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ABSTRACT The avian influenza A(H7N9) virus continues to cause human infections
in China and is a major ongoing public health concern. Five epidemic waves of
A(H7N9) infection have occurred since 2013, and the recent fifth epidemic wave saw
the emergence of two distinct lineages with elevated numbers of human infection
cases and broader geographic distribution of viral diseases compared to the first
four epidemic waves. Moreover, highly pathogenic avian influenza (HPAI) A(H7N9)
viruses were also isolated during the fifth epidemic wave. Here, we present a de-
tailed structural and biochemical analysis of the surface hemagglutinin (HA) antigen
from viruses isolated during this recent epidemic wave. Results highlight that, com-
pared to the 2013 virus HAs, the fifth-wave virus HAs remained a weak binder to hu-
man glycan receptor analogs. We also studied three mutations, V177K-K184T-G219S,
that were recently reported to switch a 2013 A(H7N9) HA to human-type receptor
specificity. Our results indicate that these mutations could also switch the H7 HA re-
ceptor preference to a predominantly human binding specificity for both fifth-wave
H7 HAs analyzed in this study.

IMPORTANCE The A(H7N9) viruses circulating in China are of great public health
concern. Here, we report a molecular and structural study of the major surface pro-
teins from several recent A(H7N9) influenza viruses. Our results improve the under-
standing of these evolving viruses and provide important information on their re-
ceptor preference that is central to ongoing pandemic risk assessment.
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ince March 2013, when the first human infection with avian A(H7N9) influenza

viruses was reported to the World Health Organization (WHO) (1), A(H7N9) viruses
continue to be enzootic in poultry in China, and their reassortment with A(H9N2)
viruses has continued to generate multiple genotypes (2). Human A(H7N9) infection is
an ongoing epidemic in China, with sporadic spreading to Hong Kong, Taiwan, Macao,
Malaysia, and Canada (3). The virus has infected humans in five distinct annual waves.
During the fifth wave (1 October 2016 through 30 September 2017), 766 cases of
A(H7N9) virus infection with 288 deaths (38% mortality rate) were reported in mainland
China (4), numbering almost as many as the combined total for the previous four
waves. During the first four epidemic waves, all human infections were solely caused by
low-pathogenicity avian influenza (LPAI) virus. However, in addition to LPAI viruses,
human infections with highly pathogenic avian influenza (HPAI) A(H7N9) virus were
identified in the fifth wave (5, 6). In addition, the geographic distribution of A(H7N9)
virus was widespread in China during the fifth epidemic wave. Although the human
infections were mainly tied to exposures to infected poultry in live bird markets without
reported human-to-human infection, the number of human infection clusters increased
in the fifth-wave epidemic (7). Furthermore, two separate lineages (Pearl River Delta
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TABLE 1 Recombinant HA proteins and mutations used in this study

GISAID
Influenza virus strain Virus subtype database no. Mutation(s) Name used here
A/Hong Kong/61/2016 LPAI (Pearl River Delta lineage) A(H7N9) EP1872958 None (WT9) HK61

V177G-K184T-G219S HK61-GTS
V177K-K184T-G219S HK61-KTS
A/Hong Kong/125/2017 LPAI (Yangtze River Delta lineage) A(H7N9) EPI977395 None (WT) HK125
V177G-K184T-G219S HK125-GTS
V177K-K184T-G219S HK125-KTS

A/Guangdong/175F003/2016 HPAI (Yangtze River Delta lineage) A(H7N9) EP1919607 None (WT) GD3
A/Taiwan/1/2017 HPAI (Yangtze River Delta lineage) A(H7N9) EP1917065 None (WT) TW1
A/Switzerland/9715293/2013 A(H3N2) EPI814528 None (WT) HuH3
A/northern pintail/Washington/40964/2014 A(H5NS8) EP1690378 None (WT) avH5
aWT, wild type.

lineage and Yangtze River Delta lineage) have diverged among the fifth epidemic
viruses (8, 9). All of these epidemiology data have indicated that A(H7N9) virus is
actively evolving and continues to be considered the flu strain with the greatest
potential to cause a pandemic (https://www.cdc.gov/flu/pandemic-resources/
monitoring/irat-virus-summaries.htm) (10, 11).

The receptor binding specificity of the influenza virus coat protein hemagglutinin
(HA) is considered one of the major barriers for transmission of avian influenza viruses
in humans. Human seasonal influenza viruses bind to a2-6-linked sialic acids (SA),
whereas avian influenza viruses predominantly bind to a2-3-linked SA (12, 13). In the
past 100 years, only three influenza subtypes have successfully adapted to the human
population, causing four pandemics, A(H1N1) in 1918 and 2009, A(H2N2) in 1957, and
A(H3N2) in 1968 (14-17). Previous studies have shown that the switch of receptor
binding specificity from avian-like to human-like only involved several key residues
within the HA receptor binding site (RBS): E190D and G225D for A(HTN1) and Q226L
and G228S for A(H2N2) and A(H3N2) (18, 19). While it is still unknown what changes will
occur in A(H7N9) viruses should they adapt to humans, recent studies by de Vries et al.
reported that three amino acid mutations, V177G/K-K184T-G219S (V186G/K-K193T-
G228S in H3 numbering) on the A/Shanghai/2/2013 HA, were able to confer a switch
in specificity for human-type receptors and promote binding to human trachea epi-
thelial cells (20).

Here, as part of our ongoing risk assessment activities, we have expressed recom-
binant HAs (rHA) of A(H7N9) viruses from the fifth epidemic wave. Three-dimensional
structures were solved for the HAs of both Yangtze River Delta and Pearl River Delta
lineages. The glycan binding preferences of these recent 5th-wave LPAI and HPAI rHAs
were also assessed. Finally, the V177G/K-K184T-G219S mutations that were reported to
switch receptor specificity were introduced into the more contemporary Yangtze River
Delta and Pearl River Delta lineage virus HAs in order to assess whether these changes
would allow a switch to human receptor specificity in these circulating viruses.

RESULTS AND DISCUSSION

Overall structure. In order to study the fifth-wave epidemic A(H7N9) HAs from a
structural perspective, a number of rHAs were expressed in a baculovirus expression
system, and trimeric rHAs without a foldon or His tag were produced for crystallization
studies (Tables 1 and 2). The overall structures of GD3, HK61, and HK125 apo-HAs were
found to be similar to that of the A(H7N9) A/Shanghai/2/2013 (SH2) strain (PDB entry
4LN6) (21), with superimposed monomer Ca atom root mean square deviations
(RMSDs) of 0.56 A, 0.87 A, and 0.62 A, respectively. The HA monomer is composed of
a globular head containing the receptor binding site (RBS), a membrane-proximal
domain that includes a central helical stalk, and the HA1/HA2 cleavage site (Fig. 1A).
Like SH2 HA, five asparagine-linked glycosylation sites are predicted in GD3, HK61, and
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TABLE 2 Data collection and refinement statistics for the A(H7N9) HA crystal structures

Journal of Virology

Value(s)@ for:

Parameter GD3 Apo HK61 Apo HK125 Apo HK125 LSTb
Data collection
Space group 2 C2 2 2
Cell dimensions (A; a, b, c) 203.13, 117.05, 119.97 210.01, 97.53, 191.81 202.64, 116.89, 119.63 203.57, 117.87, 119.86
Cell angle (% a, b, ©) 90, 124.46, 90 90, 108.58, 90 90, 124.161, 90 90, 124.213, 90
Resolution (A) 50-2.7 (2.75-2.70) 50-2.95 (3.06-2.95) 50-2.95 (3.06-2.95) 50-3.55 (3.68-3.55)
RSym 0.053 (0.549) 0.158 (0.674) 0.112(0.827) 0.126 (0.789)
Rpim 0.035 (0.367) 0.108 (0.454) 0.069 (0.500) 0.076 (0.476)
/o 22.3(1.8) 6.4 (1.4) 18.4(1.5) 10.5(1.5)
Completeness (%) 98.7 (97.3) 93.1(71.4) 98.9 (92.2) 99.7 (98.7)
Redundancy 3.2(3.2) 3.1(2.9) 3.7(33.7) 3.7(3.6)
CC, 0 0.99 (0.888) 0.998 (0.824) 0.936 (0.723) 0.914 (0.696)
Refinement

Resolution (A)
No. of reflections (total)

50-2.7 (2.80-2.70)
62,809

50-2.95 (3.06-2.95)
68,692

50-2.95 (3.06-2.95)
48,207

No. of reflections (test) 3,265 3,659 2,675
No. of atoms 11,559 22,934 11,496
Ruori/Revee 0.221/0.258 0.236/0.267 0.234/0.279
B values (A2)
Protein 753 427 88.4
Ligand
Water
Wilson B value (A2) 61.3 56.9 785
RMSD bond length (A) 0.009 0.015 0.008
RMSD bond angle (°) 1.271 1.896 1.334
MolProbity scoresc (%)
Favored 92.6 94.1 92.4
Outliers 0.4 04 1.0
PDB entry 6D7U 6D7C 6D8B

50-3.55 (3.68-3.55)
26,155

1,297

11,667

0.225/0.274

65.1
121.7

46.7

0.015
2.168

97.0
2.7

6D8D

aValues in parentheses are for the outer shell.
bCC, ,, Pearson correlation coefficient between two random half data sets.
“Values are percentages of residues in the favored and outlier regions analyzed by MolProbity (51).

HK125 HA monomers. Due to the flexibility of glycans in glycoprotein crystals, our
structural data only showed interpretable carbohydrate electron density at Asn28 and
Asn231 in HA1 and Asn82 in HA2 for GD3 and only Asn231 in HAT and Asn82 in HA2
for HK61 and HK125 HAs.

The RBS of the fifth-epidemic-wave H7 HAs were structurally similar to all published
influenza A virus HAs. They are composed of three structural elements: a 180-helix
(positions 178 to 186), 210-loop (positions 211 to 219), and 120-loop (positions 123 to
128). At the base of the pocket, four highly conserved residues, Y88, W142, H174, and
Y186 (equivalent to Y98, W152, H183, and Y195 in H3 numbering), are present and
conserved in these recent HAs. As for other H7 HAs, the 140-loop has a unique feature
that produces a 6-A movement toward the RBS compared to group 2 H3 HAs (Fig. 1B)
(21, 22). This elongated loop has also been observed for H10 HAs, which is in the same
subclade as H7 in group 2 HA (23, 24), and previous data indicate that the 150-loop
plays a role in restricting the host specificity of HION8 viruses (24).

Sequence alignment of HA1s from the fifth-epidemic-wave HAs with that of SH2
highlighted several amino acid differences (Fig. 2). Significantly, a basic four-amino-acid
insertion was found within the cleavage sites of TW1 and GD3 Yangtze River Delta
lineage HAs, resulting in HPAI A(H7N9) viruses. Thus far, this insertion has only been
identified in conjunction with an avian Q217 (226 in the H3 numbering) residue within
the RBS. A Q217L substitution is believed to be one of the key residues necessary to
switch from avian-like receptor binding to human-like receptor binding in A(H2N2) and
A(H3N2) (12). For the other amino acid differences, only one A125V mutation in both
HK125 and TW1 HAs was located on the 120-loop within the RBS region (Fig. 1B). While
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FIG 1 Overall structure of HA. (A) The superimposed HA monomers from SH2 (green), GD3 (cyan), HK61
(magenta), and HK125 (yellow) HAs. (B) A close view of the RBS. All discussed residues in the text are
shown in sticks. All structural figures were generated with MacPyMOL (53).

this change may not result in any significant conformational change on this loop, it may
still affect loop stability and/or antigenicity. In addition, the TW1 HA possessed two
substitutions, A118N and A120T, which introduce a glycosylation site at residue 118.
While our attempt to obtain a TW1 HA structure was unsuccessful, the location of this
site is away from the RBS (Fig. 1B) and thus is not expected to directly affect receptor
specificity.

Antigenic properties of A(H7N9) viruses from two different lineages. While
human seasonal influenza virus A(H1N1) HAs have four distinct antigenic sites (Sa, Sb,
Ca, and Cb) (25), five antigenic sites (A, B, C, D, and E) have been described for human
seasonal influenza virus A(H3N2) HAs (26). Since the outbreak of avian A(H7N9) viruses
in China in 2013, candidate vaccine viruses (CVVs) were developed and remained
unchanged for the first four epidemic waves, as the circulating A(H7N9) viruses had
been antigenically stable. However, during the fifth epidemic wave, A(H7N9) viruses
showed much more genetic diversity and two genetic lineages were identified (9).
Hemagglutination inhibition (HI) testing of the fifth-epidemic Yangtze River Delta
lineage viruses, including the HPAI strains, highlighted significant antigenic differences
compared with the CVVs developed from the A(H7N9) viruses of 2013 (27). As a result,
the WHO has recommended the development of new CVVs to cover the fifth-epidemic-
wave viruses. The HK125 virus selected as an LPAI vaccine strain has A112T, S118N,
A125V, R130K, L168I, and M227I substitutions on HA1 compared to the sequence of
SH2 HA, with four substitutions located on antigenic site A (Fig. 2 and 3A and B). The
GD3 virus was selected as an HPAI CVV strain and has more substitutions, including
138T, A112P, S118N, K164E, L168I, L217Q, M227l, G261R, and 1317V (Fig. 2), that are
located on antigenic sites A, C, and D (Fig. 3C). These changes alter the HA surface
properties, which could affect the antigenicity of the CVVs. The underlying mechanism
that drove the divergence of the two H7 lineages during the fifth epidemic wave is
unknown.

Glycan binding analyses. In order to assess these 5th-wave A(H7N9) RBS substi-
tutions with respect to receptor specificity, glycan microarray analysis was performed
using these rHAs. Previous work revealed that the 2013 A(H7N9) HAs possessed a weak
human receptor binding preference by glycan array analysis, and this corresponded to
the presence of a leucine at residue 217, a position equivalent to residue 226 in
A(H3N2) viruses (21), and possibly a G177V substitution (28, 29). Since then, few HA
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FIG 2 Structural base sequence alignment of HA1 from A(H7N9) HAs. The receptor binding site (RBS), as well as seasonal H1 (1, Sa; 2, Sb; 3, Ca;
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FIG 3 Antigenicity of H7 HA. (A) The surface view of SH2 with H3 equivalent antigenic sites are shown
in different colors. A, pale green; B, wheat; C, slate; D, pale cyan; E, pale yellow. The potential
glycosylation sites are shown in orange. (B) Surface view of HK125 with amino acids that differ from SH2
are labeled and shown in red. (C) Surface view of GD3 with amino acids that differ from SH2 are labeled
and shown in red.

sequence changes have been detected, and there has been no significant change in
either the antigenic or receptor binding sites during the first four epidemic waves.
Several fifth-epidemic-wave H7 HAs, rHAs for HK61, HK125, GD3, and TW1, were
recombinantly expressed, and their binding profiles were compared to those of huH3
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and avH5 rHAs (Fig. 4A to F). LPAI H7 HAs, HK61 from Pearl River Delta lineage and
HK125 from Yangtze River Delta lineage, revealed binding profiles that were very
similar to what was reported with the 2013 SH2 HA (21). Both had a more restricted
binding profile to avian «a2-3-linked sialosides than the avian H5 HA binding profile.
They also revealed very weak binding to human «2-6 receptors (glycans 41 to 64;
glycan structures are listed in Table 3), with only one strong binding signal to
the branched glycan, GalB1-3(Neu5Aca2-6)GIcNAcB1-3GalB1-4Glc (glycan 60, LS-
tetrasaccharide b [LSTb]) (Fig. 4A and B). The HPAI H7 HAs GD3 and TW1, both from
Yangtze River Delta lineage and with glutamine at position 217, revealed a strong avian
receptor binding preference and no human-like receptor binding (Fig. 4C and D). The
binding of LSTb had been reported in previous H7 HA studies (21, 30), although the
significance of this glycan is not clear, since it has only been found in human milk (31).
While attempts were made to determine the complex structure of LSTb with both HK61
and HK125 HAs, only an HK125/LSTb complex structure was successfully solved at 3.55
A. Hydrogen bonds are formed between SIA and Y88 as well as T126 and S127. The
branched GAL forms one hydrogen bond with K184 (Fig. 5A). The superimposition of
this RBS/LSTb structure with a previous 2013 SH2/LSTb complex (21) highlighted the
lack of significant differences between the two complexes (Fig. 5B).

The 2017 rHAs were also analyzed by biolayer interferometry (BLI) for their ability to
bind to both 3SLNLNb and 6SLNLNb (Fig. 4G to H and Table 3). While there was
3SLNLNb binding to HK61, HK125, TW1, and SH2 rHAs, their binding signals were
weaker than what was seen with the control avH5 HA (Fig. 4G). Overall, binding of these
A(H7N9) rHAs to the human receptor analog, 6SLNLNb, was much reduced (=50%
compared to 3SLNLNb signal). However, 6SLNLNb binding at the higher rHA concen-
trations used (3 nM) was still significant for HK61, HK125, and GD3 (but not TW1)
compared to that for the avH5 rHA (Fig. 4H). While this was expected for HK61 and
HK125, both with L217, the GD3 rHA with avian Q217 was surprising, particularly as
glycan array data for GD3 revealed a specific «2-3 binding profile and TW1 (also with
avian Q217) showed no binding by BLI. Interestingly, the GD3 HA was previously
reported to have dual a2-3- and «2-6-linked glycan receptor specificity (6, 32), and our
data here are consistent with those reports. In addition, similar results were reported for
the A/Shanghai/1/2013 (SH1) rHA (21). By BLI, the GD3 rHA binding signal to the «2-3
receptor analog was much stronger than that of the other H7 rHAs that were tested
(Fig. 4G). The reason for the discrepancy between these assays is unclear. Previous
studies with A(H5N1) viruses reported receptor binding changes that were detected by
enzyme-linked immunosorbent assay (ELISA) (33) but not by glycan microarray (34). For
virus experiments, these discrepancies may be due to differences in virus preparations
or the antibodies used for the assays. It has also been suggested that BLI and ELISA type
assays are more sensitive for detecting subtle changes in binding avidity to «2-6
sialoglycans and thus can detect weak binding to human-type receptors, whereas the
glycan microarray is a more stringent test of binding specificity (34).

The biological relevance of each assay is also unknown and is complicated, because
switching receptor binding is not considered the only major barrier for transmission of
avian influenza viruses in humans. For example, A(H5N1) viruses bearing single-amino-
acid substitutions that yielded receptor binding changes, detected by ELISA, were not
sufficient for efficient infection and transmission in ferrets (35).

Adaptation to binding human receptors. A recently published study by de Vries
et al. used molecular modeling to identify three amino acid mutations, V177G/K-K184T-
G219S (V186G/K-K193T-G228S in H3 numbering), on the 2013 SH2 HA that switched the
HA RBS to bind human receptors (20). While the de Vries study used a 2013 HA (SH2),
it is unknown if the same switch would be seen on A(H7N9) HAs from these two recent
lineages. To address this, V177G-K184T-G219S (GTSmut) and V177K-K184T-G219S
(KTSmut) triple mutations were introduced on both the HK61 and HK125 HA frame-
works, and rHAs were expressed and analyzed by glycan microarray (Fig. 6A to D) and
BLI (Fig. 6E and F). Compared to the wild-type (WT) rHA (Fig. 4A and B), the triple
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FIG 4 Glycan microarray and BLI binding analysis of 5th-wave H7 rHAs compared to human and avian rHAs. (A) HK61, (B) HK125, (C) GD3, (D) TW1,
(E) huH3, and (F) avH5. Colored bars highlight glycans that contain a2-3 SA (blue) and a2-6 SA (red), a2-6/a2-3-mixed SA (purple), N-glycolyl SA
(green), a2-8 SA (brown), 32-6 and 9-O-acetyl SA, and non-SA (gray). Error bars reflect the standard deviations from the signal for six independent
replicates on the array. Structures of each of the numbered glycans are found in Table 3. (G and H) The binding kinetics of rHAs to specific
biotinylated glycans (3-SLNLNb and 6-SLNLNb) immobilized onto biosensors were analyzed by BLI. Error bars reflect the standard errors from three
independent experiments.
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TABLE 3 Glycan microarray for recHAs

Binding¢©

Glycan HK61_ HK61_ HK125_ HK125_

no.? Glycan structure® HK61 GTS KTS HK125 GTS KTS GD3  TW1 avH5 huH3
1 Neu5Aca NB NB NB NB NB NB NB NB NB NB
2 Neu5Aca +++ +++ +++ +4+4+ NB +++ NB NB NB NB
3 Neu5AcS NB NB NB NB NB NB NB NB NB NB
4 Neu5Aca2-3(6-0-Su)GalB1-4GIcNAcB NB NB NB NB NB NB +++ +++ +++ NB
5 Neu5Aca2-3Galp1-3[60503]GalNAca NB NB NB NB NB NB +++ +++ +++ NB
6 Neu5Aca2-3GalB31-4[60SO3]GIcNAcB +++ NB NB +++ NB NB +++ +++ +++ NB
7 Neu5Aca2-3GalB1-4(Fuca1-3)[60SO3]GIcNAC- +++ NB NB +++ NB NB +++ +++ +++ NB
8 Neu5Aca2-3GalB1-3[60SO3]GIcNAc-propyl-NH2 +++ NB NB +++ NB NB +++ +++ +++ NB
9 Neu5Aca2-3GalB1-3(Neu5Aca2-3GalB1-4)GIcNACB + NB NB ++ NB NB +++ +++ +++ NB
10 Neu5Aca2-3GalB1-3(Neu5Aca2-3GalB1-4GIcNAcB1-6)  NB NB NB +++ NB NB NB ++ +++ NB

GalNAca
1 Neu5Aca2-3GalB1-4GIcNAcB1-2Mana1-3(Neu5Aca2- +++ +++ +++  +++ 4+ +++ +++ +++ +++ NB

3GalB1-4GIcNAcB1-2Mana1-6)Manp1-
4GIcNACB1-4GIcNACB
12 Neu5Aca(2-3)-Gal B(1-4)-GIcNAcB(1-3)-Gal B(1-4)- +++ +++ +++ +++ +++ +++ +++ +++ +++ NB
GIcNACcB(1-2)-Mana(1-3)-[Neu5Aca(2-3)-
GalB(1-4)-GIcNAcB(1-3)-GalB(1-4)-GIcNAcB(1-2)-
Mana(1-6)]-ManB(1-4)-GIcNAcB(1-4)-GlcNAcB

13 Neu5Aca2-3GalB NB NB NB NB NB NB +++ +++ +++ NB

14 Neu5Aca2-3GalpB1-3GalNAca NB NB NB NB NB NB +++ +++ +++ NB

15 Neu5Aca2-3GalB1-3GIcNACS NB NB NB NB NB NB +++ +++ +++ NB

16 Neu5Aca2-3GalB1-3GIcNACS NB NB NB NB NB NB +++ +++ +++ NB

17 Neu5Aca2-3Galp1-4Glc NB NB NB NB NB NB +++ +++ +++ NB

18 Neu5Aca2-3GalB1-4GlcB NB NB NB NB NB NB +++ +++ +++ NB

19 Neu5Aca2-3GalB1-4GIcNACS NB NB NB NB NB NB +++ +++ +++ NB

20 Neu5Aca2-3GalB1-4GIcNACB NB NB NB NB NB NB +++ +++ +++ NB

21 Neu5Aca2-3GalNACB1-4GIcNACB NB NB NB NB NB ++ +++ +++ +++ NB

22 Neu5Aca2-3GalB1-4GIcNAcB1-3GalB1- +++ NB NB +++ NB NB +++ +++ +++ NB
4GIcNAcB

23 Neu5Aca2-3GalB1-3GIcNAcB1-3GalB1- NB NB NB NB NB NB +4++ +++ +++ NB
4GIcNACB

24 Neu5Aca2-3GalB1-4GIcNAcB1-3Gal B1- NB NB NB +++ NB NB +4++ +++ +++ NB
4GIcNAcB1-3GalpB1-4GIcNAcB

25 Neu5Aca2-3GalB1-4GIcNAcB1-3GalB1- +++ NB NB +++ NB NB +++ +++ +++ NB
3GIcNAcB

26 Neu5Aca2-3GalpB1-3GalNAca NB NB NB NB NB NB ++ +++ +++ NB

27 GalB1-3(Neu5Aca2-3GalB1- NB NB NB NB NB NB NB NB + NB
4(Fuca1-3)GIcNAcB1-6)GalNAca

28 Neu5Aca2-3GalB1-3(Fucal-4)GIcNACB NB NB NB NB NB NB NB +++ +++ NB

29 Neu5Aca2-3GalB1-4(Fuca1-3)GIcNACB NB NB NB NB NB NB +++ +++ +++ NB

30 Neu5Aca2-3GalB1-4(Fucal-3)GIcNAcB NB NB NB NB NB NB +++ +++ +++ NB

31 Neu5Aca2-3GalB1-4(Fuca1-3)GIcNAcS1-3GalB + NB NB ++ NB NB +4++ +++ +++ NB

32 Neu5Aca2-3GalB1-3[Fuca1-41GIcNAcB1-3GalB1- NB NB NB NB NB NB NB +4++ +++ NB
4[Fuca1-3]GIcNAcB

33 Neu5Aca2-3GalB1-3[Fuca1-3]GlcNAcB1-3GalB1- +++ NB NB +++ +++ NB +++ +++ +++ NB
4[Fuca1-3]GIcNAcB

34 Neu5Aca2-3GalB1-4(Fuca1-3)GlcNAcB1-3GalB1- +++ +++ NB A )}
4(Fuca1-3)GIcNAcB1-3Gal B1-4(Fuca1-3)GIcNAcB

35 Neu5Aca2-3(GalNAcB1-4)Gal B1-4GIcNAcB NB NB NB NB NB NB NB NB NB NB

36 Neu5Aca2-3(GalNAcB1-4)GalB1-4GIcNAcB NB NB NB NB NB NB NB NB NB NB

37 Neu5Aca2-3(GalNAcB1-4)GalB1-4GlcB NB NB NB NB NB NB NB NB NB NB

38 GalB1-3GalNAcB1-4(Neu5Aca2-3)GalB1-4GlcB NB NB NB NB NB NB NB NB NB NB

39 Fuca1-2GalB1-3GalNAcB1-4(Neu5Aca2-3)GalB1-4GIcB  NB NB NB NB NB NB NB NB NB NB

40 Fuca1-2GalB1-3GalNAcB1-4(Neu5Aca2-3)Gal1-4GIcB NB NB NB NB NB NB NB NB NB NB

41 Neu5Aca2-6Gal31-4[60SO3]GIcNACB + NB +++ NB NB +++ NB NB NB +++

42 Neu5Aca2-6GalB1-4GIctNAcB1-2Mana1-3(GalB1- NB NB NB NB NB NB NB NB NB NB
4GIcNAcB1-2Mana1-6)Man1-4GIcNAcB1-4GIcNACB

43 Neu5Aca2-6GalB1-4GIctNAcB1-2Mana1- NB NB +++ NB NB +++ NB NB NB NB

3(Neu5Aca2-6GalB1-4GIcNAcB1-2Manal-
6)ManB1-4GIcNAcB1-4GIcNAcB
44 Neu5Aca2-6Gal31-4GIcNAcB1-3GalB1- + +++ +++ NB + +++ NB NB NB +++
4GIcNAcB1-2Mana1-3[Neu5Aca2-6GalB1-
4GIcNAcB1-3GalB1-4GIcNAcB1-2Manal-
6]Manp1-4GIcNAcB1-4GIcNACB
45 Neu5Aca2-6Gal 31-4GIcNAcB1-3GalB1- NB NB NB NB NB NB NB NB NB NB
4GIcNAcB1-3GalB1-4GIcNAcB1-2ManaT-
3[Neu5Aca2-6GalB1-4GIcNACB1-
3GalB1-4GIcNAcB1-3GalB1-4GIcNACB1-
2Mana1-6]-ManB1-4GIcNAcB1-4GIcNAcB
46 Neu5Aca2-6GalB31-4GIcNAcB1-3GalB1- NB NB +++ NB NB +++ NB NB NB +++
4GIcNAcB1-3[Neu5Aca2-6GalB1-
4GIcNAcB1-3GalB1-4GIcNAcB1-6]GalNAca

(Continued on next page)
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Binding¢©

Glycan HK61_  HK61_ HK125_  HK125_

no.? Glycan structure® HK61 GTS KTS HK125 GTS KTS GD3  TW1 avH5 huH3

47 Neu5Aca2-6GalB1-4GIcNAcB1- NB NB NB NB NB NB NB NB NB NB
3[Neu5Aca2-6GalB1-4GIcNAcB1-6]GalNAca

48 Neu5Aca2-6GalNAca NB NB ++ NB NB + NB NB NB NB

49 Neu5Aca2-6GalB NB NB NB NB NB NB NB NB NB NB

50 Neu5Aca2-6GalB1-4Glcp NB NB NB NB NB NB NB NB NB NB

51 Neu5Aca2-6GalB1-4GlcB NB NB NB NB NB NB NB NB NB NB

52 Neu5Aca2-6GalpB1-4GIcNACS NB NB NB NB NB NB NB NB NB +++

53 Neu5Aca2-6GalB1-4GIcNACB NB NB NB NB NB NB NB NB NB +++

54 Neu5Aca2-6GalNAcB1-4GIcNACcB NB NB +++ NB NB +++ NB NB NB +++

55 Neu5Aca2-6GalB1-4GIcNAcB1-3GalNAca NB NB NB NB NB NB NB NB NB NB

56 Neu5Aca2-6Gal31-4GIcNACB1- NB NB +++ NB NB +++ NB NB NB +++
3GalB1-4GIcNAcB

57 Neu5Aca2-6GalB1-4GIcNACB1- NB NB NB NB NB NB NB NB NB NB
3GalB1-4GIcNACcB1-3GalNAca

58 Neu5Aca2-6GalB1-4GIcNAcB1-3GalB1- NB NB +++ NB NB +++ NB NB NB +++
4GIcNAcB1-3GalB1-4GIcNACB

59 Neu5Aca2-6Gal31-4GIcNAcB1-3Gal 31-4(Fucal-3) NB NB +++ NB NB +++ NB NB NB +++
GIcNAcB1-3GalB1-4(Fuca1-3)GIcNACB

60 GalB1-3(Neu5Aca2-6)GIcNAcB1- +++ +++ +++ +++ NB +++ NB NB NB NB
4GalB1-4GlcB-Sp10

61 Neu5Aca2-6[GalB1-3]GalNAca NB NB NB NB NB NB NB NB NB NB

62 Neu5Aca2-6GalB1-4GIcNAcB1- NB NB NB NB NB NB NB NB NB NB
6[GalpB1-3]GalNAca

63 Neu5Aca2-6Gal31-4GIcNACB1- NB NB NB NB NB + NB NB NB +++
3GalB1-4GIcNAcB1-6[GalB1-31GalNAca

64 Neu5Aca2-3GalB1-4GIcNAcB1-2Mana1- ++ NB +++ NB NB +++ NB NB NB NB
3(Neu5Aca2-6GalB1-4GIcNACB1-
2Mana1-6)Manp1-4GIcNAcB1-4GIcNACB

65 Neu5Aca2-6GalB1-4GIcNAcB1-2Manal- +++  + +++ +++ +++ +++ +++ +++ +++ NB
3(Neu5Aca2-3GalB1-4GIcNACB1-
2Mana1-6)Man1-4GIcNAcB1-4GIcNACB

66 Neu5Aca2-3GalB1-3(Neu5Aca2-6)GalNAca +++ NB +++ +++ NB +++ +++ +++ +++ NB

67 Neu5Aca2-3(Neu5Aca2-6)GalNAca NB NB NB NB NB NB NB NB NB NB

68 Neu5Gca NB NB NB NB NB NB NB NB NB NB

69 Neu5Gca2-3Galp1-3(Fuca1-4)GIcNAcB NB NB NB NB NB NB NB NB NB NB

70 Neu5Gca2-3GalB1-3GIcNACB NB NB NB NB NB NB NB NB NB NB

71 Neu5Gca2-3GalpB1-4(Fucal-3)GIcNAcB NB NB NB NB NB NB NB +++ +++ NB

72 Neu5Gca2-3GalB1-4GIcNACc NB NB NB NB NB NB NB NB ++ NB

73 Neu5Gca2-6GalNAca NB NB NB NB NB NB NB NB NB NB

74 Neu5Gca2-6GalB1-4GIcNAC NB NB NB NB NB NB NB NB NB NB

75 Neu5Aca2-8Neu5Aca NB NB NB NB NB NB NB NB NB NB

76 Neu5Aca2-8Neu5Aca2-8Neu5Aca NB NB NB NB NB NB NB NB NB NB

77 Neu5Aca2-8Neu5Aca2-3(GalNAcB1-4) NB NB NB NB NB NB NB NB NB NB
GalB1-4GIcB

78 Neu5Aca2-8Neu5Aca2-3GalB1-4GIc NB NB NB NB NB NB NB NB NB NB

79 Neu5Aca2-8Neu5Aca2-8Neu5Aca2- NB NB NB NB NB NB NB NB NB NB
3(GalNAcB1-4)GalB1-4Glcp

80 Neu5Aca2-8Neu5Aca2-8Neu5Aca2-3GalB1-4Glc NB NB NB NB NB NB NB NB NB NB

81 Neu5Aca2-8Neu5AcS-Sp17 NB NB NB NB NB NB NB NB NB NB

82 Neu5Aca2-8Neu5Aca2-8Neu5Ac NB NB NB NB NB NB NB NB NB NB

83 Neu5AcB2-6GalNAca NB NB NB NB NB NB NB NB NB NB

84 Neu5AcB2-6GalB1-4GIcNACB NB NB NB NB NB NB NB NB NB NB

85 Neu5GcB2-6GalB1-4GIcNAC NB NB NB NB NB NB NB NB NB NB

86 GalB1-3(Neu5Acp2-6)GalNAca NB NB NB NB NB NB NB NB NB NB

87 [9NAc]INeu5Aca NB NB NB NB NB NB NB NB NB NB

88 [ONAcINeu5Aca2-6GalB1-4GIcNACB NB NB NB NB NB NB NB NB NB NB

89 GalB1-4GIcNAcB1-3GalpB1- NB NB NB NB NB NB NB NB NB NB
4GIcNACB1-3GalB1-4GIcNACS

20 GalB1-3GIcNACcB1-3GalB1-3GIcNACB NB NB NB NB NB NB ++ NB +++ NB

91 GalB1-4GIcNAcB1-2Mana1-3[Gal B1-4GIcNAcB1- NB NB NB NB NB NB NB NB NB NB
2Mana1-6]ManB1-4GIcNAcB1-4GIcNAC

92 GalNAca1-3(Fuca1-2)GalB1-3GIcNAC NB NB NB NB NB NB NB NB NB NB

93 GalNAca1-3(Fuca1-2)GalB1-4GIcNAcB NB NB NB NB NB NB NB NB NB NB

94 Gala1-3(Fucal1-2)GalB1-3GIcNACcB NB NB NB NB NB NB NB NB NB NB

95 Gala1-3(Fuca1-2)GalB1-4(Fucal-3)GIcNAcB NB NB NB NB NB NB NB NB NB NB

96 GalB1-3GalNAca NB NB NB NB NB NB NB NB NB NB

aDifferent categories of glycans on the array are grouped together: glycans 1 to 3, sialic acid; glycans 4 to 40, «2-3 sialosides; glycans 41 to 63, «2-6 sialosides;

glycans 64 to 67, mixed a2-3/a 2-6 biantennaries; glycans 68 to 74, N-glycolylneuraminic acid-containing glycans; glycans 75 to 82, a2-8-linked sialosides; glycans 83
to 88, 2-6-linked and 9-O-acetylated sialic acids; glycans 89 to 96, asialo glycans.
bNeu5Ac, sialic acid; Neu5Gc, N-glycolylneuraminic acid; OSO3, sulfate; Gal, galactose; Fuc, fucose; Glc, d-glucose; GIcNAc, N-acetyl-d-glucosamine; GalNAc, N-acetyl-d-

galactosamine; Man, d-mannose; 9NAc, 9-O-acetyl.

<Significant binding of samples to glycans was qualitatively estimated based on the relative strength of the signal for the data shown. Symbols for fluorescence
intensities: >10,000, +++; 5,000 to 10,000, ++; 1,250 to 4,999, +; <1,250, NB.
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FIG 5 Structure of HK125 in complex with LSTb. (A) Interaction of the LSTb glycan with the HK125 RBS. HKL125 is shown as
a yellow cartoon, while LSTb (orange) and interacting HA residues are shown as sticks. Black dashed lines indicate hydrogen
bonds. (B) Alignment of the RBS of HK125/LSTb complex (yellow/orange) with SH2 (green/teal) (PDB entry 4LN8).

mutation GTSmut appeared to reduce the number of glycans binding to HK61 and
HK125 on the array (Fig. 6A and B). Strong «2-3-linked signals were still apparent for
biantennary glycans (glycans 11 and 12) as well as longer linear sialosides with «1-3
fucosylation (33 and 34). Interestingly, while binding to both «1-3 fucosylated glycans
(33 and 34) was maintained by the HK125 GTSmut, the HK61 GTSmut lost binding to
glycan 33, suggesting that while the core fucose helped binding to these rHAs, the 81-3
linkage between terminal galactose and N-acetylglucosamine (GalB1-3GIcNAc) was
detrimental to binding. Interestingly, in the de Vries et al. studies with the 2013 SH2 HA,
there was little binding to the «2-6 linked sialosides with this H7 rHA on the array.
Likewise, BLI results showed reduced binding to both glycans for both GTSmut proteins
compared to that of their corresponding WT rHAs (Fig. 6E and F). The KTSmut variants,
however, yielded a significant switch in HA binding preference from the «2-3-linked
sialosides to «a2-6-linked sialosides (Fig. 6C and D). The KTSmut on both HK61 and
HK125 frameworks resulted in increased binding to sulfated (glycan 41), biantennary/
branched (43, 44, and 46), and linear (54, 56, 58, and 59) «2-6-linked sialosides, and
binding was maintained for the internal LSTb (60). Binding to «2-3-linked sialosides was
also reduced, including binding to both «1-3 fucosylated glycans (33 and 34), although
weak binding to glycan 34 was still apparent for the HK125 KTSmut. Strong «2-3-linked
signals were still apparent for biantennary glycans (11 and 12), similar to what was
observed for the GTSmut proteins. Similarly, BLI results showed that glycan binding
increased for both HK61 and HK125 KTSmut rHAs compared to that of their WT
counterparts, and binding to both 3SLNLNb and 6SLNLNb was similar for both KTSmut
proteins (Fig. 6E and F).

The three positions 177, 184, and 219, identified by de Vries et al. (20), have
previously been shown to affect HA receptor binding. A valine at residue position 177
resulted in an overall increase in substrates bound on an A(H7N7) HA (21), and a G177V
mutation was also reported as a potential position for adaptation of avian H7 to
binding human receptors (28, 29). The positively charged lysine at position 184 is
positioned on the alpha helix of the RBS and points toward the pocket (21). This
position is important for receptor switching in other influenza A virus subtypes. K184T
for A(H10N8) resulted in glycan binding to human-type receptors (24), and a K184S
substitution was also reported to bind human receptors when introduced with three
other substitutions on an H5 HA (36) and was reported to be essential for the A(H3N2)
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FIG 6 Glycan microarray and BLI binding analysis of 5th-wave H7 rHAs with RBS mutations. (A) HK61-GTSmut, (B) HK125-GTSmut, (C) HK61-KTSmut, and (D)
HK125-KTSmut. Colored bars highlight glycans as listed in Fig. 4. Error bars reflect the standard deviations from the signal for six independent replicates on
the array. Structures of each of the numbered glycans are found in Table 3. (E and F) The binding kinetics of mutated rHAs to specific biotinylated glycans
(3-SLNLNb and 6-SLNLNb) immobilized onto biosensors were analyzed by BLI. Error bars reflect the standard errors from three independent experiments.
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1968 Hong Kong pandemic (37). Molecular modeling by de Vries et al. concluded that
K184 could interfere with the receptor glycan that projects out of the RBS and predicted
that a K184T substitution would permit binding of biantennary glycans across two
monomers in the trimer. Thus far, the V177K and G219S substitutions have not been
identified in any of the >1,800 available A(H7N9) HA sequences submitted to the
GISAID database.

Conclusions. The avian A(H7N9) virus epidemic is still active in China, with an
increased number of human infections. A recent study of 40 human A(H7N9) clusters
from the five waves of disease activity in China found a stable pattern in number and
size. These results suggest that the human-to-human transmission risk has not changed
since the virus emerged in 2013 (38), and our glycan binding analyses here agree with
this view. The recent description of the V177K-K184T-G219S triple mutation and its
effect on switching receptor specificity to human glycans is a cause for concern.
However, while results from the de Vries et al. manuscript revealed a switch in receptor
binding from avian to human specificity, results described here on the more recent
HK61 (Pearl River Delta lineage) and HK125 (Yangtze River Delta lineage) HA frame-
works showed a significant but not complete loss of binding to avian-like (a2-3-linked)
receptors and increased binding to human-like («2-6 linked) receptors on the glycan
microarrays. Indeed, although the HA receptor binding preference is important, it is not
the only requirement for efficient human-to-human transmission (39, 40). However, it
is a critical factor that requires continued monitoring for changes that may lead to
direct adaptation to humans or to a species that could be considered an intermediate
mixing vessel (41-43) for adaptation. Previously, an incomplete switch was also ob-
served in a study with A(H5N1) viruses, and the corresponding rescued mutant (D187G-
E190D-K1935-Q226L-G228S) viruses showed no improvement in transmission efficiency
compared to the parental viruses, indicating that additional molecular changes would
be required for A(H5N1) viruses to fully adapt to humans (36). With the recent lifting of
the moratorium on gain-of-function (GoF) experiments that had prevented these
animal experiments, future studies with a V177K-K184T-G219S triple mutation reverse
genetics virus would need to be approved and performed in order to complete a full
risk assessment analysis.

MATERIALS AND METHODS

Recombinant HA cloning and expression. cDNA encoding residues 1 to 321 of the LPAI HA1 chain
(1 to 325 for HPAI) and 1 to 174 of the HA2 chain of the mature ectodomain from each HA listed in Table
1 were synthesized as codon-optimized constructs (Genscript Inc.) and subcloned into the baculovirus
transfer vector pAcGP67-B (BD Biosciences) in frame with an N-terminal baculovirus GP67 signal peptide
and a C-terminal thrombin cleavage site, a T4 fibritin sequence for generating functional trimers, and a
His tag to aid purification (44). HA mutations were introduced by mutagenesis of the wild-type constructs
using a QuikChange lightning site-directed mutagenesis kit (Agilent Technologies). Transfection and
virus amplification were carried out by utilizing AB Vector's baculovirus transfer vectors and their
suggested transfection protocol (AB Vector, San Diego, CA).

Protein expression and purification. Secreted soluble rHA protein was recovered from the cell
culture supernatant by tangential flow filtration through a 30-kDa-molecular-weight-cutoff membrane,
metal affinity chromatography, and gel filtration chromatography. For structural studies, rHA proteins
were subjected to trypsin digestion (1:1,000, wt/wt, ratio of trypsin to protein). HAs were buffer
exchanged into 10 mM Tris-HCl, 50 mM NaCl, pH 8.0, and concentrated to 11 to 14 mg/ml for
crystallization trials.

Crystallization, ligand soaking, and data collection. Initial crystallization trials were set up using
a Formulatrix NT8 (Formulatrix, Inc., Bedford, MA). Conditions in which crystals were observed were
optimized at 20°C using a modified method for microbatch under oil (45). The GD HA was crystallized
with 0.2 M ammonium formate, pH 6.6, 20% polyethylene glycol (PEG) 3350, whereas the HK61 HA was
crystallized with 0.2 M magnesium chloride, 0.1 M HEPES-NaOH, pH 7.5, 25% PEG 3350. The HK125 HA
was crystallized with 0.2 M magnesium acetate, 20% PEG 3350. Attempts to produce receptor analog
complex crystals were performed by soaking crystals for 3 h in the crystallization buffer containing
10 mM either 3’-sialyl-N-acetyllactosamine (3-SLN), 6’-sialyl-N-acetyllactosamine (6-SLN), or LS-
tetrasaccharide b (LSTb) (Dextra Laboratories, UK). Only the HK125 HA/LSTb complex yielded diffraction-
quality crystals. All crystals were flash-cooled at 100 K, and data sets were collected at the Argonne
National Laboratory Advanced Photon Source (APS), beamline 22_ID, and processed with the DENZO-
SACLEPACK suite (46). More specific information for each HA is included in Table 2.

Structure determination and refinement. All H7 HA structures were determined by molecular
replacement with Phaser (47) using the HA structure from A/Shanghai/2/2013 (SH2) (PDB entry 4LN6).
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Models were then mutated to their correct sequences, rebuilt by Coot (48), and refined with Phenix (49)
and REFMAC using TLS refinement (50). The final models were assessed using MolProbity (51). Statistics
on data processing and refinement are presented in Table 2. Unless specified otherwise, all residue
numbering is according to that of the mature H7 protein.
Glycan binding analyses. Glycan microarray slides and biotinylated glycans used in this study were
produced under contract from the Centers for Disease Control and Prevention by James Paulson at The
Scripps Research Institute (La Jolla, CA). Recombinant HA glycan microarray analyses were performed as
described previously (21, 52). Briefly, recombinant HA-antibody complexes were prepared by mixing rHA
(15 ng), mouse anti-penta-His-Alexa Fluor 488 (Qiagen), and anti-mouse-lgG-Alexa Fluor 488 (Thermo
Fisher Scientific) in a molar ratio of 4:2:1, respectively. These prepared mixtures of complexes were
incubated for 1 h on ice, diluted to 0.5 ml with a phosphate-buffered saline buffer containing 2% (wt/vol)
bovine serum albumin (PBS-BSA), and incubated on the microarray slide in a 4°C humidified chamber for
1.5 h. Slides were subsequently washed by successive rinses in PBS with 0.05% Tween 20 (PBS-T), PBS,
and deionized water and then immediately subjected to imaging. Fluorescence intensities were detected
using an Innoscan 1100AL scanner (Innopsys, USA), and image analyses were carried out using ImaGene
9 image analysis software (BioDiscovery Inc., USA). Table 3 lists the glycans used in these experiments as

well as a tabulated qualitative assessment of binding for each protein analyzed.

For kinetic studies, biotinylated receptor analogs Neu5Ac(«2-3)Gal(B1-4)GIcNAc(B1-3)Gal(81-4)GIcNAch-
biotin (3SLNLNb) and Neu5Ac(a2-6)Gal(B1-4)GIcNAc(B1-3)Gal(B1-4)GIcNAcb-biotin (6SLNLNb) were pre-
coupled to streptavidin-coated biosensors (Pall Fortebio LLC). Binding of recombinant HA, prepared from 6
1M trimer in kinetics buffer (PBS containing 0.02% [vol/vol] Tween 20, 0.005% [wt/vol] sodium azide, and
100 pg/ml bovine serum albumin) in serial 2-fold dilutions, was analyzed by BLI using an Octet Red384
system (Pall Fortebio LLC) according to the manufacturer’s instructions. Data were analyzed using the
system software and fitted to a 1:1 binding model.

Accession number(s). The atomic coordinates and structure factors of each HA model described

here are available from the RCSB PDB database (www.pdb.org) under the accession codes 6D7U, 6D7C,
6D8B, and 6D8D.
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