis revealed that Arg220 and Arg229 compensate for the de-
letion and interact with receptor analogues (68). Importantly, we
found in this study that not only H7 poultry influenza viruses of a
lineage with the HA deletion but H7 aquatic bird and poultry
influenza viruses from many other evolutionary lineages dis-
played detectable binding to human-type receptor analogue
6'SLN (see Fig. 1B). We speculate that the peculiar structure of the
185 to 189 loop located close to the 221 to 228 loop reduces HA
conflicts with the Neu5Aca2-6Gal-terminated receptor sequences
and that various additional substitutions within and in the vicinity
of the RBS allow binding to Neu5Aca2-6Gal. It is not clear
whether this property provides the virus with some selective ad-
vantage or merely reflects occasional HA variations. Whatever is
the case, the frequently emerging ability of the H7 influenza vi-
ruses to bind to 2-6-linked sialic acids can facilitate transmission
of these viruses to humans.
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