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ABSTRACT All human influenza pandemics have originated from avian influenza vi-
ruses. Although multiple changes are needed for an avian virus to be able to trans-
mit between humans, binding to human-type receptors is essential. Several research
groups have reported mutations in H5N1 viruses that exhibit specificity for human-
type receptors and promote respiratory droplet transmission between ferrets. Upon
detailed analysis, we have found that these mutants exhibit significant differences in
fine receptor specificity compared to human H1N1 and H3N2 and retain avian-type
receptor binding. We have recently shown that human influenza viruses preferen-
tially bind to �2-6-sialylated branched N-linked glycans, where the sialic acids on
each branch can bind to receptor sites on two protomers of the same hemaggluti-
nin (HA) trimer. In this binding mode, the glycan projects over the 190 helix at the
top of the receptor-binding pocket, which in H5N1 would create a stearic clash with
lysine at position 193. Thus, we hypothesized that a K193T mutation would improve
binding to branched N-linked receptors. Indeed, the addition of the K193T mutation
to the H5 HA of a respiratory-droplet-transmissible virus dramatically improves both
binding to human trachea epithelial cells and specificity for extended �2-6-sialylated
N-linked glycans recognized by human influenza viruses.

IMPORTANCE Infections by avian H5N1 viruses are associated with a high mortality
rate in several species, including humans. Fortunately, H5N1 viruses do not transmit be-
tween humans because they do not bind to human-type receptors. In 2012, three semi-
nal papers have shown how these viruses can be engineered to transmit between fer-
rets, the human model for influenza virus infection. Receptor binding, among others,
was changed, and the viruses now bind to human-type receptors. Receptor specificity
was still markedly different compared to that of human influenza viruses. Here we re-
port an additional mutation in ferret-transmissible H5N1 that increases human-type re-
ceptor binding. K193T seems to be a common receptor specificity determinant, as it in-
creases human-type receptor binding in multiple subtypes. The K193T mutation can now be
used as a marker during surveillance of emerging viruses to assess potential pandemic risk.

KEYWORDS H5N1, influenza, N-linked glycan, receptor binding, sialic acid, glycan
array

Avian influenza viruses sporadically infect humans and raise concern for becoming
a new pandemic virus in a human population that has no immunity from prior

exposure. Since 1997, there have been 856 human H5N1 infections reported, with a
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mortality rate of 60%, but fortunately, the virus has not acquired the ability to transmit
between humans (1). The inability of avian viruses to transmit between humans is partly
due to the lack of binding to human-type receptors (2–5). While all influenza viruses
bind to sialic acid-containing receptors, human viruses are specific for receptors with
sialic acid in an �2-6 linkage to the penultimate galactose (human type), whereas avian
viruses bind to sialic acid in an �2-3 linkage (avian type) (2, 3, 6–9). Although this binary
specificity is accepted as a species barrier, the sialic acid linkage to a galactose is merely
a terminal structure that is part of a more complex glycan. Recent efforts by others and
us have shown that many human viruses exhibit preferential specificity for a subset of
human-type receptors comprising extended multiantennary N-glycans with branches
that can bind simultaneously to two subunits of a hemagglutinin (HA) trimer (10–15).

In 2012, several reports demonstrated that engineered mutant H5N1 viruses that
acquired the ability to bind human-type receptors could undergo respiratory droplet
transmission between ferrets (4, 5, 16). Ferrets are a well-accepted model for human
influenza disease, as they display similar clinical symptoms and can transmit human
viruses by sneezing (17). Their respiratory tract glycome is also very similar to that of
humans (18, 19). In two separate studies, viruses with H5 HAs from the A/Vietnam/
1203/04 (VN1203) or A/Indonesia/5/05 (INDO05) strain were engineered via two mu-
tations in the receptor-binding site (RBS), which is known to promote binding to
human-type receptors, and were then serially passaged in ferrets, where they acquired
additional mutations that impacted receptor specificity. The HAs of both viruses lost an
N-linked glycan at N158 on the edge of the RBS that enhanced binding to human-type
receptors and acquired a stabilizing mutation in the stalk (4, 5, 20–23).

Although the ferret-transmissible H5N1 viruses exhibited increased binding to
human-type receptors, in one case, they retained binding to avian-type receptors, and
the two mutant viruses recognized different subsets of human-type receptors (10, 20).
Recently, we found that H3N2 and the 2009 pandemic H1N1 viruses bind selectively to
a subset of human-type receptors comprising poly-N-acetyl-lactosamine (poly-LacNAc)-
extended N-linked glycans (14, 24). Such N-linked glycans with LacNAc repeats on their
antennae have been reported in human and ferret respiratory tissues and in a human
airway epithelial cell line (18, 25, 26). HA mutations that conferred similar human-type
receptor specificity were also found for H7N9, H10N8, and H6N1 avian viruses (27–29).
In all cases, the mutations allowed the �2-6-sialylated receptor glycan to extend from
one RBS and project over the 190 helix in a way that would allow the other branch of
the glycan to engage the second RBS of the same trimer. Interestingly, a key mutation
conferring human-type receptor specificity in H7 and H10 HAs was a K193T mutation,
which would in principle allow the receptor glycan to project over the surface of the HA
and promote bidentate binding (27–29).

Because the ferret-transmissible H5 viruses also contain K193, we investigated the
impact of the K193T mutation on the receptor specificity of HA to see if there would be
a further shift toward the receptor specificity of human influenza viruses (14). Remark-
ably, we find that this additional mutation in the background of ferret-transmissible H5
HA has a profound effect, conferring specificity for human-type receptors comparable
to that of human H3N2 and 2009 H1N1 pandemic viruses. This change in specificity is
further reflected in the loss of binding to chicken trachea epithelial cells and increased
binding to human trachea epithelial cells.

RESULTS
HAs from ferret-transmissible H5N1 viruses do not recapitulate the receptor

specificity of human viruses. Previous studies on the specificity of ferret-transmissible
H5N1 viruses used glycan microarrays that were missing poly-LacNAc-extended
N-linked glycans that are preferred by recent human H3N2 and 2009 pandemic H1N1
viruses (14, 20). Accordingly, we reassessed their specificity on an expanded glycan
array containing these extended N-linked glycans (see the complete list in Table S1 in
the supplemental material) (18, 25). The wild-type (WT) HAs from the H5N1 VN1203 and
INDO05 strains used in the ferret transmission experiments bound solely to �2-3-linked
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avian-type receptors (Fig. 1A and B). Engineered RBS mutations known to enable
human-type receptor specificity on VN1203 (N224K Q226L) and INDO05 (Q226L G228S)
both showed binding to a mix of avian- and human-type receptors (Fig. 1C and D). The
addition of the mutations acquired during subsequent transmission in ferrets to
VN1203 (T160A T318I) and INDO05 (T160A H107Y) led to more-avid binding to human-

FIG 1 Receptor specificities of WT H5 and the transmissible mutants. Glycan microarray analysis was used to determine the receptor specificities of VN1203 and
INDO05 WT and mutant HAs, including WT VN1203 (A), WT INDO05 (B), VN1203 N224K Q226L (C), INDO05 Q226L G228S (D), VN1203 T160A N224K Q226L T318I
(E), INDO05 H107Y T160A Q226L G228S (F), VN1203 T160A T318I (G), and INDO05 H107Y T160A (H), and human HA proteins of a recent H3N2 A/HK/6398/10
strain (I) and the 2009 pandemic H1N1 A/CA/04/09 strain (J). The mean signals and standard errors were calculated from six independent replicates. The data
shown are representative of results from three independent assays. �2-3-linked sialosides (glycans 11 to 79 on the x axis) and �2-6-linked sialosides (glycans
80 to 135) are shown. Glycans 1 to 10 are nonsialylated controls (see also Table S1 in the supplemental material). RFU, relative fluorescence units.
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type receptors, aided by the loss of an N-linked glycan at N158 on the tip of HA
resulting from the T160A mutation (Fig. 1E and F). Notably, however, the transmissible
INDO05 mutant retained binding to avian-type receptors (Fig. 1F). Engineered HAs that
contained only mutations that remove the glycan at position 158 (T160A) and influ-
enced stability in the stem (T318I or H107Y) showed wild-type avian-type specificity,
showing the importance of the engineered RBS mutations N224K Q226L and Q226L
G228S in conferring human-type receptor specificity (Fig. 1G and H). Results for HA
proteins from exemplary human H3N2 and 2009 pandemic H1N1 viruses illustrate a
preferred specificity for a subset of human-type receptors (Fig. 1I and J) that overlaps
the specificity of the ferret-transmissible H5 viruses.

The K193T mutation increases human-type receptor binding. The engineered
mutations in the VN1203 and INDO05 ferret-transmissible strains comprised one com-
mon mutation (Q226L) and one different mutation (N224K and G228S) (4, 5, 30). To
study the impact of the K193T mutation with and without the glycan mutation (T160A),
we looked at both sets of mutations in the VN1203 background. The K193T mutation
by itself has no effect on the receptor specificity of VN1203 HA (not shown), as we have
also seen for avian H7 and H10 HAs. HAs with N224K Q226L and T160A mutations have
a specificity similar to those of the corresponding transmissible mutants with the
additional stem mutation (compare Fig. 2A and 1E). However, in the VN1203 back-
ground, H5 with the Q226L G228S T160A mutation retained binding to avian-type
receptors (Fig. 2B), while the corresponding transmissible INDO05 mutant bound both
avian-type and human-type receptors (Fig. 1F). The introduction of the K193T mutation
increased binding to human-type receptors in the N224K Q226L background and
abolished binding to avian-type receptors while showing weak binding to three
human-type N-linked glycan receptors in the Q226L G228S background (Fig. 2C and D).
The further addition of the T160A mutation, which removes the glycan at position 158,
dramatically increased binding to a wider range of human-type receptors (Fig. 2E and
F). We thus conclude that removal of the bulky K193 residue and the N-glycan on the
tip of the RBS of H5 facilitates binding to human-type receptors.

Receptor-binding avidity of H5 mutant proteins. To further characterize human-
type receptor binding, we analyzed the relative avidities of all the mutants using an
enzyme-linked immunosorbent assay (ELISA)-like assay. This ELISA is based on a
multiwell glycan array format evaluating the binding of HA at increasing concentrations
to human- or avian-type receptors linked to polyacrylamide (PAA) polymers bound to
the slide surface (31). Both H5 WT proteins bound with high avidity to avian-type
receptors, with no binding to human-type receptors (Fig. 3A and B), in agreement with
the findings of the sialoside arrays. Both the transmissible VN1203 and INDO05 mutants
lost binding to avian-type receptors and also showed no binding to human-type
receptors in this assay (Fig. 3C and D). This result is consistent with these mutations
reducing the avidity for receptors (21), and the receptors in this assay are not the
N-linked glycans bound on the glycan array. The HAs with only the stalk and glycosy-
lation mutations showed binding to avian-type receptors similar to that of wild-type
HAs (Fig. 3E and F).

To assess the impact of the K193 mutation on avidity, we used the VN1203
background. The ferret-transmissible mutations N224K Q226L T160A (VN1203) and
Q226L G228S T160A (INDO05) by themselves showed low avidities for both human-
and avian-type receptors in this assay (Fig. 3G and H). The introduction of the K193T
mutation in both RBS backgrounds (N224K Q226L and Q226L G228S) resulted in a
significantly higher avidity for binding to human-type receptors (Fig. 3I and J). The
removal of the N-glycan on the HA head of these triple mutants again resulted in higher
affinities (Fig. 3K and L). From this, we conclude that the removal of the N-glycan
together with the K193T mutation, which removes a bulky, charged residue in the
receptor-binding domain, increase the binding avidity for human-type receptors.

High-avidity binding to human-type receptors increases binding to human
tracheal epithelial cells. Because binding to human-type receptors is considered
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essential for influenza viruses to transmit between humans and is presumed to result
from increased binding to human airway epithelial cells (3, 32), we analyzed the binding
of these novel H5 mutants to chicken and human tracheal tissue sections. For VN1203
with the ferret-transmissible RBS and glycosylation mutations (N224K Q226L T160A), we
observed binding to both chicken and human tracheal tissues (Fig. 4). For the VN1203
N224K Q226L K193T mutant, we were not able to show any binding to these tissues.
Since this mutant bound avidly in the other assays, it points out a fundamental
difference between receptor glycans displayed on artificial surfaces and natural glycans
on cell surface glycoproteins and glycolipids. Finally, for the N224K Q226L T160A K193T
mutant, we observed binding to human trachea tissues and no binding to chicken
trachea tissues. Notably, a higher concentration of this H5 virus was required to observe
staining, reflecting a lower avidity for human epithelial cells.

The N-glycan on the head of H5 influences bidentate receptor binding. On the
glycan array, the binding of the K193T mutant was highly restricted to N-glycans with
4 to 5 LacNAc repeats when the N-glycan at N158 was present (Fig. 2D). The absence
of this N-glycan markedly increased binding in both the sialoside array and the
ELISA-like assay (e.g., Fig. 2F, and compare Fig. 3I and J with K and L). Interestingly,

FIG 2 Receptor specificities of two sets of VN1203 H5 mutants. Glycan microarray analysis was used to determine the receptor specificities of HAs of the VN1203
T160A N224K Q226L (A), VN1203 T160A Q226L G228S (B), VN1203 K193T N224K Q226L (C), VN1203 K193T Q226L G228S (D), VN1203 T160A K193T N224K Q226L
(E), and VN1203 T160A K193T Q226L G228S (F) mutants. The mean signals and standard errors were calculated from six independent replicates. The data shown
are representative of results from three independent assays. �2-3-linked sialosides (glycans 11 to 79 on the x axis) and �2-6-linked sialosides (glycans 80 to 135)
are shown. Glycans 1 to 10 are nonsialylated controls (see also Table S1 in the supplemental material).
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binding to N-linked glycans with shorter LacNAc chains was increased with the removal
of the N-glycan at position 158, in concert with the K193T mutation. To explain this
phenomenon, we modeled the Man5 N-glycan on the head of the H5 VN1203 crystal
structure (PDB accession number 2FK0) (33). Next, we modeled a bidentate binding
event with an N-glycan with either 3 or 5 LacNAc repeats onto this structure. We
observed that the N-glycan on the head of HA overlaps the tri-LacNAc-containing
N-glycan but not the penta-LacNAc-containing N-glycan (Fig. 5), which corresponds
with our binding data showing that the removal of this N-glycan increases binding to
glycans with shorter LacNAc extensions.

FIG 3 Determination of receptor-binding avidities of WT H5 and all the mutants. An ELISA-like assay was used to determine the binding avidities of WT VN1203
(A), WT INDO05 (B), VN1203 T160A N224K Q226L T318I (C), INDO05 H107Y T160A Q226L G228S (D), VN1203 T160A T318I (E), INDO05 H107Y T160A (F), VN1203
T160A N224K Q226L (G), VN1203 T160A Q226L G228S (H), VN1203 K193T N224K Q226L (I), VN1203 K193T Q226L G228S (J), VN1203 T160A K193T N224K Q226L
(K), and VN1203 T160A K193T Q226L G228S (L). The mean signals and standard errors were calculated from six independent replicates in the ELISA-like assay.
The data shown are representative of results from three independent assays. In this array, �2-3-linked sialylated di-LacNAc (3SLNLN), �2-6-linked sialylated
di-LacNAc (6SLNLN), and nonsialylated di-LacNAc (LNLN) are shown.
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DISCUSSION

In this study, we have analyzed the receptor-binding specificities of ferret-
transmissible H5N1 viruses in more depth using an expanded sialoside glycan array that
includes intact poly-LacNAc-extended N-linked glycans found in human and ferret
airway tissues. We found that the HA proteins from the ferret-transmissible VN1203 and
INDO05 strains are different from each other and only partially overlap the specificity
of currently circulating human H1 and H3 influenza viruses. However, the glycans
bound overlap a subset of human-type receptors that comprise poly-LacNAc-extended
N-linked glycans. Upon the addition of the K193T mutation to ferret-transmissible
H5N1, we observed enhanced human-type receptor binding. K193T can be considered
a marker for binding to human-type receptors, as shown for H3, H5, H7, and H10 (28,
29, 34, 35), where the presence of a bulky side chain for avian HA subtypes or a serine
or threonine for human HA subtypes is found.

We have observed that binding to human-type receptors on a sialoside array does
not always correspond with binding to the human upper respiratory tract (29). One

FIG 4 Staining of chicken and human trachea tissues with VN1203 H5 mutants. Tissue staining of VN1203 T160A
N224K Q226L, VN1203 K193T N224K Q226L, and VN1203 T160A K193T N224K Q226L at two different concentra-
tions is shown. Tissue binding of HAs to either chicken or human tracheal sections was visualized by AEC staining.

FIG 5 Proposed three-dimensional model for how the N-glycan at position 158 would inhibit binding to
a human-type N-glycan with relatively short LacNAc repeats. (A and B) Biantennary N-glycan with 3
LacNAc repeats (A) and 5 LacNAc repeats (B). (C and D) HA surface, in gray, with N-glycans modeled with
3 LacNAc repeats (C) and with 5 LacNAc repeats (D). The N-glycan on HA is shown with a green surface
and clashes with the N-glycan with 3 LacNAc repeats in multiple adopted shapes.
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explanation is the low abundance of these glycans (25), or another possibility is that not
all human respiratory tract glycans are represented on the array. A better understand-
ing of the types of glycans present on the human respiratory epithelium and a glycan
array representing these glycans are needed for predicting the biological relevance of
mutations that switch avian-type receptor specificity to human-type receptor specificity
(3, 26, 32, 36, 37).

In this study, we reassessed the receptor specificities of ferret-transmissible H5N1
mutants and showed that they bind N-linked glycans carrying human-type receptors.
Recent human H3N2 and H1N1 viruses also bind these N-glycans with three or more
LacNAc repeats on their antennae. This receptor specificity is still markedly different
compared to that of H5N1, as H5 binds only a subset of human-type receptors and
retains some avian-type receptor specificity. To improve human-type receptor binding,
we introduced the K193T mutation and observed a significant increase in binding to
�2-6-linked sialosides. The biological consequence of this mutation and that of other
H5 mutant proteins that bind with apparent high avidity remain to be determined (38,
39). We have previously shown that recent H3N2 viruses specifically use branched
N-glycans with multiple LacNAc repeats to successfully infect and replicate in MDCK
cells (14), but knowledge on the importance of this common human-type receptor
specificity profile for pathogenesis and transmission in our best animal model, the
ferret, is severely lacking.

MATERIALS AND METHODS
Expression and purification of HA for binding studies. H5-encoding cDNAs (GenScript, USA) of

A/Vietnam/1203/04/H5N1, A/Indonesia/05/05/H5N1, A/California/04/09/pdmH1N1, and A/Hong Kong/
6398/10/H3N2 were cloned into the pCD5 expression vector as described previously (40). The pCD5
expression vector is adapted such that the HA-encoding cDNAs are cloned in frame with DNA sequences
coding for a signal sequence, a GCN4 trimerization motif (RMKQIEDKIEEIESKQKKIENEIARIKK), and Strep-
tag II (WSHPQFEK; IBA, Germany).

The HA proteins were expressed in HEK293S GnTI(�) cells and purified from the cell culture
supernatants as described previously (40). pCD5 expression vectors were transfected into HEK293S
GnTI(�) cells by using polyethyleneimine I (PEI). At 6 h posttransfection, the transfection mixture was
replaced with 293 SFM II expression medium (Gibco) supplemented with sodium bicarbonate (3.7 g/liter),
glucose (2.0 g/liter), Primatone RL-UF (3.0 g/liter), GlutaMAX (Gibco), and 1.5% dimethyl sulfoxide
(DMSO). Tissue culture supernatants were harvested at 5 to 6 days posttransfection. HA proteins were
purified by using Strep-Tactin Sepharose beads according to the manufacturer’s instructions (IBA,
Germany).

Glycan microarray binding of HA. Purified, soluble trimeric HA was precomplexed with Alexa
488-linked anti-Strep-tag mouse antibody and Alexa 488-linked anti-mouse IgG (4:2:1 molar ratio) prior
to incubation for 15 min on ice in 100 �l phosphate-buffered saline (PBS)–Tween (PBS-T) and incubated
on the array surface in a humidified chamber for 90 min. Slides were subsequently washed by successive
rinses with PBS-T, PBS, and deionized H2O. Washed arrays were dried by centrifugation and immediately
scanned for a fluorescein isothiocyanate (FITC) signal on a Perkin-Elmer ProScanArray Express confocal
microarray scanner. The fluorescent signal intensity was measured by using Imagene (Biodiscovery), and
the mean intensity minus the mean background was calculated and graphed by using MS Excel. For each
glycan, the mean signal intensity was calculated from 6 replicates spots. The highest and lowest signals
of the 6 replicates were removed, and the remaining 4 replicates were used to calculate the mean signal,
standard deviation (SD), and standard error measurement (SEM). Bar graphs represent the averaged
mean signal minus the background for each glycan sample, and error bars are the SEM values. A list of
glycans on the microarray is included in Table S1 in the supplemental material.

ELISA-like assay. In the ELISA-like assay, microwell slides were printed to contain six replicates of
3SLNLN-, 6SLNLN-, and LNLN-PAA (where LN stands for LacNAc), and the assay was done the same way
as for the glycan microarray, with some differences (31). The microwell slide contained 48 identical arrays
that were incubated with 8 �l of the analyte. A total of 40 �g/ml of precomplexed HA was serially diluted
in a 384-well plate and incubated for 10 min on ice. This solution was transferred to the microwell arrays
and incubated for 90 min in a humidified chamber. Washes, scanning, and analyses were carried out as
described above for the glycan microarray.

Tissue staining. Sections of formalin-fixed paraffin-embedded human and chicken trachea tissues
were obtained from the University Medical Center, Utrecht University, The Netherlands, and the Depart-
ment of Veterinary Pathobiology, Faculty of Veterinary Medicine, Utrecht University, The Netherlands,
respectively. Tissue sections were rehydrated in series of alcohol from 100%, 96%, and 70% and finally
rehydrated in distilled water. Endogenous peroxidase activity was blocked with 1% hydrogen peroxide
for 30 min. Tissue slides were boiled in citrate buffer (pH 6.0) for 10 min at 900 kW in a microwave for
antigen retrieval and washed in PBS-T three times. Tissues were subsequently incubated with 3% bovine
serum albumin (BSA) in PBS-T overnight at 4°C. The next day, the purified, soluble trimeric HA was
precomplexed with mouse anti-Strep-tag– horseradish peroxidase (HRP) antibodies (IBA) and goat
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anti-mouse IgG-HRP antibodies (Life Biosciences) at a ratio of 4:2:1 in PBS-T with 3% BSA and incubated
on ice for 15 min. After draining of the slide, precomplexed HA was applied onto the tissue and
incubated for 90 min. Sections were then washed in PBS-T, incubated with 3-amino-9-ethyl-carbazole
(AEC; Sigma-Aldrich) for 15 min, counterstained with hematoxylin, and mounted with Aquatex (Merck).
Images were taken by using a charge-coupled-device (CCD) camera and an Olympus BX41 microscope
linked to CellB imaging software (Soft Imaging Solutions GmbH, Münster, Germany).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
.02016-17.

SUPPLEMENTAL FILE 1, PDF file, 7.7 MB.
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