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M Check for updates

The 1957 H2N2 influenza pandemic virus [A(H2N2)pdm1957] has disappeared
from humans since 1968, while H2N2 avian influenza viruses (AlVs) are still
circulating in birds. It is necessary to reveal the recurrence risk and potential
cross-species infection of these AlVs from avian to mammals. We find that H2
AlVs circulating in domestic poultry in China have genetic and antigenic dif-
ferences compared to the A(H2N2)pdm1957. One H2N2 AlV has a dual
receptor-binding property similar to that of the A(H2N2)pdm1957. Molecular
and structural studies reveal that the N144S, and N144E or R137M substitutions
in hemagglutinin (HA) enable H2N2 avian or human viruses to bind or pre-
ferentially bind human-type receptor. The H2N2 AlV rapidly adapts to mice
(female) and acquires mammalian-adapted mutations that facilitated trans-
mission in guinea pigs and ferrets (female). These findings on the receptor-
binding, infectivity, transmission, and mammalian-adaptation characteristics
of H2N2 AlVs provide a reference for early-warning and prevention for this
subtype.

Avian influenza viruses (AlVs) pose a threat to public health
worldwide’. Since the first human-infecting H5SN1 AIV was repor-
ted in Hong Kong in 19977, multiple subtypes of AlVs have spor-
adically caused human infections, including H9N2, H7N9, H6N1,
HIONS, H5N6, H7N4, HION3, and H3N8* . Therefore, strength-
ening AIV surveillance in animals and a public health risk
assessment of novel AlVs are imperative for the control and
prevention of emerging and re-emerging influenza pandemics
and epidemics.

To date, at least five influenza pandemics have been caused by
HIN1, H2N2, and H3N2 viruses'*". Among them, the 1957 H2N2 pan-
demic virus [A(H2N2)pdm1957] emerged in humans through the
reassortment between the circulating human HINI virus and H2N2
AlVs: the HA, NA, and PB1 gene segments from H2N2 AlVs, while the
remaining five gene segments were from the human HINI1 virus'>, The
A(H2N2)pdm1957 spread rapidly among humans, causing the “Asian
influenza” pandemic. However, it suddenly disappeared after 11 years
of circulation in humans when the H3N2 virus emerged in 1968". Over
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50 years have passed since the spread of the last H2N2 virus identified
in humans; hence, preexisting antibodies against A(H2N2)pdm1957
have gradually disappeared from the human population®. On the other
hand, H2 low pathogenicity AIVs (LPAIVs) are continuously circulating
in poultry and mammals worldwide'**, possibly allowing the reintro-
duction of H2 viruses into the human population, with or without
needing prior reassortment with other viruses.

The viral surface glycoprotein hemagglutinin (HA), a trimeric class
I transmembrane protein that binds sialic acid (SA) receptors to initiate
virus infection, is a major determinant of host tropism, pathogenicity,
and transmission”. Generally, the HA of AlVs preferentially binds
avian-type a2,3-linked sialic acid («2-3-SA) receptor, while human-
adapted viruses preferentially bind to the human-type o2,6-linked
sialic acid (a2-6-SA) receptor. It has been shown that a switch in
receptor-binding preference from avian- to human-type, associated
with Q226L and G228S substitutions in the receptor-binding site (RBS)
of HA, contributed to the emergence of A(H2N2)pdm19572°%,

Here, seven H2 LPAIVs possessing diverse antigenicity compared
to A(H2N2)pdm1957 are identified in domestic poultry in China from
our long-term surveillance” . Unexpectedly, one H2N2 LPAIV isolate
(Dk/FJ/2021) is found to bind both avian- and human-type receptors. In
addition, we find that one A(H2N2)pdm1957 strain (A/Singapore/1/
1957) isolated in 1957 also has a dual receptor-binding property, while
another strain (A/Korea/426/1968) isolated in 1968 preferentially binds
human-type receptor. Both the human influenza strains have L226 and
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Fig. 1| Phylogenetic and antigenic characteristics of the H2Ny avian influenza
viruses identified in this study. a Phylogenetic tree of the HA gene of H2 influenza
viruses. Pink and orange grids represent the H2 human virus lineage and the current
circulating H2 avian influenza virus (AIV) lineage, respectively. The dotted viruses in
the AIV and human virus lineages are the sequenced H2Ny AlVs and reference
human viruses used in this study. b Antigenic cartograph representation of the
hemagglutination inhibition (HI) data was generated using an antiserum panel. One
unit (grid) represents a 2-fold change in the HI assay. H2N2 human viruses are

S228 residues, and we find that the residues in the 130-loop of RBS will
affect the receptor-binding preference. Furthermore, the adaptation
ability, pathogenicity, and transmissibility of the H2N2 LPAIV with
human-type receptor-binding ability are assessed in mice, guinea pigs,
and ferrets. These results will enrich the genetic and antigenic char-
acteristics, and provide new evidence for understanding the molecular
basis of receptor-binding and inter-species transmission of H2N2
influenza virus.

Results

H2Ny AlVs present different genetic and antigenic character-
istics from the A(H2N2)pdm1957 strain

Phylogenetic analysis of the HA and six internal genes showed that the
A(H2N2)pdm1957 strain fell within the Eurasian lineage, along with
H2Ny LPAIVs. The A(H2N2)pdm1957 strain formed a separate lineage
from the AIV lineage, and no other A(H2N2)pdm1957-like strain has
been identified since 1968 based on virus sequences in public data-
bases. In contrast, H2Ny AlVs have continued to circulate and gradually
increased in number in animals, evolving into at least three HA clades:
1961-1998 (n = 61), 1999-2009 (n =58), and 2009-2022 (n=98). Our
seven H2Ny LPAIV strains belong to the 2009-2022 clade (Fig. 1a and
Supplementary Fig. 1). The NA gene of A(H2N2)pdm1957 also formed
an independent lineage distinct from the lineages of Eurasian and
North American HxN2 AlVs, swine HxN2, and human seasonal H3N2
influenza viruses (Supplementary Fig. 1).
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encircled in red oval, while H2 AlVs are encircled in black oval. ¢ Individual sera
from humans (n =419) born prior to 1968 were examined for antibodies against the
H2N2 pandemic strain A/SG/1/1957 and the AIV strain Dk/FJ/2021 by hemaggluti-
nation inhibition (HI) and microneutralization (MN) assays. Sera with HI or MN
titers > 1:40 are considered positive. Data are represented as the mean + SD.

d Sequence alignment of the key residues in the receptor-binding site (RBS) of the
HAs from representative H2 viruses.

Nature Communications | (2024)15:10012


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54374-z

a d
— Dk/FJ/2021(H2N2) Dk/FJ/2021 HA to 02-6 glycans Dk/FJ/2021 HA to a2-3 glycans  DKI/FJ/2021 HA to a2-3 and a2-6 glycans
E2 5 4000 g 4000 5 4000
S 4 Z 3500+ & 3500+ & 3500 =
g1 2 3000- 2 3000+ g 3000] "DTOZ2HM
O 1.0+ S 2500 £ 25004 £ 2500
° > 2000+ = 2000- > 2000
g 0.5+ 2 15004 @ 15004 2 1500
S 0.0 g 1000 g 1000+ S 1000 KD=2.01 ym
. Q.
5 2 500+ 2 500 4 @ 500
.3 T | | T x 0 4 & 0 T ¥ ¥ & 0 T T T T
< 01 2 3 4 5 6 100 200 300 400 100 200 300 400 0 2 4 6 8
Glycans (ug/mL) Time(s) Time(s) Concentration/pm
9 AISG/1/1957(H2N2) e AISG/1/1957 HA to a2-6 glycans AISG/1/1957 HA to 02-3 and a2-6 glycans
E 2.0 35 2500 5 2500
c 4 2 KD = 0.11 uM o
§ 154 L; 2000 Y 2000
8 1.04 5 1500 £ 1500
[ [
80.54 @ 1000 & 1000
& 2 500 S 500 KD =1.17 yM
2 0.0+ @ @
e Q Q
2 € 0 € 0 r—r—1—
] 001 2 3 4 5 8 0 100 200 300 400 0 100 200 300 400 0 2 4 6 8 10
Glycans (ug/mL) Time(s) Time(s) Concentration/um
C
£ AIKR/426/1968(H2N2) A/KR/426/1968 HA to a2-6 glycans A/KR/426/1968 HA to 02-3 glycans A/KR/426/1968 HA to a2-3 and a2-6 glycans
2.0 S 600 S 600 = 600
£ g 2 ey 2
$1.54 0 e 0.625uM =
[a] = = == 1.25uM =
8 10- z 400 £ 400 —2.5p|;/| £ 4004 «5 =323 um
8 3 [ - 5uM 3
£ 0.5+ £ 200 2 200 = 10uM g 200
£00- g 2 = 20M a KD> 1.0 mM
@ Z 0 K] € 0
< 0 1 2 3 4 5 8 0 100 200 300 400 0 100 200 300 400 0 5 10 15 20
Glycans (ug/mL) Time(s) Time(s) Concentration/um

-o- 02-6 glycans

Fig. 2 | Receptor-binding properties of the wild-type H2N2 avian and human

viruses. a-c Receptor-binding properties at the virus level. Results of the solid-
phase binding assays for Dk/F)/2021 (a), A/SG/1/1957 (b), and A/KR/426/1968 (c)
to both a2,3-linked (3’-SLNLN) and a2,6-linked (6’-SLNLN) sialylglycan receptors.
Blue and red lines represent 3’-SLNLN and 6’-SLNLN, respectively. Vaccine strains
(A/SG/1/1957 and A/KR/426/1968) were rescued by reverse genetics, in which HA
and NA genes from the wild-type A/SG/1/1957 or A/KR/426/1968 strains and the

== a2-3 glycans

internal genes from the vaccine backbone A/PR/8/34. A/CA/04/2009 and A/VN/
1194/2004 were used as controls. d-f Receptor-binding properties at the protein
level. BlAcore diagram of HAs from Dk/F)/2021 (d), A/SG/1/1957 (e), and A/KR/
426/1968 (f) binding to 3’-SLNLN or 6’-SLNLN. The binding affinity (Kp) values
were calculated using the BlAcore 3000 analysis software (BlAcore version 4.1).
The binding curve to the 3’-SLNLN is shown in blue, and that for the 6’-SLNLN is
shown in red.

The differences in HA lineages between the human A(H2N2)
pdm1957 strains and H2Ny AlVs circulating in animals suggest anti-
genic drift. Therefore, the antigenic relationship between these two
lineages was further analyzed using cross-hemagglutination inhibition
(HI) and microneutralization (MN) assays. Five out of seven H2 LPAIVs
in clade 2009-2022 were isolated and formed an antigenic group.
These strains displayed low reaction activities with two A(H2N2)
pdm1957 strains, which were identified in 1957 (A/SG/1/1957) and 1968
(A/KR/426/1968) and grouped into another antigenic group (Fig. 1b
and Supplementary Table 1). In addition, 419 sera from humans born
prior to 1968 were selected for antibody test against the H2N2 pan-
demic strain A/SG/1/1957 and the AlV strain DK/FJ/2021. A high positive
rate was detected for the pandemic strain (77.3% for HI and 70% for
MN), while low seroprevalence was found in the avian strain (2.6% for
Hland 2.3% for MN) (Fig. 1c). Taken together, these results indicate that
the preexisting immunity obtained from the H2N2 pandemic viruses
may not completely protect humans against the currently prevalent H2
AlVs in animals.

The different amino acid residues in the antigenic epitopes of
the HA protein between these two lineages probably resulted in
different antigenicity (Supplementary Table 2). In addition, several
substitutions in the RBS of HA were found between our H2Ny isolates
and the A(H2N2)pdm1957 strains (Fig. 1d and Supplementary
Table 2), which may affect the receptor-binding abilities of these H2
viruses.

Receptor-binding properties of the avian and human H2N2
influenza viruses

Binding to human-type receptor is an important determinant for AlVs
to infect human cells. Therefore, we characterized the receptor-
binding abilities of our H2 AlV isolates and compared them to the two
A(H2N2)pdm1957 strains (A/SG/1/1957 and A/KR/426/1968). At the
virus level, most H2 AIV isolates preferentially bound avian-type
receptor, as revealed using a solid-phase binding assay, except for one
H2N2 AIV strain (Dk/FJ/2021), which possessed a dual receptor-binding
ability. However, its affinity to avian-type receptor was higher than the
human-type receptor (Fig. 2a). Interestingly, the A(H2N2)
pdm1957 strain (A/SG/1/1957) also presented a dual receptor-binding
property but with stronger human-type receptor affinity, while the
1968 strain (A/KR/426/1968) preferentially bound human-type recep-
tor (Fig. 2b, c¢). As controls, A/California/04/2009(HIN1) (A/CA/04/
2009) preferentially bound human-type receptor, while A/Vietnam/
1194/2004(H5N1) (A/VN/1194/2004) merely bound avian-type receptor
(Supplementary Fig. 2).

The receptor-binding properties of H2N2 human and avian viru-
ses were systematically studied at the protein level using a surface
plasmon resonance (SPR) assay. The results were similar to those
obtained at the virus level. Dk/FJ/2021 HA bound both avian- and
human-type receptors, with affinities of 0.22pM and 2.01pM,
respectively (Fig. 2d). A/SG/1/1957 HA also displayed a dual binding
property with affinities of 1.17 uM and 0.11 pM, respectively (Fig. 2e). In
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Fig. 3 | Receptor-binding properties of the H2N2 HA mutants. Receptor-binding
properties at the protein level. BlAcore diagram of A/SG/1/1957-R137M mutant HA
(a), A/SG/1/1957-N144E mutant HA (b), and Dk/FJ/2021-S144N mutant HA (c)
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binding to 3’-SLNLN or 6’-SLNLN. The binding affinity (Kp) values were calculated
using BlAcore 3000 analysis software (BlAcore version 4.1). The binding curve of
the 3’-SLNLN is shown in blue, and that for the 6’-SLNLN is shown in red.

contrast, A/KR/426/1968 HA exhibited a preference for the human-
type receptor, with an affinity of 3.23 uM (weaker than that of A/SG/1/
1957), showing negligible binding to the avian-type receptor
(Kp >1mM, beyond the SPR measurement range) (Fig. 2f).

Although sharing L226 and S228 on the HA protein, A/SG/1/1957
and A/KR/426/1968 viruses exhibited distinct receptor-binding prop-
erties, which may be caused by six residue substitutions in the RBS:
R137M, N144K, S159P, T189A, T193A, and T219A (H3 numbering)
(Fig. 1d and Supplementary Table 2). So we introduced single sub-
stitution of these sites into the A/SG/1/1957 HA protein. The SPR assays
showed that a single R137M residue substitution shifted A/SG/1/1957
HA to human-type receptor preference (with an affinity of 1.76 pM,
Fig. 3a). However, the other five substitutions (N144K, S159P, T189A,
T193A, and T219A) did not affect the dual receptor-binding property of
A/SG/1/1957 (Supplementary Fig. 3a-e).

In addition, based on the sequences in publicly available data-
bases, we found that the proportions of R137K and N144E substitutions
in the human H2N2 epidemic viruses after 1960 was 54.2% (32/59) and
15.3% (9/59), respectively. Therefore, we also performed these two
substitutions in the HA of A/SG/1/1957. Interestingly, the R137K sub-
stitution did not affect receptor tropism (Supplementary Fig. 3f). In
contrast, the N144E substitution enabled A/SG/1/1957 HA to pre-
ferentially bind human-type receptor with an affinity of 0.32pM
(Fig. 3b). Taken together, the R137M or N144E substitutions can change
the receptor-binding property of human H2N2 HA from dual receptor
binding to a preference for human-type receptor.

Moreover, unlike other H2 viruses, the Dk/FJ/2021 strain pos-
sesses N144S substitution in the HA protein (Fig. 1d and Supplemen-
tary Table 2). Therefore, we generated a mutant Dk/F)/2021 HA protein
with the S144N substitution and characterized its receptor-binding
property using SPR. The results showed that the S144N mutant only
bound avian-type receptor (Fig. 3c), indicating that the residue S144 is
responsible for the binding of Dk/FJ/2021 to human-type receptor,
further emphasizing the importance of the HA 144 site in regulating
the binding of H2 viruses to the receptors.

Itis well known that the Q226L and G228S substitutions on the
HA protein are critical for binding human-type receptor in H2, H3,
H4, H5, and H9 subtype viruses'*. To study the synergistic effects
of the N144S-Q226L-G228S substitution, we further introduced
substitution combinations L226/G228 and L226/S228 into the Dk/
FJ/2021 HA protein (S144-Q226-G228). The SPR results showed that
both combinations converted the binding preference of Dk/FJ/
2021 HA to human-type receptor (Supplementary Fig. 3g, h),
indicating that residue L226 is pivotal for the binding of both
human and avian H2 influenza viruses to human-type receptor. In
summary, R137M and N144E/S can increase the affinities of human-
type receptor, and can result in the exclusive human-type recep-
tor-binding ability of the H2N2 virus together with Q226L.

Structure of H2N2 HAs bound to receptor analogs
To understand the molecular mechanisms of the receptor-binding
change of H2N2 HAs, we resolved the HA structures of wild-type (WT)
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Fig. 4 | Structure basis of the interaction between H2N2 HAs and avian and
human receptor analogs. The secondary structural elements of the RBS (130-loop,
140-loop, 190-helix, and 220-loop; H3 number) are labeled in the ribbon repre-
sentation, together with selected residues in the stick representation. Hydrogen
bonds are indicated by the dashed lines. a, b Molecular interactions of Dk/FJ/2021
wild-type HA with human (a) and avian (b) receptor analogs. ¢ Comparison of the
RBSs between the Dk/FJ/2021 HA-avian receptor complex (light pink) and the Dk/F)/
2021-S144N HA mutant-avian receptor complex (orange). A similar trans con-
formation for glycan binding showed no observable drift between the two com-
plexes. d, e Molecular interactions of A/SG/1/1957 HA with human (d) and avian (e)
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human receptor complex (green). The human receptor analog shifts towards the
220-loop by 1.3 A in the A/SG/1/1957-N144E complex. h Comparison of the RBSs
between the A/SG/1/1957 HA-human receptor complex (cyan) and A/KR/426/1968
HA-human receptor complex (pale green). The human receptor analog shifts
towards the 130-loop by 0.8 A in the A/KR/426/1968 complex.

A/SG/1/1957, A/KR/426/1968, and Dk/FJ/2021, as well as their respec-
tive mutants, in complex with two receptor analogs, LSTa (the avian-
type receptor) and LSTc (the human-type receptor), using Cryo-
Electron Microscopy (Cryo-EM). The resolutions of these structures
are shown in the Supplementary Tables 3-5. The complexes exhibited
well-defined electron densities for the receptor analogs (Supplemen-
tary Fig. 4a-h).

The structure of WT Dk/FJ/2021 HA (S144-Q226) in complex with
the human receptor analog LSTc revealed that the analog bound in a
cis conformation (Fig. 4a), with ten hydrogen bonds and extensive van
der Waals (vdW) interactions between Sia-1 and RBS residues (Sup-
plementary Table 6). The Q226 residue in the RBS formed four

hydrogen bonds with Sia-1. Additionally, repulsion between the
hydrophobic glycosidic linkage of Sia-1 and Gal-2 in the LSTc and the
hydrophilic Q226 residue caused the glycan ring (Gal-2) to be pushed
away from the RBS, resulting in only Sia-1 being involved in the inter-
actions with RBS residues (Fig. 4a).

In the complex structure of WT Dk/FJ/2021 HA and avian receptor
LSTa, both Sia-1 and other sugar moieties were visible (Supplementary
Fig. 4a). Unlike the human receptor analog LSTc, the avian receptor
analog LSTa was bound in a trans conformation (Fig. 4b), consistent
with observations in the HAs of other AIVs?. Notably, the “avian-sig-
nature” residue Q226 formed five hydrogen bonds with Sia-1 and one
hydrogen bond with Gal-2. Three conserved hydrogen bonds were also
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formed between the 130-loop of RBS and Sia-1 (Fig. 4b). This intensive
network of hydrogen bonds, complemented by substantial vdW
interactions (Supplementary Table 6), collectively contributed to the
stabilization of the trans conformation of the avian receptor analog.
Hence the WT Dk/FJ/2021 HA can bind both human- and avian-type
receptors, and prefers the latter one.

For the complex structure of the S144N-mutant Dk/FJ/2021 HA
with the avian receptor analog LSTa, there was no observable drift in
the position of the analog compared with the complex structure of the
WT Dk/FJ/2021 HA (S144) with LSTa (Fig. 4c). However, the residue
S144 appeared to reduce the vdW forces between the 130-loop and
140-loop of the RBS (Supplementary Table 6), resulting in the
increased hydrogen bond interactions between the 130-loop and the
analog. Taken together, residue S144 enhances the affinity of the HA
protein for both avian- and human-type receptors, facilitating the
binding of the H2N2 AIV to the human-type receptor.

The complex of the WT A/SG/1/1957 HA (R137-N144-1L226-5228)
with the human receptor analog LSTc showed that the analog was
bound in a cis conformation (Fig. 4d), similar to what has been
observed in the HA of the human H3N2 virus. Residue L226 created a
hydrophobic environment for the glycosidic linkage between Sia-1 and
Gal-2, resulting in the analog adopting a cis conformation. The binding
interface also included four hydrogen bonds between Sia-1 and 130-
loop, three hydrogen bonds between residue E190 of the 190-helix and
Sia-1, and one hydrogen bond between residue S228 of the 220-loop
and Sia-1 (Fig. 4d). These hydrogen bonds collectively play a pivotal
role in stabilizing the cis conformation of LSTc.

The complex WT A/SG/1/1957 HA with the avian receptor analog
LSTa exhibited a strong electron density for Sia-1 and Gal-2 (Supple-
mentary Fig. 4c). Interestingly, in the presence of L226, A/SG/1/1957 HA
also bound to the LSTa in a trans conformation (Fig. 4e). Four hydro-
gen bonds were formed between Sia-1 and the 130-loop, while residue
E190 formed a single hydrogen bond with Sia-1. However, no hydrogen
bond was observed between the LSTa and the 220-loop, resulting in a
weaker interaction, as corroborated by the results of the SPR
assay (Fig. 2e).

To figure out the molecular mechanism by which the R137M and
N144E substitutions enable A/SG/1/1957 HA to preferentially bind the
human-type receptor, we obtained the structures of two mutant HAs
(R137M or NI144E) in complex with the two receptor analogs. The
human receptor analog LSTc adopted cis conformation in both A/SG/
1/1957-R137M and A/SG/1/1957-N144E HA mutants (Fig. 4f, g). Com-
parative analysis showed an obvious shift of the LSTc toward the 130-
loop by 0.8 A for the HAs of A/SG/1/1957-R137M (Fig. 4f) and WT A/KR/
426/1968 (Fig. 4h) compared with the WT A/SG/1/1957 HA. Further-
more, an additional hydrogen bond formed between residue S136 and
the Sia-1 owing to the repulsion between the side chains of M137 and
S136 (Supplementary Table 6). However, as the LSTc repositioned
itself, hydrogen bond and vdW interactions between E190 and LSTc
significantly diminished (Supplementary Table 6). This phenomenon
likely contributed to the reduced affinity of the mutant for both
human- and avian-type receptors, thereby explaining the dominant
binding to the human-type receptor.

Compared with WT A/SG/1/1957 HA, the human receptor ana-
log LSTc was shifted towards the 220-loop by 1.3 A for the A/SG/1/
1957-N144E mutant HA (Fig. 4g). In addition, in HA-N144E structure,
the hydrogen bond between the main chain of G143 (140-loop) and
the side chain of R137 (130-loop) disappeared (Fig. 4g). So we
assumed that the N-to-E substitution at site 144 attenuated the
interactions between the 130-loop and 140-loop, resulting in the
side chain of S136 drawing closer to the side chain of L226, which
caused the shift of LSTc to 220-loop. The positional adjustments of
LSTc further induced the reduction in the interactions of hydrogen
bond and vdW between E190 and the analog (Supplementary
Table 6). Ultimately, the diminished affinity between HA (E144) and

both human- and avian-type receptors resulted in the human-type
receptor preference.

Infectivity and dynamic adaptation of the H2N2 AIV strain

in mice

The pathogenicity of the Dk/FJ/2021 WT virus was first studied in mice
with a dose of 10° 50% egg-infectious dose (EIDsp). The infected mice
exhibited transient body weight loss compared to the mock-infection
mice with PBS (Fig. 5a and Supplementary Fig. 5a). However, the virus
replicated well in the lungs of infected mice, as shown in MA1 (Fig. 5a
and Supplementary Fig. 5b), suggesting the H2N2 AIV could infect and
replicate in mice, a species of mammals, without prior adaptation.

To further study the mammalian adaptation ability of H2N2 AIV
and develop a mouse lethal infection model for the pathogenesis
study, as well as vaccine and drug development, a series of lung-to-
lung passages of the virus were performed in BALB/c mice, and the
viruses in each passage were named MA1-MAL15. Along with passaging,
the body weight losses of the infected mice were gradually aggravated,
and all infected mice died at MA14 (Fig. 5a and Supplementary Fig. 5a).
The lung viral RNA loads increased after MA3 compared to those in
MALI, with relatively higher viral RNA loads starting at MA8 (Fig. 5a and
Supplementary Fig. 5b). These results indicate that the replication
ability and virulence of the H2N2 AIV in mice gradually increase during
the passaging.

To understand the molecular basis of increased virulence
acquired after mouse-adapted (MA) passaging, the full genomes of
MA1, MAS5, MAS8, MA10, and MA15 were sequenced using Next-
generation sequencing (NGS). We identified two full mutation sites
(PB2-E627K and NSI-G183S) that emerged during the passaging and
confirmed by Sanger sequencing. The PB2-E627K mutation emerged as
early as 5 days post-inoculation (dpi) after WT virus infection (MA1)
and was completed in MAS. The NS1-G183S mutation emerged at MAS
and was completed at MA15 (Fig. 5b). In addition, we found that 100%
of H2N2 human influenza viruses contained lysine (K) at position 627
of the PB2 gene, whereas most H2 AlVs maintained glutamate (E) at the
same position. These results demonstrate that H2N2 AlVs can rapidly
adapt to mammals with these mutations, further indicating the
potential threat of H2N2 AIV to mammals.

Increased infectivity, pathogenicity, and transmissibility of the
H2N2 mutant

To identify the pathogenic characteristics of the H2N2 MA mutant
virus, serial virus doses (10* to 10° EIDso) were intranasally (i.n.)
inoculated to BALB/c mice. All mice (n =5) died before 8,7, and 5 dpiin
the 10° EIDso, 10* EIDsq, and 10° EIDso groups, respectively (Fig. 6a).
However, no mice infected with the WT strain died, and only transient
body weight loss was observed during the infection with a high dose
(10° EIDso) (Fig. 6a), indicating that the virulence of the H2N2 MA
mutant strain in mice is significantly enhanced compared to that of the
H2N2 WT strain.

To systematically investigate the pathogenesis of lethal infec-
tions in mice caused by the H2N2 MA mutant strain, a comparative
infection study between H2N2 WT and MA mutant was performed
using a low viral dose of 10> EIDso. The body weights of the MA
mutant-infected mice gradually decreased until they died by 7 dpi,
while there was no significant decrease in the body weights of the WT
group (Supplementary Fig. 6a). In addition, the MA mutant strain
induced significantly higher viral RNA loads in the nasal turbinates
(-10® copies/mL) and lungs (~10°-10' copies/mL) across the infec-
tion at 3, 5, and 7 dpi, as well as the proinflammatory factor secre-
tions (IL-6, MCP-1, IFN-y, and TNF), and also caused more severe
lesions in the lungs based on histopathological changes (Supple-
mentary Fig. 6b-d). The H2N2 MA mutant-infected mice displayed
severe pneumonia characterized by alveolar collapse, thickening of
the alveolar septa, and severe interstitial inflammatory cell
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Fig. 5 | Dynamic adaptation of H2N2 avian influenza virus in mice. a 7-week-old
BALB/c mice were intranasally (i.n.) inoculated with 10° EIDs, of the Dk/F)/

2021 strain, and then the virus was passaged in mice by lung-to-lung, and the viruses
in each passage were named MA1-MA15. The changes in body weight (n=3) and
lung viral RNA loads (n = 3) of infected mice are shown. The dashed line indicates

75% of the initial body weight or the limit of detection. b Dynamic changes of two
full mutation sites, PB2-E627K and NS1-G183S, were analyzed using the Sanger
sequencing chromatogram and the proportions of amino acids are shown
according to the Next-generation sequencing results. The red-dashed boxes show
the peaks of nucleotide G and A in the PB2 and NS1 genes.

infiltration. In contrast, mild alveolar collapse and thickening of the
alveolar septa were observed in the WT strain-infected mice (Fig. 6b).
These results indicate that the virulence of the H2N2 MA mutant
strain in mice is higher than that of the WT strain.

The infectivity and replication ability of H2N2 viruses in mam-
malian cells (MDCK and A549 cells) were also tested in vitro. The MA
mutant strain replicated with remarkably higher virus titers (10-100
folds higher) at almost all time points from 12 to 72 hours post-
inoculation (hpi) than the WT strain. In A549 cells, the MA mutant
strain replicated rapidly with the peak virus titer of 105%° TCIDso/mL at
72 hpi, versus 10*** TCIDso/mL for the WT strain (Supplementary
Fig. 6e). In MDCK cells, the MA mutant strain also grew faster and
reached the peak titer of 105°¢ TCIDso/mL at 48 hpi, while the WT strain
could not reach the peak titer until 60 hpi with 10**® TCIDso/mL
(Supplementary Fig. 6f). Additionally, to simulate the infection of
human respiratory tract by the H2N2 viruses, both WT and MA mutant
strains were used to compare their infectivity ability in the primary
normal human bronchial epithelial (NHBE) cells. Only 6.3% + 0.3% of
NHBE cells were infected by the WT strain; however, the significantly
higher proportion of cells (19.5% + 0.5%) was infected by the MA
mutant strain (Fig. 6¢).

These results indicate that the H2N2 MA mutant with PB2-K627
and NS1-S183 has an obvious advantage in infecting in mammalian cells
and mice. PB2-E627K mutation could partly contribute to the
increased replication ability in mammalian cells and virulence in mice,
which has been solidly confirmed in H7N9 and some other AIVs?*%, In
addition, NS1 protein of influenza A virus could inhibit host innate
immunity, enabling virus replication in the infected cells, and also

could affect virus virulence in mammals®™. To study the biological
function of the newly identified NS1-G183S mutation, IFN-f3 secretions
from the lungs of infected mice and human A549 cells were tested. In
contrast to the significantly higher proinflammatory factor secretions
in H2N2 MA mutant-infected mice, IFN-f3 levels were obviously lower
than those of the WT group throughout the infection (Fig. 6d). Similar
results were also observed for the WT- and MA mutant-infected human
A549 cells at 12, 18, 24, and 30 hpi (Fig. 6e). Furthermore, the strong
inhibition activity of NS1-G183S against IFN-f3 expression was further
confirmed in human 293 T cells by transfecting NS1 expression plas-
mids (NS1-G183 and NSI-S183). Compared with the positive control
group, the IFN-f3 expression levels in the NS1-G183-transfected group
and the NS1-S183-transfected group decreased at approximately 3-fold
and 13-fold, respectively, at 12 hpi after induction with the Sendai virus
(Fig. 6f). These results indicate that host innate immunity is remarkably
inhibited by the H2N2 mutant with the NSI1-G183S mutation, which
probably contributes to increased virus infectivity in human cells and
pathogenicity in mice.

The transmissibility of H2N2 AlIVs was also evaluated in guinea
pigs and ferrets. Three guinea pigs and two ferrets in each group were
i.n. inoculated with 10’ EIDso of the WT or MA mutant strains, and
direct contact (DC) and respiratory droplet exposure (RD) animals
were placed in the corresponding cages at 1 dpi. Nasal washes were
collected every two days after the initial infection for virus titration.
Both the WT and MA mutant strains replicated well in the infected
guinea pigs and ferrets; the viral RNA loads were higher in the MA
group than in the WT group in each animal model (Fig. 7a, b). The viral
RNA loads of all MA-infected guinea pigs (3/3) were consistently at
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~107-10® copies/mL from 2 to 4 dpi, where the viral RNA loads could
also be detected in one animal at ~10° copies/mL at 6 dpi. In contrast,
the virus in the WT strain-infected guinea pigs could only be detected
at 2 and 4 dpi, with viral RNA loads of ~10°-107 copies/mL (Fig. 7a). All
the MA- and WT-infected ferrets (2/2) shed the virus until 10 dpi, and
the viral RNA loads in the MA group were higher than those in the WT
group at each detection time point, except at 10 dpi (Fig. 7b). Ferrets
infected with either MA or WT strain showed no significant body
weight loss (Fig. 7c). These results indicate that, compared to the WT
strain, the H2N2 MA mutant strain possesses higher replication ability

not only in mammalian cells and mice but also in guinea pigs, and
ferrets.

For the DC animals in the WT virus-infected group, the viral RNA
was detected in only one DC guinea pig, and no viral RNA was detected
in the DC ferret; however, the viral RNA was detected in 2/3 DC guinea
pigs and 2/2 DC ferrets in the MA mutant group. No viral RNA was
detected in any of the RD animals in the WT group. However, the viral
RNA was detected in 2/3 RD guinea pigs and 2/2 RD ferrets (Fig. 7a, b),
indicating that the H2N2 MA mutant strain could transmit in ferrets
and guinea pigs by respiratory droplet.
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Fig. 6 | Pathogenicity of the H2N2 avian influenza virus. a Groups of five mice
were i.n. inoculated with the Dk/F)/2021 wild-type (WT) and mouse-adapted (MA)
mutant viruses at doses from 10? to 10° EIDso, and the body weight changes and
survival rates were monitored for 14 days. The dashed line indicates 75% of the
initial body weight. b The lungs of mice infected with the indicated viruses were
collected at 5 dpi. Lung sections were stained with H&E, and one representative
result was shown. The histopathological scores (n=3) were measured. Scale bar,
100 pm. ¢ Three-dimensional image of the NHBE cells infected by WT and MA
mutant strains with 10° EIDso at 12 hpi. The viral NP protein (green) was detected by
indirect immunofluorescence, ciliated epithelial cells were detected with anti-f3-
tubulin IV antibodies (red) and cell nucleus were immunostained with DAPI (blue).
Percentages of influenza NP-positive cells per DAPI-positive cells were calculated.

Data are expressed as mean + SEM of three randomly selected fields. d Mice (n=3)
in each group were euthanized at 3, 5, and 7 dpi, and the lung suspensions were
used for IFN-B detection. Data are shown as mean + SEM. e Supernatants of A549
cells infected with indicated viruses were collected to determine IFN-f at 6, 12, 18,
24, and 30 hpi. Data are shown as mean + SEM of three replicates. f The NS1 (G183 or
S183) expression vector together with the plasmids of IFN-B with luciferase reporter
and the internal reference of Renilla luciferase reporter were co-transfected into
HEK293T cells. At 24 h post-transfection, the cells were stimulated with Sendai virus
for 12 h. The cell lysates were then collected and luciferase activity was measured.
Data are shown as mean + SEM of three replicates. Statistical significance was based
on Student’s ¢ test and one-way or two-way ANOVA. p <0.05 was considered to
indicate statistical significance, and p values are shown on the graphs.
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Fig. 7 | Transmission of the H2N2 avian influenza virus. a, b Groups of three
guinea pigs (a) and two ferrets (b) were i.n. inoculated with the WT and MA mutant
viruses at a dose of 107 EIDsq. The direct contact (DC) and respiratory droplet
exposure (RD) animals were housed in the corresponding cages at 1 dpi. Nasal

washes were collected every two days from all animals to detect viral RNA loads.
¢ The body weight changes of ferrets (n =2) in the inoculated, DC, and RD groups
were monitored for 14 days. The dashed line indicates the limit of detection.

Taken together, lethal infection caused by the H2N2 MA mutant
strain in mice is associated to the severe inflammatory damage,
expressed as the significant histopathological changes and the proin-
flammatory cytokine secretions, which is probably induced by the
cascade reactions of the suppression of host innate immunity and
efficient virus replication in mammalian cells, separately caused by the
NSI1-G183S and PB2-E627K mutations in the H2N2 virus. This also
contributes to the transmission of the H2N2 MA mutant strain in
mammals.

Discussion

H2Ny AlVs are continuously circulating in poultry, and it is necessary to
assess the risks of introduction of these viruses into mammals and
even humans. The circulated H2Ny AlVs have diverged from the
A(H2N2)pdm1957 strain in terms of genetic and antigenic character-
istics (Fig. 1a, b). Meanwhile, the antigenic change was observed
between the H2N2 human viruses from early and late in the epidemic.
The A/SG/1/1957 and A/KR/426/1968 strains displayed the antigenic
distance with one antigenic unit based on the cross-HI and -MN results,
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while there were about 4-6 antigenic units between the other
1957 strains and 1968 strains tested in the previous studies®*’. This
deviation is likely caused by the different strains used in our study, as
the pair of viruses possesses a closer genetic relationship with more
similar antigenic sites on HA than those of the other pairs of strains
tested before® ™,

To overcome host barriers, influenza A viruses should be able to
bind receptors on the surface of new host cells”. In the present study,
several H2Ny LPAIVs were identified, where one WT H2N2 AIV (Dk/FJ/
2021) possessed the ability to bind both avian- and human-type
receptors but preferred to avian-type receptor. Interestingly, the
A(H2N2)pdm1957 strain identified in 1957 also had dual receptor-
binding property, whereas the 1968 strain preferentially bound
human-type receptor (Fig. 2b, c¢), indicating an adaptation process of
the emerging H2N2 virus in humans. The human adaptation process of
the 1968 H3N2 influenza pandemic virus also exhibits the similar
characteristics. HA from an early human H3N2 isolate could bind both
avian- and human-type receptors, then evolved into the specific affinity
to human-type receptor during the adaptation®***. For H2 subtype, the
Q226L and G228S substitutions might increase the binding affinity of
the virus to human-type receptor and reduce binding to avian-type
receptor’***, Further the present study showed that either the R137M
or N144E substitution in the HA protein regulated the binding ability of
A(H2N2)pdm1957 to shift from both avian- and human-type receptors
to human-type receptor only, and that the N144S also supported the
binding of H2N2 LPAIV to human-type receptor (Fig. 3a-c), revealing a
new regulation mechanism for the human-type receptor binding of H2
influenza viruses.

Based on their receptor-binding ability, H2N2 AlVs can potentially
infect humans and increase their infectivity and pathogenicity upon
infection and circulation in mammals or humans. We further evaluated
the replication and adaptation abilities of H2N2 AlVs, the second step
for novel AlVs to cross-species infect mammals or humans®. The WT
H2N2 AIV used in this study replicated well and rapidly adapted to
mice with two complete mutations, PB2-E627K and NS1-G183S, which
resulted in an H2N2 mutant with high pathogenicity in mice and robust
replication ability in vivo and in vitro.

The PB2-E627K substitution has been identified as a virulence and
host range determinant of influenza viruses in mammals®*™. This
mutation enhanced the viral polymerase activity in mammalian cells,
replication ability in vitro and in vivo, and the virulence in
mammals®’#>**, Further studies found that PB2-E627K mutant allows
the AIV RNA polymerase to interact with human acidic nuclear phos-
phoprotein 32 (ANP32), enabling efficient viral RNA and viral replica-
tion in human cells****. In the present study, the PB2-E627K mutation
emerged at 5 dpi in MA1 with 86.4% K residue at the amino acid
position 627 (Fig. 5b), as fast as the H7N9 AlV did that we observed
in vivo with fine genetic tuning events*®*, indicating the rapid adap-
tation of H2N2 AIV to mammals.

Meanwhile, the other mutation site, NS1-G183S, appeared in M5
with ~5.7% S residue, which subsequently evolved into complete resi-
due substitution of S in MAIS, synchronous with the gradually
increasing virus virulence in mice (Fig. 5a). This suggests that the NSI-
G183S mutation may play a role in the virulence of H2N2 AlVs in
mammals, which need to further study. Previous studies showed that
the NS1 protein of the influenza virus can limit type I IFN production by
counteracting RIG-I activation or binding to CPSF30. Among them, the
effector domain on NS1 (amino acids 88-202) is key for interacting
with the CPSF30 protein to prevent the processing of newly synthe-
sized mRNAs, including IFN-B, which inhibit host innate immunity to
promote influenza virus infection*®*’. However, the NS1-G183S sub-
stitution has not been identified before, and its biological function
remains unknown. Therefore, we determined the levels of INF-B
in vitro and in vivo after infection with the H2N2 WT and MA mutant
(with PB2-E627K and NS1-G183S), as well as after transfecting the NS1

plasmid containing the G183S mutation in human cells (Fig. 6d-f). All
results showed that the NSI1-G183S mutation significantly suppressed
the innate immune response (INF-B expression), together with the
sharply increased of pro-inflammatory factors, resulting in immune
injury and lethal infections in mice, consistent with previous studies on
H7N9 AlVs and the SARS-CoV-2 viruses in animal models and
humans®®***°, The repressed innate immune response induced the
higher replication titers in the infected cells and guinea pigs and fer-
rets. However, the lung viral RNA loads were not synchronous
increasing with the NS1-G183S mutation of the virus during passaging
in mice, potentially caused by the defective-interfering (DI) particles
that naturally occur during virus infections and also affect virus
replication®**,

The regulatory mechanism of NS1-G183S in innate immunity and
its relationships with viral infection-induced cytokine storm warrant
further study, as well as the synergic effect of the NS1-G183S and PB2-
E627K mutations on the pathogenic mechanism of H2N2 and other
influenza viruses in mammal hosts. In addition, several incomplete
mutations with mixed amino acid residues were observed in the virus
genes during passaging in mice (Supplementary Fig. 5¢), which may
also contribute to the increased pathogenicity of the H2N2 AlV in
mammals. An example of this is PB2-T271A, which has been reported to
be associated with enhanced polymerase activity for the HINI pan-
demic virus (A/CA/04/2009) in mammalian cells*’. In addition, the
incomplete substitutions in HA protein (D41N, G225E, and P324H) were
also found in all the MA mutant infected ferrets including the inocu-
lation, DC, and RD transmission groups. Furthermore, the incomplete
mutation of G228S was observed in the DC and RD ferrets except of the
inoculated animals. The G225E substitution in HA enabled the Eurasian
avian-like HIN1 swine influenza virus to transmit in guinea pigs*. The
G228S substitution was responsible for the switch in receptor specifi-
city and might increase the binding affinity of the human-infecting
H3N8 virus to the human-type receptor’. All these mutations might
facilitate the transmission of the H2N2 AIV in mammals, in which the
exact biological functions are worth studying in the future.

The efficiency of viral transmission between humans, whether
through direct contact or via airborne routes, is a crucial factor
determining the occurrence of epidemics or pandemics®. To date,
HIN1 and H3N2 human influenza viruses are known to be transmitted
between humans via the airborne route, causing annual seasonal
influenza. Moreover, multiple AlVs such as H3N8, H5N1, H7N9, and
H10N3 have caused sporadic human infections in the past'’. Compared
to human seasonal influenza viruses, these AlVs exhibited limited
transmission in mammalian models’**’. In addition, the circulating
H2N2 LPAIV isolate could not transmit between ferrets or guinea pigs
via direct contact or respiratory droplets (Fig. 7a, b), which is similar to
the previous report®®. Meanwhile, the positive control virus (A/CA/04/
2009) transmitted in all animal groups tested, and negative control
virus (A/VN/1194/2004) did not transmit among any animal groups
tested. Other previous studies also found that avian H2N2 viruses were
only transmitted through direct contact but not via airborne trans-
mission between ferrets®**°. Although the tested AlV strains are dif-
ferent, these findings suggest that the circulating H2N2 LPAIV has low
transmissibility in mammals including humans. Furthermore, ferrets
and guinea pigs infected with either MA or WT strain showed normal
appetites and activities without any clinical signs of disease, such as no
significant body weight loss in the infected ferrets (Fig. 7c), which is
similar to the previous studies using other H2N2 AIVs**, However,
ferrets infected with human H2N2 viruses exhibited mild clinical
symptom, including a minor reduction in activity and fever®. In addi-
tion, in the MA-infected guinea pig group, the viral RNA loads were
detected in two RD animals at different time points (2-4 dpi and 4-6
dpi, respectively) (Fig. 7a). The first infected animal was infected via
respiratory droplets, while the other animal might be infected either
via respiratory droplets or direct contact with the first infected animal.
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Ferrets, the best model for influenza research, can more closely
simulate the virulence, replication ability, and transmissibility of
influenza viruses in humans®. Hence, these results suggest that
although the MA strain is virulent in mice and can transmit in guinea
pigs and ferrets, its pathogenicity to humans could be low, similar to
the circulating H2N2 LPAIVs.

In addition, the HA acid stability also affects influenza virus
transmission. Several amino acid substitutions on HA, such as T2241
and E74D (HA,) in HION7 AIV and N210S in HIN1 swine influenza virus,
have been identified to enhance airborne transmission efficiency in
ferrets®®®', In this study, we did not find these known substitutions in
the HA protein, while two incomplete mutations (V204M and V552I)
were identified during the virus adaptation. The biological functions of
these two identified substitutions, particularly their impact on the HA
acid stability, need further investigation.

At least three conditions must be met for the emergence of an
infectious disease pandemic: a highly transmissible pathogen is
pathogenic to humans, and humans lack preexisting immunity against
the novel pathogens®. Although population immunity against circu-
lating H2Ny AlVs is absent, and the WT H2N2 LPAIV has demonstrated
its ability to infect and replicate in various mammalian hosts, it has low
pathogenicity and a lack of transmissibility among mammals. This
suggest that the risk of circulating H2N2 LPAIVs to cause epidemics or
pandemics should be low. However, the H2N2 LPAIV strain just
acquired limited mutations that enhance the virulence in mice and
enable transmission between mammals. Hence, close epidemiological
surveillance and characterization of H2 LPAIVs, as well as the devel-
opment of vaccines and drugs using the mouse lethal infection model
generated in the present study, will support to achieve early detection,
early warning, and early preparation for the spread of H2
influenza virus.

Methods

Ethics statement

The study was approved by the Research Ethics Committee of the
Institute of Microbiology of the Chinese Academy of Sciences (APIM-
CAS2021122), and complied with the Beijing Laboratory Animal Wel-
fare and Ethical Guidelines of the Beijing Administration Committee of
Laboratory Animals.

Biosafety

All the experiments involving live wild-type H2 LPAIVs were conducted
in biosafety cabinet (BSC) in the enhanced biosafety level 2 laboratory
(BSL-2), and the strict biosafety protection measures were taken. For
instance, two layers of protective suits with disposable coveralls, N95
masks and double-deck gloves (the inner shorter gloves cover the cuff
with adhesive tape, and the outer longer gloves also cover the cuff but
without adhesive tape for easy changing if they are suspected to be
contaminated) were strictly worn in the enhanced BSL-2. Tubes con-
taining samples were centrifuged for approximately 10 seconds, and
then opened with tweezers which were disinfected by flameless
infrared heater after each use. In addition, the pathogenicity and
transmissibility experiments of the mouse-adapted strain were per-
formed in biosafety level 3 laboratory (BSL-3). To prevent con-
tamination by live virus shed by the infected animals, the nasal washes
of the animals were inactivated with the RNA extraction reagents for
viral RNA detection in the enhanced BSL-2.

Cell lines

Madin-Darby canine kidney (MDCK) cells, human embryonic kidney
293 T (HEK 293 T) cells, and human alveolar basal epithelial (A549)
cells were cultured with Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-
streptomycin solution (Solarbio). Normal human bronchial epithelial
(NHBE) cells were cultured with PeneumaCult-Ex Plus Medium and full

differentiation for experimental use took around 21 days of culture
with PeneumaCult-ALI Medium. Escherichia coli DH5« strain compe-
tent cells (Biomed) and DH10Bac competent cells (Biomed) were
incubated in LB medium with the corresponding antibiotics. High Five
cells were cultured in Insect XPRESS medium (Lonza).

Influenza viruses

Seven H2Ny LPAIVs, including H2N2, H2N3, H2N7, and
H2N8 subtypes, which were sequenced during our long-term sur-
veillance on AlVs in domestic poultry***, were used in the phylogenic
analysis, and five out of seven viruses were isolated and then used in
the antigenic study. A/duck/Fujian/06.29FZHX038-0/2021(H2N2)
(Dk/FJ/2021), A/environment/Guangdong/2/2009(H2N3) (Ev/GD/
2009), A/duck/Hainan/12.29HKPL008-0/2017(H2N3) (Dk/HaN/2017),
A/duck/Jiangsu/01.20TCCX015-P/2015(H2N7) (Dk/JS/2015), and A/
duck/Jiangxi/01.14NCJD050-P/2015(H2N8) (Dk/JX/2015) were iso-
lated in 9-day-old specific pathogen-free (SPF) embryonated chicken
eggs (Beijing Boehringer Ingelheim Vital Biotechnology Co., Ltd.
Beijing, China), and the 3™ passage of each virus was used in the
present study. The human H2N2 vaccine strains, A/Singapore/1/1957
(A/SG/1/1957) and A/Korea/426/1968 (A/KR/426/1968), were gener-
ated by plasmid-based reverse genetics with the HA and NA from A/
SG/1/1957 or A/KR/426/1968, and other internal virus genes from the
vaccine backbone of A/Puerto Rico/8/34(HIN1) (A/PR/8/34). The
rescued vaccine strains were propagated in SPF eggs and the 2™
passage of viruses were used. The MA strain was propagated once in
SPF eggs and then used in subsequent experiments. A/California/04/
2009(HIN1) (A/CA/04/2009) and A/Vietnam/1194/2004(H5N1) (A/
VN/1194/2004) were previously stocked in our laboratory. All
H2 subtype viruses were propagated and titrated in SPF eggs, while
the A/CA/04/2009 strain was propagated in MDCK cells.

Animals

Seven-week-old female SPF BALB/c mice were purchased from Beijing
HFK Bioscience Co., Ltd. (Beijing, China) and housed in the individually
ventilated cage (IVC) system with a 12-hour light/dark cycle, 22+ 2 °C,
and ~40% humidity. Six-week-old female guinea pigs ranging 250 to
300g in weight were purchased from National Rodent Laboratory
Animal Resources Center (Beijing, China), were also kept in the IVC
system. Six-month-old female Angora ferrets (Mustela putorius furo),
serologically negative for circulating influenza viruses (H1, H2, H3, H5,
H7, and H9), and ranging from 1.10 to 1.80 kg in weight, were pur-
chased from Wuxi Sangosho Biotechnology Co., Ltd. (Jiangsu, China).
The ferrets were housed in wire cages placed inside the High-Efficiency
Particulate Air (HEPA)-filter isolators in the Animal Care Facilities. All
animals were allowed free access to water and a standard chow diet.

Phylogenetic analysis

The genome sequences of H2Ny AlVs were compared with available
sequences deposited in the Global Initiative on Sharing Avian Influenza
Data (GISAID) databases (https://www.gisaid.org), and sequence edit-
ing was performed using the MEGA program (version 7.0.26) to
remove short or ambiguous sequences. Multiple sequence alignments
were performed for each gene segment using MAFFT software (version
7.511). Phylogenetic trees of each gene segment were inferred based on
the maximum likelihood method using the MEGA program and
decorated using FigTree (version 1.4.3).

Antigenic relationship and serological studies

Hyperimmune chicken sera were prepared against the H2N2 vaccine
strains (A/SG/1/1957 and A/KR/426/1968) and H2 AIV (Dk/JS/2015).
Infection sera of DK/FJ/2021 were also collected from infected ferrets.
Human sera from individuals born prior to 1968 were selected from the
sera bank in our laboratory. All H2 viruses and antisera were used for
antigenic relationships by cross-reaction hemagglutination inhibition
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(HI) and microneutralization (MN) assays according to the World
Health Organization (WHO) guidelines®. Briefly, ferret and human sera
were pretreated with the receptor-destroying enzyme (Seiken), except
for chicken sera. HI assays were conducted in V-bottom 96-well reac-
tion plates with 1% chicken red blood cells. For the MN assays, the two-
fold serial dilutions of the antisera starting at a 1:10 dilution were
separately pre-incubated 1:1 with 200 TCIDs, of the virus stocks at 37
°C for 1h. The mixture was transferred to 96-well plates containing
MDCK cells and incubated for another 72 h at 37 °C in 5% CO,. Anti-
genic cartography was performed using AntigenMap (http://sysbio.
cvm.msstate.edu), which uses matrix completion multidimensional
scaling to map HI titers in two dimensions.

Receptor-binding assay

The receptor-blinding properties of the H2N2 AlV strains (Dk/FJ/2021,
Ev/GD/2009, Dk/HaN/2017, Dk/JS/2015, and Dk/JX/2015) and two H2N2
vaccine strains (A/SG/1/1957 and A/KR/426/1968) presenting >64 HA
titers were tested using the solid-phase direct blinding assay, as pre-
viously described?**. Briefly, 96-well microtiter plates (Thermo Fisher)
were coated with serial dilutions (0.156, 0.312, 0.625,1.25, 2.5, and 5 pg/
mL) of the biotinylated glycans 3’-SLNLN and 6’-SLNLN. After incuba-
tion at 4 °C, the glycans were removed, and the plates were blocked.
Then, the plates were incubated with 64 HA titers of viruses containing
the NA inhibitors (10 uM each of oseltamivir and zanamivir) overnight
at 4 °C. After washing, the plates were incubated with chicken antisera
against the H2 influenza virus. Then, the plates were washed and
incubated with HRP-conjugated goat anti-chicken antibody (1:8000;
Bethyl). Next, the plates were washed and incubated with a 3,3’,5,5-
tetramethylbenzidine (TMB) two-component substrate solution
(Solarbio) for 10 min at room temperature, and the reaction was
stopped with 0.5M H,SO,. Finally, absorbance was measured
at 450 nm.

Protein expression and purification

The codon-optimized gene sequences encoding the ectodomains of
A/SG/1/57 HA, A/KR/426/1968 HA, Dk/F)/2021 HA, and their mutants
were synthesized and cloned into the baculovirus transfer vector
pFastbac™1 (Invitrogen). HA proteins were produced by infecting High
Five cells (Invitrogen) with recombinant baculoviruses for two days,
and soluble HAs were obtained from cell supernatants viaimmobilized
metal affinity chromatography with a HisTrap HP 5mL column (GE
Healthcare). Then, the HA proteins were purified via ion-exchange
chromatography using a Resource™ Q 6 mL column (GE Healthcare)
and further purified via gel filtration chromatography using a
Superdex™ 200 10/300 GL column (GE Healthcare).

SPR analysis

The affinity and binding kinetics of H2N2 HAs and their mutants to
receptor analogs were all analyzed using the BlAcore 3000 system (GE
Healthcare) with a streptavidin chip (SA chips; GE Healthcare) at 25 °C.
Two biotinylated receptor analogs (6’-SLNLN and 3’-SLNLN) were
immobilized on the chip, and a blank channel was used as a negative
control. The HA proteins were serially diluted to different concentra-
tions with PBS (pH 7.4) containing 0.005% Tween-20 and flowed
through the chip. The sensor surface was regenerated using 10 mM
NaOH at the end of each cycle. Binding data were fitted with the BIA
evaluation software (version 4.1) using the 1:1 Langmuir binding mode.
The affinity values were calculated using the simultaneous kinetic Ka
(association rate)/Kd (dissociation rate) model.

Cryo-EM sample preparation, data collection, model building,
and refinement

For complexes with receptor analogs, 0.2 mg/mL HAs containing 5 mM
LSTa (NeuAco2-3GalB1-4GIcNAcB1-3GalB1-4Glc) or LSTc (NeuAco2-
6Galfp1-4GIcNAc B1-3Galf1-4Glc) were incubated for 4h. A aliquot

3.5pL of the mixture was loaded onto freshly glow-discharged gra-
phene oxide (GO) grids (GO on Quantifoils R1.2/1.3 300 mesh Au grids,
R1.2/1.3). The grid was then blotted for 2's at 4 °C with a humidity of
100% by plunging into liquid ethane using a Vitrobot Mark IV (Thermo
Fisher). The frozen grids were loaded onto a 300kV Titan Krios
transmission electron microscope (Thermo Fisher Scientific) with a
Gatan K3 detector to collect data. Automatic data collection (magni-
fication of 105,000, physical pixel size of 0.85 A) was performed using
EPU software (Thermo Fisher). Each movie was dose-fractionated into
32 frames, with a total dose of 50 e”/A2 and a final defocus range of -1.0
to —2.0um. The dataset was processed using cryoSPARC (version
4.1.0), and the raw movies were motion-corrected using MotionCor2
(version 1.2.4).

Firstly, the dataset of Dk/FJ/2021-WT HA in complex with LSTa was
processed, blob picking in a subset of 1854 micrographs yielded
90,825 particles, and 2D classification separated out 19,951 clean par-
ticles for Topaz-based picking training. Topaz extraction yielded a
total of 252,254 particles and subjected to a heterogeneous refine-
ment. The predominant class containing a subset of 112,474 best par-
ticles shows the clear features of secondary structural elements. Then a
non-uniform refinement and iterative global CTF refinement pushed
the resolution to 2.53 A determined by the FSC = 0.143 criterion. The
map was sharpened by DeepEMhancer. The image-processing work-
flow is summarized in Supplementary Fig. 7. Other datasets were
processed similarly. Briefly, initial particles were extracted using the
abovementioned well-trained Topaz model in Dk/FJ/2021-WT HA in
complex with LSTa projection and then subjected to heterogeneous
refinement and non-uniform refinement, resulting in reconstructions
lower than 3A. The details are summarized in Supplementary
Tables 3-5. Crystals of H2 human HA (PDB:2WRC) or H2 avian HA
complex (PDB:2WRF) were docked into Cryo-EM density maps using
Chimera®. The model was manually mutated in Coot and further
refined using Phenix with secondary structure and Ramachandran
restraints®®®’. The stereochemical quality of each model was assessed
using the MolProbity software.

Growth kinetics analysis

MDCK and A549 cells were inoculated with the viruses at an MOI of
0.01. Cell supernatants were collected at 12, 24, 36, 48, 60, and
72 hours post-inoculation (hpi). Subsequently, the supernatants were
titrated by 50% tissue culture infectious dose (TCIDsp) in MDCK or
A549 cells using the Reed-Muench method®.

Mouse infection
Seven-week-old female BALB/c mice (n=5 mice in each group) were
anesthetized with isoflurane and intranasally (i.n.) inoculated with
50 pL virus in 10-fold serial dilutions from 10? to 10° EIDsq. The mice in
each group were monitored daily for body weight loss during the
infection (mice that lost >25% of their initial body weight were eutha-
nized), and the 50% mouse lethal dose (MLDso) was calculated using
the Reed-Muench method®®. The MLDso was expressed in EIDsg. To
evaluate viral replication, fourteen mice were infected with the wild-
type (WT) and mouse-adapted (MA) mutant viruses at 10> EIDsg,
respectively. Three infected mice in each group were separately
euthanized at 3, 5, and 7 days post-inoculation (dpi). A portion of the
lung from each euthanized mouse was fixed in 4% paraformaldehyde
for histopathological examination. The nasal turbinates and the other
parts of the lungs and tracheas were homogenized for detecting virus
titers (viral RNA loads) using quantitative reverse transcription poly-
merase chain reaction (QRT-PCR) using a qRT-PCR kit (Vazyme) with
specific IFA-BP probe (5-TTGTRTTYACGCTCACCGTGCCCAG-3) and
IFA-BF/IFA-BR primers (IFA-BF: 5-TGGITAAAGACAAGACCAATCYTG-
3’; IFA-BR: 5-TCTACGYTGCWGTCCTCGCTCA-3).

To study the adaptation ability, and support the understanding of
pathogenic mechanism and the development of vaccine and drug of
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H2N2 AlV, a lethal infection mouse model was generated by passaging
of the virus in mice. Generally, six seven-week-old female BALB/c mice
were anesthetized with isoflurane and i.n. inoculated with Dk/FJ/2021
at a dose of 10° EIDsy in 50 pL of PBS. At 5 dpi, three mice were
euthanized to collect the lungs and tracheas, which were homo-
genized, and then 50 pL of the supernatant was used to infect mice for
the next passage. The viruses in each passage were named MA1-MAIS.
The infected mice at each passage were monitored daily for clinical
signs and mortality for 14 days. Any mouse that lost >25% of its initial
body weight was euthanized and was considered dead for ethical
reasons.

Histopathological tests

The lungs were fixed in 4% paraformaldehyde, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (H&E), according to
previous studies?®®*, For the quantitative assessment of the infection-
associated pathological changes in the lungs, each H&E-stained section
was scored. The assessment was performed by an independent
observer blinded to the experimental conditions according to the
International Harmonization of Nomenclature and Diagnostic Criteria
(INHAND) (https://www.toxpath.org/inhand.asp). Briefly, the patholo-
gical changes in six sections (alveolar wall, alveolar space, epithelial
cells of bronchi, bronchioles, vascular endothelial cells, and vessels)
were graded as follows: O, no lesion; 1, slight lesions; 2, moderate
lesions accounting for 1/3; 3, severe lesions accounting for 1/2; and 4,
very severe lesions accounting for 3/4.

Cytokine detection

After infection with the WT and MA mutant viruses at a dose of 10**
EIDso, three mice were euthanized at each detection time point, and
the homogenized lungs were used to detect cytokines (IL-6, MCP-1,
IFN-y, and TNF) using the cytometric bead array method with a mouse
inflammation kit (BD). The IFN-§ levels in the infected mice and human
A549 cells were detected by ELISA with mouse IFN-f ELISA (Novus) and
human IFN- ELISA kits (Thermo Fisher), respectively.

Dual-luciferase reporter assay for the inhibition activity of NS1
against IFN-f

Transfection and dual-luciferase reporter assays were performed as
previously described®. Briefly, HEK293T cells were co-transfected with
a luciferase reporter plasmid expressing IFN-f (IFN-B-luc), the plasmid
expressing NS1 (G183 or S183) of the H2N2 AlV, and the internal control
Renilla luciferase reporter plasmid (pRL-TK) using a Lipofectamine
2000 reagent (Invitrogen). At 24 h post-transfection, cells were sti-
mulated with or without Sendai virus for 12 h. Luciferase activity was
measured using a dual-luciferase reporter assay system (Promega)
according to the manufacturer’s instructions. Anti-IFN-B activity was
displayed as the fold-change of IFN- expression compared to the
control group.

Next-generation sequencing

Supernatants of the mouse lungs from the respective passages were
selected for next-generation sequencing (NGS) for the whole genome
of the virus. Briefly, viral RNA was extracted using the MagaBio plus
Virus RNA Purification kit (Bioer), and reverse transcriptase-PCR (RT-
PCR) was performed using a HiScript Il One Step RT-PCR kit with the
MBTuni-12/13 primers, as previously described***. Sequencing librar-
ies were prepared and sequenced on an lllumina NovaSeq platform,
performing 150-bp paired-end sequencing. The sequencing depth for
influenza viruses was approximately 0.5G per sample. The specific
mutations PB2-E627K and NS1-GI83S were also confirmed through
Sanger sequencing by Sangon Biotech Co. Ltd. (Beijing, China) after
RT-PCR with the primers of PB2-627-F/R (PB2-627-forward, 5-AAG-
GATGCAAAGGTGCTGTT-3; PB2-627-reverse, 5-CGTTTCCGTTTCAT-
TACCAA-3’) or NSI-183-F/R (NS1-183-forward, 5-AATAGCCATT

GCTTCCAGTCC-3; NS1-183-reverse, 5-TCTCCATGTAGCGTTTCTGT
TTT-3).

Infectivity of H2N2 AlVs in NHBE cells

The infectivity of the WT and MA mutant H2N2 AIV strains in NHBE
cells was performed as the previous study’. Briefly, 10° EIDsq of the WT
and MA mutant H2N2 strains were inoculated into NHBE cells,
respectively. At 12 hpi, the NHBE cells were fixed with 4% paraf-
ormaldehyde, then were permeabilized with 0.5% Triton X-100 for
30 min, and incubated with blocking buffer for 30 min. The cells were
immunostained with the anti-NP IgG antibody (green) and anti-p
tubulin IV antibody (red). The cell nucleus was immunostained with
4’ ,6-diamidino-2-phenylindole (DAPI) (blue). After immunostaining,
the cells were imaged by Leica TCS SP8 laser scanning confocal
microscopy (Leica).

Pathogenicity and transmissibility study of H2N2 AIVs in
guinea pigs

Six guinea pigs were anesthetized with isoflurane and i.n. inoculated
with the indicated viruses at a dose of 10’ EIDsq in 0.5 mL of PBS. Three
infected animals were put into one DC transmission cage, and at 24 hpi
three naive animals were put into the same cage and co-housed with
these three inoculated animals. The other three infected animals were
put into a separate cell of the RD transmission cage, with a double-
walled wire and 5cm apart from another cell, where three naive ani-
mals were put into at 24 hpi. To monitor viral shedding, nasal washes
were collected from all guinea pigs every two days until 14 dpi, and the
viral RNA loads were determined using qRT-PCR.

Pathogenicity and transmissibility study of H2N2 AlVs in ferrets
All ferrets were anesthetized using ketamine (20 mg/kg, Hospira) and
xylazine (1 mg/kg, Merck). Two ferrets caged in independent wire
cages were i.n. inoculated with the WT or MA mutant H2N2 AlIV
strains at a dose of 10’ EIDsq in 0.5 mL of PBS. At 24 hpi, one naive
ferret was put into and co-housed with one infected ferret for DC
transmission study, and another naive ferret was housed in the
separate wire cage adjacent to the cage containing the infected ferret
for RD transmission study. The other infected ferret was treated as
the same method with one DC ferret and one RD ferret. The cages for
the infected and RD-contact ferrets were placed 10 cm apart. To
monitor viral shedding, nasal washes were collected from all ferrets
every two days until 14 dpi, and the viral RNA loads were determined
using qRT-PCR.

Statistical analysis

Graphing and statistical analyses were performed using GraphPad
Prism 8 software (GraphPad Software, San Diego, California, USA;
www.graphpad.com) with Student’s ¢ test and one-way or two-way
analysis of variance (ANOVA). Statistical significance was reported
at p<0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The gene sequences of the wild type H2N2 strain and the H2N2
infected mice (MA15) and ferrets have been deposited into the
Genbank (https://www.ncbi.nlm.nih.gov/genbank/) (PQ526628-
PQ526635, PQ252868-PQ252872, and PQ252861-PQ252866),
GISAID (EPLISL_18623925, EPILISL_ 19372005, and
EPI_ISL_19372006), and National Microbiology Data Center
(NMDC) (https://nmdc.cn/) (NMDCNO0006925-
NMDCNO000692C, NMDCNOOOSVT5-NMDCNOOOSVT9, and
NMDCNOOO5SVTA-NMDCNOOOS5VTF). Cryo-EM maps have been
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deposited in the Electron Microscopy Data Bank (EMDB) (https://
www.ebi.ac.uk/emdb/) with accession numbers of EMD-38311,
EMD-38597, EMD-38348, EMD-38349, EMD-38350, EMD-38600,
EMD-38599, EMD-38351, EMD-38598, EMD-38602, EMD-38603,
andEMD-38601. Source data are provided with this paper.
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