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Avian H7 influenza viruses from both the Eurasian and North Amer-
ican lineage have caused outbreaks in poultry since 2002, with
confirmed human infection occurring during outbreaks in The Neth-
erlands, British Columbia, and the United Kingdom. The majority of
H7 infections have resulted in self-limiting conjunctivitis, whereas
probable human-to-human transmission has been rare. Here, we used
glycan microarray technology to determine the receptor-binding
preference of Eurasian and North American lineage H7 influenza
viruses and their transmissibility in the ferret model. We found that
highly pathogenic H7N7 viruses from The Netherlands in 2003 main-
tained the classic avian-binding preference for a2~-3-linked sialic acids
(SA) and are not readily transmissible in ferrets, as observed previ-
ously for highly pathogenic H5N1 viruses. However, H7N3 viruses
isolated from Canadain 2004 and H7N2 viruses from the northeastern
United States isolated in 2002-2003 possessed an HA with increased
affinity toward 2-6-linked SA, the linkage type found prominently
on human tracheal epithelial cells. We identified a low pathogenic
H7N2 virus isolated from a man in New York in 2003, A/NY/107/03,
which replicated efficiently in the upper respiratory tract of ferrets
and was capable of transmission in this species by direct contact.
These results indicate that H7 influenza viruses from the North
American lineage have acquired sialic acid-binding properties that
more closely resemble those of human influenza viruses and have the
potential to spread to naive animals.

hemagglutinin | transmission receptor binding  animal model

Avian influenza viruses within the HS and H7 subtype continue
to pose a major public health threat. Since 2004, highly
pathogenic avian influenza (HPAT) H5N1 viruses have resulted in
>380 cases of laboratory-confirmed human infection in 14 coun-
tries (1). Despite the high virulence of H5N1 viruses observed in
humans and mammalian models (2), human-to-human transmis-
sion has been only rarely documented (3-5). Additionally, influenza
H7 subtype viruses within both Eurasian and North American
lineages have been responsible for multiple outbreaks and human
infections since 2002. These include outbreaks of HPAI H7N7 in
The Netherlands in 2003 that resulted in >80 cases of human
infection and one fatality; HPAI H7N3 in British Columbia,
Canada, in 2004 that resulted in two cases of conjunctivitis; a cluster
of human infections of low pathogenic avian influenza (LPAI)
H7N2 in the United Kingdom in 2007 that resulted in multiple cases
of influenza-like illness and conjunctivitis; and a single case of
human respiratory infection in New York in 2003 (6-11). The
majority of human infections with H7 influenza viruses have
resulted in conjunctivitis, but similar to HSN1 viruses, probable
human-to-human transmission among family contacts has been
rarely documented through molecular diagnosis (7). Representa-
tive viruses isolated from these outbreaks were found to replicate
efficiently in the mouse and ferret models, and one virus isolated
from a fatal respiratory case during the H7N7 Netherlands out-
break, A/NL/219/03, was highly lethal in both mammalian models

7558-7563 | PNAS | May 27,2008 | vol 105 | no.21
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(12, 13). However, further study is needed to assess the pandemic
potential of H7 influenza viruses within this subtype.

Influenza virus attachment to host cells is mediated by the virus
HA biading to sialic acid (SA) glycans present on host cell surfaces.
Avian influenza viruses predominantly bind o2-3-linked SA,
whereas human influenza viruses preferentially bind to a2-6 SA
(14). The three influenza pandemic viruses of the last century,
causing the pandemics of 1918 (HIN1), 1957 (H2N2), and 1968
(H3N2), each possessed an HA with a human o2-6 SA-binding
preference yet are thought to have originated from an avian virus
possessing the o2-3 SA-binding preference (15, 16). With few
exceptions, avian H5N1 influenza viruses isolated from humans
have maintained the classic &2-3 SA binding (17-20). However, the
SA-binding preference of recent H7 influenza viruses associated
with disease in humans has not been well studied.

The ferret model has been used successfully to study the trans-
mission of human and avian influenza viruses (21-23), because
ferrets exhibit a similar distribution of SA as reported in humans
with a higher proportion of a2-6 SA glycans on upper respiratory
tract epithelial cells and o2-3 SA in the lower respiratory tract
(24-27). These studies have shown that avian H3N1 viruses, despite
replicating to high titers in the respiratory tract, are not readily
transmissible by either respiratory droplet or contact transmission
(21). To date, the transmissibility of viruses within the H7 subtype
has not been examined experimentally. Here, we use glycan mi-
croarray technology to determine the receptor-binding preference
of H7 influenza viruses of both Eurasian and North American
lineages and assess the transmissibility of selected H7 influenza
viruses using the ferret model. Surprisingly, we found that recently
isolated H7N2 and H7N3 viruses of the North American lineage
possess increased binding to a2-6 SA, with several strains exhibiting
preferential binding characteristic of human influenza viruses. One
of these was an H7N2 virus, AINY/107/03, associated with respi-
ratory disease in an adult male, which we found to be capable of
efficient direct contact transmission in the ferret model.

Results

Receptor-Binding Preference of Eurasian H7 Influenza Viruses. Previ-
ous studies have elucidated the molecular basis for the receptor-
binding preference of influenza viruses of multiple subtypes, in-
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Fig. 1. Glycan microarray analysis of Eurasian and North American lineage H7 influenza viruses. Analysis was performed on the following viruses: NL/219 (A),
NL/230 (B), HK/486 (H5N 1} (C), RhealNC (D), Can/504 (£), Can/444 (F), TkyVA (G), Ck/Conn (H), and NY/107 (). The glycan microarray was performedby using whole
virus with antisera raised against homologous or cross-reactive virus as a primary antibody. Colored bars highlight glycans that contain a2-3SA (yellow) and a2-6
SA (green). Error bars reflect the standard deviation in the signal for six independent replicates on the array. Structures of each of the numbered glycans are

found in Table S$1 (S/ Text) and for selected glycans in Table 2.

cluding H1, H2, H3, H5, and H9 viruses (15, 16, 28-30). However,
recently isolated H7 influenza viruses have not been comprehen-
sively analyzed for their HA-binding preference. We used a glycan
microarray with whole virus to determine the «2-3 and o2-6
SA-binding preference of Eurasian or North American lineage H7
- influenza viruses associated with disease in humans or related
viruses isolated from birds. Two HPAI H7N7 Eurasian lineage
viruses isolated from an outbreak in The Netherlands in 2003 were
tested, A/NL/219/03 (NL/219) and A/NL/230/03 (IN1/230). NL/219
was isolated from a human with fatal respiratory disease, whereas
NL/230was isolated from an individual with conjunctivitis (6). Both
H7N7 viruses exhibited preferential binding specificity toward a2-3
SA (Fig..1.4 and B). This pattern of binding closely resembles the
strong o2-3 SA-binding preference observed with HPAI H5N1
viruses isolated from humans, as has been reported and is demon-
strated here with A/HK/486/97 (HK/486) virus (Fig. 1C) (29). These
results were confirmed by hemagglutination assay, with NI/219,
NI/230, and HK/486 viruses binding to turkey red blood cells
(RBCs) resialylated with o2-3- but not o2-6-linked sialosides
(Table 1). These findings suggest that HPAI H7N7 Eurasian
lineage viruses, similar to HPAI HSN1 viruses, have maintained
classic avian specificity for a2-3 SA despite causing productive
infections in humans, . ~

Table 1. Hemagglutination assay of H7 influenza viruses using
differentially sialylated turkey RBCs

Presence or absence of hemagglutination

Virus TRBC a2-6 RBC «2-3 RBC desial RBC

NU219
NL/230
Rhea/NC
Can/504
Can/444
NY/107
Tky/VA
Ck/Conn
HK/486
Tx/91
PBS

I+ 4+ + 4+ + + o+
R
b+ o+ 4
|

Belser et al,

22

Receptor-Binding Preference of North American H? Influenza Viruses.
H7N2 subtype viruses have been routinely isolated from the Jive-bird
market system in the northeastern United States since 1994 (31).
Glycan-binding analysis of A/Rhea/NC/39482/93 (Rhea/NC), a LPAI
H7N1 virus isolated in 1993, exhibited a classic avian a2-3 SA receptor-

binding preference (Fig. 1D). However, the more recent H/NZ viruses |

AlTky/V A/4529/02 (Tky/VA), which caused a major outbreak among
cormmercial poultry in Virginia and was associated with serologic
evidence of human infection (32), and a 2003 H7N2 poultry isolate
A/Ck/Conn/260413-2/03 (Ck/Conn), exhibited significantly increased
binding to glycans with o22-6 SA (Fig. 1 G and H). A genetically related
H7N2 virus isolated from a single case of human respiratory infection
in 2003, A/NY/107/03 (N'Y/107), also exhibited a marked increase i
o2-6 SA binding and reduced binding to glycanswith o2-3 SA (Fig. 10).
Two H7N3 viruses (A/Canada/504/04 and A/Canada/444/04), associ-
ated with human conjunctivitis during an outbreak of HPAI in British
Columbia (Fig. 1 E and F), also revealed increased binding 0 e2-6 SA
compared with Eurasian lineage viruses (Fig. 1 A-C). An assay using
resialylated erythrocytes independently documented the dual o2-6 and
o2-3 SA binding of all H7N3 and H7N2 viruses (Table 1).

More detailed analysis of glycan microarray data revealed that
the specificity differences among the H7 viruses was more striking
for subclasses of a2-6 and o2-3 glycans as summarized in Table 2.
Although neither of the Eurasian viruses nor the Rhea/NC virus
bound glycans with a2-6 SA, all of the post-2002 North American
viruses exhibited moderate to strong binding to the a2-6 SA of the
biantennary N-linked giycans (nos. 34 and 35). Three viruses,
Tky/VA, Ck/Conn, and NY/107, exhibited moderate to strong
binding to most glycans with a2-6 SA, including a glycan with an
internal sialic acid (no. 45) not recognized by the other viruses.
Although these three viruses were similar in binding a2-6 SA, they
exhibited. significant differences in their binding of glycans with
a2-3 SA. Tky/VA bound as well to glycans with a2-3 SA as the
Eurasian viruses. In contrast, Ck/Conn and NY/107 exhibited
strong binding to only 4 of the 32 glycans with &2-3 SA, including
two sulfated (nos. 1 and 4), one branched (no. 7), and one linear (no.
17) glycan (Fig. 2 and Table 2). Binding to the remaining glycans
with o2-3 SA was significantly reduced, especially for NY/107. The
reduced binding to glycans with o2-3 SA is notable, because this
was a characteristic of influenza viruses with H1, H2, and H3 HAs
when first introduced into the human population (15, 16, 28, 33).
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Table 2. Comparison of the detailed sialoside receptor specificity of H7 influenza viruses

« 2-3 sialosides

« 2-6 sialosides

Sulfated Branched Linear Fucosylated Branched Linear Internal
o lpe a g ) 2 ot . 3 Ba
Q. -0 o6
: !u3 PSE it =0 Zu; O—OEB a6
0“—:-’0&* oﬁ OO—BOED a6 Ba P2 C°
10-12,15,16,
Virus 14 3,5 7 17 18,19 20-25 34,35 40-44 45
NL/219 ++ 4 + +4+ R +++ Rt - - -
NL230 +++ +++ ++4 + 4+ +4+ 4+ +/~ +/- +-
Rhea/NC +++ + 4+ +4++ +4++ +++ e - - -
Can/504 ++ +++ +++ +4+ +E 4+ + & + -
Can/444 4 4+ +++ + o+ + 4 + ++
TkyVA +4+ 4 o+ + 4+ t : ot +++
Cik/Conn ++ + + 4 ++ B s L
NY/107 + - + + 4+ ot + ++ + +++

Structures shown in symbol form (see key below) are structures of single glycans or composite structures for chemically related glycans represented by the
numbers underneath, which correspond to the numbers in the complete structure fist (Table 51) and the glycan microarray data in Fig. 2. Error bars reflect the
standard deviation in the signat for six independent replicates on the array. The relative binding of the virus to each glycan subclass is qualitativelv estimated

based on relative strength of the signal for the data shown in Figs. 1 and 2. Stron,

O, Gal; D GaiNAc @, Gic; B, GIcNAC O Man; A, Fuc

Transmissibility of Eurasian H7 Influenza Viruses in Ferrets. To assess
the impact of enhanced a2-6 SA specificity on the transmissibility
“of the North American H7 viruses, both respiratory droplet and
contact transmission experiments were performed as described (21)
by using the ferret transmission model. Six ferrets were inoculated
wtranasally with 107 50% egg infectious doses (EIDsp), a dose
reported to consistently infect ferrets with human or avian influ-
enza viruses (34). Twenty-four hours postinoculation (p..), three of
the inoculated ferrets were placed in modified cages with a perfo-
rated side wall adjacent to a naive ferret, allowing air exchange
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]
w
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Fig. 2.

g (+++), moderate (+ +), weak (+) detectable (+/-), absent (-).
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days past inocutation/contact

, NeuAc;

between ferrets while preventing direct contact of animals or
indirect contact with food or bedding (respiratory droplet trans-
mission). The remaining three inoculated ferrets were each co-
housed with a naive ferret to assess direct contact transmission.
Criteria for efficient transmission included detection of virus in
nasal washes (NW) of contact ferrets and seroconversion of con-
valescent sera from contact ferrets, both of which occur dunng the
efficient transmission of human influenza H3N2 viruses as shown
in this model system (21).

NL/219 virus has been shown to be highly virulent in the ferret
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Direct contact transmissibility of H7 influenza viruses. Three ferrets were inoculated with 107 EiDsg of NL/219 (4), NL230 (8), TkyVA {C), Can/504 (D), NY/107

(E). or Ck/Conn {F) virus, and nasal washes were collected from each ferret on the indicated days p.i. (dark bars). A naive ferret was placed in the same cage as each
inoculated ferret 24 h p.i., and nasal washes were collected from each contact ferret on indicated days p.c. (light bars). The limit of virus detection was 1075 EDsy/ml.
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