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Abstract: Receptor-binding specificity is a major determinant of host range, pathogenesis, and
interspecies transmission in influenza virus. Recognition of different conformations of sialic acid
by the influenza virus hemagglutinin has driven influenza intra- and interspecies transmission for
nearly 100 years since the first human pandemic was recorded in 1918. Key amino acid residues
near or at the receptor-binding site of the hemagglutinin of different influenza A subtypes cor-
relate with the ability of the virus to infect and replicate in the upper or lower respiratory tract
of the host and transmit efficiently. A global concern exists for those highly pathogenic avian
viruses that have emerged with the potential to cause a novel pandemic in humans. Studying
the receptor-binding affinity to sialic acid receptors as a marker of pandemic risk could provide
reliable measures to aid in timely pandemic planning and surveillance worldwide.
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Introduction

The cell entry of influenza virus is governed by receptor biology. Sialic acids (SAs)
of cell surface glycoproteins and glycolipids are the receptors for the influenza virus,
recognized by the viral glycoprotein hemagglutinin (HA; Figure 1). The site on HA
at which the cellular receptors are bound is at the distal end of the molecule.'? The
receptor-binding site (RBS) is recognized as a pocket of highly conserved residues in
all subtypes of influenza viruses; mutations in the RBS are required for adaptation of
the animal viruses HA to the human host.?

Two major linkages between SA and the penultimate galactose residues of carbo-
hydrate side chains are found in nature, NeuSAc 0/(2,3)-Gal and Neu5Ac o(2,6)-Gal.*
Most avian and equine influenza viruses preferentially bind to SA joined to the sugar
chain through an 023 linkage, and viruses isolated from birds possess HAs with high
affinity for this type of sugar, whereas human influenza A viruses (IAV) preferentially
use 0.2—6 linked SA as a cellular receptor.’

The affinity of the influenza virus HA for respective SA species is one of the fac-
tors that determine whether animal viruses can cross the host barrier. This event is
facilitated when animal species such as swine or quail function as “mixing vessels”,
because they express both types of SA receptors.®’

Investigating the SA receptor-binding properties

of IAV

Influenza virus entry to susceptible cells is governed by the interaction between the
HA surface antigen of the virus and the cell receptor SA. The recognition of different
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Figure | Influenza virus HA molecule from A/California/04/2009 (PDB: 3ube).

Notes: Each monomer in the (A) trimer is indicated in color; the front view shows the HA, (green or gray) and HA, subunits (red or orange). A closer view of the (B)
globular head and the interaction with ligand LSTc; in purple are shown some of the amino acid residues at the RBS that directly interact with the sialic acid-like receptor.

Images were generated with Yasara software version 17.1.28.

Abbreviations: HA, hemagglutinin; LSTc, sialylneolacto-N-tetraose c; RBS, receptor-binding site; PDB, Protein Data Bank.

types of SA linkages by human and animal viruses is a major
barrier for host range restriction. Lessons learned from the old
pandemics showed that viruses from 1918, 1957, and 1968 all
acquired mutations at the HA RBS during the first months of
the pandemic that allowed them to transmit between humans.?

A simple way to assess the receptor specificity of influ-
enza viruses can be through the agglutination of erythrocytes
from different animal species. Human viruses agglutinate
erythrocytes from chicken, ducks, guinea pigs, and sheep,
but not those from horses or cows; however, avian and equine
viruses agglutinate all these erythrocytes.’

“Hemagglutination assays” (Figure 2A) have been widely
used in routine diagnostics since they were first described
by Hirst in 1941. The property of the influenza virus HA to
agglutinate red blood cells (RBCs) from different species
reflects diversity in SA species. However, virus evolution
and host adaptation affect the recognition of SA species,
and the HA assay can be poorly specific and even unreliable
for certain strains.

For many years, the interaction of the influenza virus HA
with the SA receptor was modeled with trisaccharide or penta-
saccharide molecules (e.g., NeuSAc-0.2,3/0-2,6Gal1-4Glc),
where the SA is at the end of the oligosaccharide chain (Fig-
ure 2B).!° The interaction between HAs from human viruses
and the receptor analogs varies with subtype. H1 HAs were
bound strongly to sialylneolacto-N-tetraose ¢ and 6’-sialyl-
N-acetyllactosamine than to 6’-sialyllactose trisaccharide or
3’-sialyllactose trisaccharide, suggesting an interaction with

the asialo portions of the long analogs, whereas H3 HAs
were bound equally strong to 6’-sialyllactose trisaccharide
or 6’-sialyl-N-acetyllactosamine.!'? Otherwise, the glycans
preferred by the avian HA could vary depending on the avian
species from which the virus was isolated.

The “glycan array” technology has become a power-
ful technology to study the binding profile of human and
animal glycoproteins (Figure 2C). Numerous plant lectins,
glycan-specific antibodies, and microbial toxins used in
research have been analyzed for their specificity on glycan
arrays. Glycan microarrays are also capable of detecting
carbohydrate-specific antibodies in human sera, or the
binding of bacteria and eukaryotic cells.” In recent years,
massive improvements in glycobiology knowledge and the
availability of new technology and resources have shown that
influenza viruses recognize different forms of glycopolymers
with terminal SA.'*1

Glycan arrays present many different receptor mimics
and may contain a more biologically relevant molecule. The
extent to which influenza HA proteins discriminate between
these different carbohydrates is perhaps surprising. The gly-
can array analysis is a novel and suitable technique to analyze
subtle differences in carbohydrate receptor specificities of
known and pandemic human influenza strains as the novel
HIN1pdmO09 subtype.'® The glycan array format has been
used to compare the binding profiles between the pHIN1
virus and the human seasonal HIN1, H3N2, and the avian
origin HSN1, H7N7, or the H9N2.1®
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Figure 2 Schematic representation of the methods and techniques used throughout influenza virus history to identify the receptor type recognition.

“Cultured human airway cells and excided human trachea
sections” have been used for studying the preferred cell
type of infection by the influenza virus (Figure 2D). Human
influenza virus infects the upper respiratory tract with major
involvement of the pharynx and trachea. Human viruses
need to access their target cells as well as to overcome the
presence of mucins, which are produced by the goblet cells
and are abundantly expressed in trachea.!” Several groups
have shown that cultures of fully differentiated human
airway epithelia or human tracheobronchial epithelia are
readily infected with influenza viruses, although the cell
tropism differs between viruses of avian and human origin
in these systems.'”' Accordingly, lectin staining of the cul-
tures showed that some, but not all, ciliated cells expressed
SA02,3, whereas non-ciliated cells expressed only SA02,6.
Antigen detection confirmed that only ciliated cells were
infected with avian influenza viruses (AIV), whereas non-
ciliated cells were infected with human viruses. Although
avian viruses replicated, a restricted spread to adjacent cells
was observed, because not all ciliated cells expressed the

avian type of receptor, suggesting restrictions to adaptation
by a reduced cellular tropism.

Receptor-binding profile of
influenza HINI: from Spanish flu to

HINIpdmO09
The IAV HINI1 subtype has co-circulated in humans together
with the H3 subtype since 1977, and both have adapted for
human replication and transmission during decades of being
human pathogens.?*?!

For the H1 HA, it is clear that mutations in amino acids
190 and 225 (hereafter considered in H3 numbering) were
essential for the adaptation of avian origin HIN1 viruses to
replicate and transmit either in swine or in humans. Receptor-
binding analysis of the HA variants demonstrated that the
1918 virus with the combination D190 and G225 was bound
to both SAa2,3 and SAo2,6 molecules, whereas the variant
with D190 and D225 behaved like typical human viruses
and showed preference for SA02,6. A mutated 1918 virus
with the combination E190 and G225 (avian-like genotype)
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showed preference for the avian type of receptor SA02,3.152
Complementary studies using the preferred animal ferret
model suggested that amino acid changes at conserved
residues 190 and 225 affected not only the receptor-binding
phenotype of the 1918 HIN1 virus, but also most importantly
the efficiency of transmission.?

Influenza HINT viruses were introduced to humans and
swine around the same time and evolved independently in
each host. Analyzing 154 full-length swine H1 HA sequences
(classical swine, human-like, and avian-like) shows the pre-
dominance at the RBS of the D190 G225 phenotype, with
only 25% of the strains presenting the D190 D225 sequence.
In contrast, the analysis of 451 full-length human H1 HA
sequences shows the predominance of the D190 D225 phe-
notype, with some strains having the D190 G225 sequence,
corresponding to those viruses from the 40s and 50s right at
the end of the HIN1 era, or from the 70s when the HIN1 virus
was reintroduced to humans (Table 1). Thus, it is generally
the case that D225 paired with D190 is required for efficient
human-to-human transmission. Indeed, the ferret transmis-
sion studies indicated that viruses with this genotype showed
100% transmission, whereas viruses with G225 (Table 1) only
transmitted to one in three exposed animals.!>?2%

Differences in receptor usage by avian and human viruses
indicate that AIV do not transmit between humans; therefore,
this raised the hypothesis of an intermediate host, likely the
pig, in the generation of true pandemic viruses.?* This hypoth-
esis is supported by the presence of both SAx2,3 and SA¢2,6
linkages in pig trachea.” Viruses of swine origin infecting
humans had a dual pattern of binding for the SAn2,3 and
SA02,6 glycans.'® These viruses differ between them by a

residue in position N225 or G. In contrast, seasonal viruses
of the H1 subtype showed two differences at residues D225
and 227A—E and affinity only for glycans with SA02,6
linkages when analyzed using the glycan array.

The HA gene of the 2009 pandemic influenza HIN1
virus has its origin from the classical swine lineage. After
emergence in the human population, classical swine viruses
isolated from American pigs between 1945 and 2009 from
the o, B, and y antigenic groups, as well as swine viruses
isolated in the same year as HIN1pdm09 were analyzed in
search of those amino acid changes at the RBS required for
the novel 2009 virus to transmit to humans. Swine viruses
showed selective binding to SA02,6 sialosides besides the
term of circulation and the host from which they were isolated
(humans or swine), suggesting that no adaptation steps were
required for the transmission of the novel 2009 virus from
pigs to humans.?6-’

The novel HIN1 virus contained the amino acid sequence
D190 D225 at the RBS of the HA. The early pdmHIN1
isolates almost exclusively recognized a2,6-linked SAs.
Strikingly, some human isolates of the pandemic influenza
HINTI virus possess the sequence G225, such as H1 viruses
of birds; data from other influenza viruses, such as the highly
pathogenic avian HSN1, showed that viruses with the avian-
like phenotype at the RBS of the HA may target SAa2,3 that
is present in the human lung (non-ciliated bronchiolar cells),
resulting in a severe lower respiratory tract infection in the
human host.?*

Severe cases of HIN1 2009 virus were characterized
by viral pneumonitis, indicating a more prominent role of
lower respiratory tract infection for this virus than seen

Table | Residues at the RBS of the HA protein of HINI viruses isolated from humans, avian, or swine

Virus subtype Amino acid SA receptor
190 222 225 226 227 228 AS02,3 AS02,6

Subtype HI (1918)

Avian E K G Q A G +++ -

Human D K D Q A G - +++

Variant D L G Q A G ++ ++
Human seasonal HINI D K D/G Q E G +/— -+
Pandemic HINI1/09 D K D Q E G ++ +++
Human/swine HINI D K D Q A G + +++
Swine HINI? D K G/D Q AJE G - ++
Subtype H7N9 L -+ -
Subtype H5 (1997-2009)

Avian E G Q S G +++ —

Human E G Q S G e —

Notes: Mutations at the residues 190 and 225 are considered key to the receptor specificity by HI viruses, for some of them also showed the SA receptor affinity. Avian
H5 amino acid sequence at the same residues showed exclusive preference for the SA0:2,3 receptor. For H7N9 AlV, the presence of a human-like residue Q226L does not
change the receptor affinity for the avian-like phenotype. *Viruses included in the analysis of 154 sequences correspond to classical swine, avian-like, and human-like.
Abbreviations: AlV, avian influenza viruses; HA, hemagglutinin; RBS, receptor-binding site; SA, sialic acid.
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with recently circulating influenza strains. Investigating the
binding properties of HIN1pdm09 virus has offered clues
on those specific amino acid changes near or at the RBS
associated with the dual target of SAa2,3 and SA02,6 and
the severity of influenza disease. The first marker of patho-
genicity and severe clinical outcome has been associated to
a single point mutation D225G at the RBS of the HA, which
has been detected in viruses from several countries around
the world.**3* Studies using experimental in vivo models
analyzing the pathogenic effect of the mutation D225G
are controversial;*37 foremost, the amino acid residue 225
has shown polymorphism for 225D/G/N in the HA of the
H1N1pdm09 virus.*3? Overall, viruses with 225G phenotype
showed changes in the virus receptor-binding profile and the
cell/tissue tropism and dual binding for SA02,6 and SA02,3.
On the contrary, viruses with 225N showed preference for
SA02,6, though they showed reduced ability to infect human
tracheobronchial epithelial cells, an effect that was com-
pensated with a supplementary mutation S185N, expanding
their cell tropism, increasing the number of infected cells,
and likely, in consequence, the severity of the infection and
clinical outcome of the patient.?*364041

The evolution of the HIN1pdm09 virus has been followed
in detail worldwide; this has been the basis for the selection
of vaccine viruses, as well to monitor changes at the antigenic
sites, or changes in HA that result in the selection of viruses
with better receptor-binding properties. Eight monophyletic
groups have been identified based on the sequence variation
of the HA1 domain of the pHIN1 virus, actually with group
6B.1 being the most represented with viruses from around
the globe.* The most frequent amino acid substitutions are
contained in the head domain of the HA protein of pHIN1.
Some mutations such as S206T were acquired soon after the
beginning of the pandemic; others, such as A137T, S186P,
DI100N, S188T, A200T, and S146G, occurred during virus
evolution and adaptation, defining the monophyletic groups.
These amino acid changes have a direct effect on the receptor-
binding properties of the pHIN1 viruses and are suggested
to have occurred during the evolution and adaptation of the
virus as a result of the antigenic drift and the emergence of
viral variants that escape from the immune system.*#°

Seasonal H3N2 viruses and the
progression for differential SA02,6
linkages

Human influenza viruses of the H3N2 subtype emerged in the
human population during the 1968 pandemic and remain in
circulation today. Early during the pandemic, viruses isolated

from humans showed acquisition of the mutations Q226L and
G228S, which made the virus highly transmissible between
humans. The effects of these mutations in viruses of the H3
subtype demonstrate how the avian precursor of the 1968
human pandemic (A/duck/Ukraine/1/1963) exclusively rec-
ognized SA02,3, whereas a humanized H3 virus represented
by the A/Victoria/3/75 strain recognized not only SAa2,6 but
also SAa2,3. More recent H3 influenza viruses represented
by A/Panama/2007/1999 showed a complete switch in its
affinity for the SA receptor, with exclusive recognition of
SAa2,6 linkages (Figure 3). The transition between an avian
H3 virus toward a humanized H3 virus and the effect of
mutations 226 and 228 in HA were also observed in human
airway epithelium, where avian viruses possessed a restricted
infection of ciliated cells in human airway epithelial cell
cultures, whereas more recent human H3 viruses primarily
infected non-ciliated cells.'®

Human influenza H3N2 viruses represent the best exam-
ple of adaptability and evolution in humans. In consequence,
the H3 virus has presented along those years high antigenic
and genetic variability affecting the vaccine efficacy and the
need to update the vaccine composition. Major antigenic
changes during H3 evolution occurred in the HA in amino
acid positions immediately adjacent to the RBS, substantially
changing the virus antibody recognition.*”

Generally, characterization of human H3N2 viruses for
vaccine selection is through the agglutination of chicken
RBC.'® However, antigenic and genetic changes over time
have caused a progressive change in the affinity and avidity
of H3 viruses for SA receptors. Initial observations showed
that viruses isolated between 1997 and 2005 lost affinity for
SA receptors recognized in chicken RBCs, and that several
substitutions at residues E190D or Q226L—I—V or G225D
and W222R, or D225N and S193F accompanied the loss of
hemagglutination.??'* A comprehensive analysis using an
array of glycans clearly identified that H3 evolution during
six decades has progressively changed the type of glycan
recognized. Early human H3 viruses had preference for
short-branched glycans containing NeuAca2,6 structures. A
transition to recognize glycans containing longer branches
and linear structures containing N-acetyllactosamine (Lac-
NAc) repeats occurred in viruses from the second and third
decades. By the years 1998-2008, viruses had lost affinity
for binding short glycans and gained affinity for long linear
NeuAca2,6(LacNAc), structures.*” A recent expansion of
these observations analyzed the evolution of human H3
viruses through different SA02,6 conformations. A change
in binding from single short glycans to branched N- and
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Figure 3 Binding of influenza H3 viruses representing different stages of the subtype evolution prior to and since its emergence in humans.

Notes: Viruses were analyzed by cross-link binding assay using receptor mimics 3’SLN and 6’SLN. Virus binding to polymers was detected with virus subtype-specific
antiserum.** (A) Binding of an AIV (H3N8) to synthetic polymers. The virus shows preference for 3’SLN. (B) Binding of early human IAV (H3N2) to synthetic polymers. The
virus shows dual preference for 3'SLN and 6’SLN. (C) More recent human H3N2 viruses switch the receptor preference for 6’SLN and reduced affinity for the avian-like

polymers 3’SLN.

Abbreviations: 3'SLN, 3’-sialyl-N-acetyllactosamine trisaccharide; 6’SLN, 6’-sialyl-N-acetyllactosamine; HA, hemagglutinin.

O-glycans with three or more LacNac repeats has been attrib-
uted to the loss of affinity for chicken RBCs. This study has
proposed a bidentate binding model, where these human-type
receptors with elongated branches bind to two subunits of the
same HA, increasing the avidity of recent H3 viruses for the
complex forms of human SA02,6 receptors.*

The effect of receptor-binding variations in human H3
viruses through all these years has represented a scientific
challenge for virus isolation, antigenic characterization, and
vaccine strain selection. A transition in in vitro systems has
required moving from only chicken to a broad source as tur-
key, guinea pig, or human RBCs, without any success. Thus,
virus neutralization assays are now more commonly used in
addition to hemagglutination inhibition assays to characterize
antigenicity and antibody responses.”'

Avian viruses: HS5N 1 and H7Nx

Perhaps the most extensive study on the glycobiology of
influenza virus has been done in AIV as a strategy to gain

knowledge on the receptor-binding properties of these viruses
that might acquire human-to-human transmission properties.
In general, AV, including those that are highly pathogenic in
birds, do not replicate efficiently or cause disease in humans.
Prior to the influenza virus HSN1 isolated in Hong Kong in
1997, the only reported natural infections in humans by avian
viruses are two cases of conjunctivitis associated with avian
H7 viruses, one of which was an infection with a seal virus
of avian origin.’>%

While influenza’s primary site of infection in humans is
the upper respiratory tract, the primary infection site in birds
is their digestive tract. In contrast to human upper airways,
avian guts predominantly express SAo2,3 receptors. Studies
on viruses isolated early during human pandemics, when the
HA gene has only just crossed over from an avian source,
clearly demonstrate these differences. Sequence analysis
of viruses isolated early during the pandemic of 1957 and
1968 revealed that changes at conserved residues of the
RBS were associated with human adaptation. Early H2N2
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viruses isolated from humans in 1957 possessed avian-like
amino acids Q226 G228 (H3 numbering) at the HA RBS;
in vitro assays showed high affinity to the SAc2,3-linked
ligand. However, soon after its introduction in humans, the
virus acquired a single amino acid change at 226Q—L and
the receptor specificity of these viruses changed toward
SA02,6 binding. A complete human adaptation step occurred
when the virus also mutated at the second position Q226L
G228S.145 A similar adaptation process occurred for H3
viruses from the 1968 pandemic, once the virus was fully
adapted to transmit efficiently between humans.®

H5N viruses

The human infections caused by HSN1 chicken viruses in
Hong Kong in 1997 demonstrated for the first time that ATV
could infect humans directly without intermediate evolution.
HS5 viruses isolated between 1997 and 2004 showed 100%
identity in the RBS; however, viruses from early 2005 have
several amino acid changes in the HA, some of which are
located in the vicinity of the RBS.% Phylogenetic analysis of
HS5 viruses isolated from humans and chickens since 1997
shows that 10 clades (0—9) were distributed in different geo-
graphic regions of Asia.*® Clade 2 became predominant with
an extensive intercontinental expansion of the Asian clade
2.3.4.45738 The expansion of the A/Goose/Guangdong/1/1996
lineage included outbreaks of HSN8 viruses in China and
South Korea in 2014 and the first detection in the American
continent, Canada, and USA of a highly pathogenic reas-
sortant H5N2 virus.*

A novel H5NG6 virus emerged in China in 2014 causing
human infections; this novel genotype has replaced the HSN1
as the dominant subtype in southern China. These AIV are
known to be the only subtype of clade 2.3.4.4 that is able
to cross the host species barrier and infect humans with
documented exposure to infected poultry.®“! Nonetheless,
all H5 AIV isolated to date from birds, mammals, or humans
show preferential binding to SA0:2,3-linked receptors.¢7 As
described with the recent human H3N2 viruses, a progression
on the type of SAo2,3-linked receptors recognized by the
avian HS has been observed, resulting from the high rate of
antigenic and genetic diversity in HSN1 viruses. Mutations
K222Q and S227R are predominant in the RBS of virus
HAs from the actual clade 2.3.4.4, conferring a change in
receptor-binding specificity and preference for fucosylated
receptors and limited capacity for replication and transmis-
sion in mammals. %8¢

Interestingly and of relevance to the potential risk to
humans, the chances that avian HSN1 viruses will give rise

to a pandemic have been deeply analyzed. Viruses and the
effect of amino acid changes at the RBS have been tested
under several in vitro and in vivo systems, and it is generally
accepted that a double mutation at residues 226Q—L and
228G—S changed the receptor-binding activity of the avian
virus to a human phenotype. The single mutation Q226L
seems not to play an important role for the switch on receptor
recognition by the H5 HA, even though it was paramount for
the H2N2 and H3N2 viruses.® Also, although it makes some
change to the SA binding, the single mutant G228S by itself
does not affect the complete switch. Then, it may be possible
that Q226L is the driving force for the intermediate G228R
mutate onward to a G228S.7°

Despite all the knowledge generated in the last 20 years
about the H5SN1 viruses, it is still unknown why these viruses
have not yet become pandemic to humans. The most recent
evidence using the ferret model suggested that for the avian
H5NT1 virus to become transmissible between humans, sev-
eral mutations at the HA RBS are required, including those
previously described in residues 226 and 228.7"*Considering
what is already known about the virus and how long it has
been circulating in humans, it might be that HSN1 viruses
are still far away from an evolutionary adaptation in the
human host. However, it should be considered that some
other internal genes also contribute to host adaptation; for
instance, the PB2 gene appears to play a central role in the
ability of IAV to replicate in different hosts. The phenotype
of efficient replication in mammalian cells seems to result
from an amino acid difference at position 627 (amino acid
change E627K, lysine in human strains and glutamate in
avian viruses).”*?

H7Nx viruses

Avian influenza infections in humans are not just of HSN1
subtype. Avian viruses of the H7N9 subtype have also become
a threat to humans. These AIV, which are restricted to China,
infected humans for the first time in 2013; since then, a total
of 1557 laboratory-confirmed cases of human infections
including at least 605 deaths have been reported to the World
Health Organization.” Soon, as the H7N9 viruses were first
isolated from the humans, the determinants of pathogenic-
ity were analyzed; it is of great relevance that most of the
H7NO9 viruses isolated possessed a genetic marker of human
adaptation in the amino acid residue 226Q—L,”” which, in
pandemic H2 and H3 viruses from 1957 to 1968, allowed the
virus to transmit between humans.? Infection studies in dif-
ferent animal models, including mice, macaques, and guinea
pigs, shed light on the capacity of H7N9 viruses to replicate
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in different tissues of the upper and lower respiratory air-
ways, which is lethal in mice.”®” Important to the pandemic
potential that these viruses represent, besides the presence
of mutation Q226L, several transmission studies using the
ferret model have demonstrated limited transmission by
respiratory droplets.’® 2 Receptor-binding analysis of H7N9
viruses using solid-phase binding assays or the glycan array
have shown that only the presence of 226L in these viruses
is not sufficient for a complete switch from avian SAo2,3
to the human SA02,6 receptors.®**” However, if the virus
acquires additional mutations, V186G/K-K193T-G228S or
VI186N-N224K-G228S, it has the capacity to recognize and
bind to human trachea to the same extent as a human H3
virus and switch the receptor specificity from avian to human
type.®# The evolutive constrains that maintain H7N9 viruses
as a threat to human health are still unknown; implementa-
tion of extreme surveillance measures and risk assessment
tools will alert in the event of a virus capable of crossing the
host range barrier.

Not least important these avian viruses of the H7N7 sub-
type are also a threat to human health. Worldwide, isolated
cases or outbreaks of H7N7 have been reported from the
Netherlands and Italy.”®*! In humans, infections with avian
viruses H7N7 are clinically associated to self-limiting con-
junctivitis, and no person-to-person transmission has been
reported. Experimental work using the ferret animal model
showed that H7 viruses isolated from the American lineage
have already acquired the phenotype of human receptor recog-
nition by binding to several SAo2,6-linked glycans and losing
affinity for the avian SA02,3-linked carbohydrates. Moreover,
an avian H7N7 isolated from an individual with respiratory
disease was transmitted to naive control ferrets only by direct
contact.”>? Infection of eye conjunctiva by the avian H7N7
virus correlates with the predominance of SA02,3.%

H7N3 viruses are also associated with conjunctivitis
when humans are infected. Historically, these viruses have
caused human infection in Italy in 2002, in Canada in 2004,
and in England in 2006.”'% Recently, two human cases
of associated conjunctivitis were reported in two Mexican
workers during an outbreak of highly pathogenic avian H7N3
in poultry flocks.®” The receptor-binding affinity of H7N3
viruses from the Eurasian and North American lineages
showed increased binding of SAa2,6 glycans, exhibiting
the characteristics of a human influenza virus without losing
affinity for the avian SAa2,3 receptor. However, besides the
fact that viruses replicate efficiently in the upper and lower
respiratory tracts of ferrets including the recent Mexican

viruses from 2012 human cases, transmission between the
ferrets still occurs only by direct contact.”®2

The most recent event of zoonotic infections with influ-
enza viruses of avian origin was reported in companion
animals. An AIV of the H7N2 subtype was isolated from a
person infected through direct contact with sick domestic
cats. Viruses isolated from the person and the cat showed
99.9% identity, and they were phylogenetically related to
H7N2 viruses isolated from poultry in the USA. The glycan
array analysis showed in these viruses preference for SAa2,3
glycans, though there was some affinity for SAa2,6 human-
like receptors. Even though this seems an isolated event of
AV trespassing the human host range, it certainly reminds
us the plasticity of the AV to cross the species barrier.*®

Concluding remarks
Bearing in mind the accumulated evidence about H1, H2,
and H3 viruses that caused the pandemics in the 20th and
21st centuries, it seems very probable that in addition to
reassortment, a prerequisite for a pandemic virus is that its
HA protein must adapt to bind SAa2,6 rather than SA02,3.
The human airway epithelium is a complex organ of different
cell types and functions, and is also the target by which the
influenza viruses gain entry to their hosts and from where
they are transmitted onward to a new host. However, binding
to the target cell is a limiting step for efficient virus replica-
tion in the host, and human influenza viruses are presumably
adapted to optimize their interactions with this organ.
Dissecting the receptor-binding phenotype of influenza
virus has become a primary task for researchers and world
health authorities around the globe. The World Health
Organization published a Tool for Influenza Pandemic Risk
Assessment for those countries that have experienced human
infections with animal influenza viruses. This information
can help scientists better understand the risk these viruses
pose to human health and can help support development of
tools and strategies for prevention and treatment.
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