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Epistasis mediates the evolution of the
receptor binding mode in recent human
H3N2 hemagglutinin
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The receptor-binding site of influenza A virus hemagglutinin partially overlaps
with major antigenic sites and constantly evolves. In this study, we observe
that mutations G186D and D190N in the hemagglutinin receptor-binding site
have coevolved in two recent human H3N2 clades. X-ray crystallography
results show that these mutations coordinately drive the evolution of the
hemagglutinin receptor binding mode. Epistasis between G186D and D190N is
further demonstrated by glycan binding and thermostability analyses. Immu-
nization and neutralization experiments using mouse and human samples
indicate that the evolution of receptor binding mode is accompanied by a
change in antigenicity. Besides, combinatorial mutagenesis reveals that G186D
and D190N, along with other natural mutations in recent H3N2 strains, alter the
compatibility with a common egg-adaptive mutation in seasonal influenza
vaccines. Overall, our findings elucidate the role of epistasis in shaping the
recent evolution of human H3N2 hemagglutinin and substantiate the high
evolvability of its receptor-binding mode.

Since the 1968 “Hong Kong flu” pandemic, H3N2 subtype of influenzaA  host membrane fusion®. Despite these functional constraints, the
virus has been circulating in human for over half a century. As the receptor-binding site (RBS) of human H3N2 virus is also under strong
major antigen of influenza virus, hemagglutinin (HA) glycoprotein is  positive selection pressure from herd immunity, since it partially
the fastest evolving protein in human H3N2 virus'?. HA facilitates virus  overlaps with major antigenic sites A, B, and D*. Therefore, the HA RBS
entry by engaging the sialylated glycan receptor and mediating virus-  of human H3N2 virus has evolved over time, resulting in antigenic drift
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as well as changes in receptor binding mode and specificity>* . When
H3N2 virus first emerged in human, its HA receptor specificity swit-
ched from a2,3-linked sialylated glycan (avian-type receptor) to o2,6-
linked sialylated glycan (human-type receptor)'*”. In the past two
decades, human H3N2 virus has further evolved its HA receptor spe-
cificity towards a subset of a2,6-linked sialylated glycans that are
branched and have extended poly-N-acetyl-lactosamine chains™. This
evolution of receptor specificity is attributed to HA RBS mutations that
form additional interactions beyond the terminal sialic acid (Sia-1)>"¢.
Many of these mutations are also associated with antigenic drift>".

When human H3N2 virus replicates in chicken eggs for egg-grown
seasonal influenza vaccine production, its receptor specificity often
adapts to avian-type receptor by acquiring egg-adaptive
mutations®?°. Certain egg-adaptive mutations can alter HA anti-
genicity and hence hamper vaccine efficacy’®*, as exemplified by
L194P mutation® %, While L194P was a common egg-adaptive muta-
tion in egg-grown H3N2 vaccine strains prior to 2020, it is rarely
observed in recent years*. Consistently, our previous study has shown
that L194P is incompatible with recent human H3N2 strains®. In other
words, L194P imposes a huge replication fitness cost to human
H3N2 strains from recent years but not before 2020. This observation
demonstrates that epistasis exists between L194P and recently
emerged natural mutations in human H3N2 HA. It also suggests that
recent evolution of human H3N2 virus involves structural changes in
the HA RBS. Given that most seasonal influenza vaccines are still pro-
duced in eggs and different egg-adaptive mutations have different
antigenic effects?, it is critical to understand of how natural mutations
in human H3N2 HA influence the preference of egg-adaptive
mutations.

Using X-ray crystallography, we demonstrated that the receptor
binding mode of recent human H3N2 HA has evolved further. Struc-
tural analysis indicated that this evolution was coordinated by two
natural mutations, G186D and D190N. Phylogenetic analysis revealed
that G186D and D190N have coevolved in two different human H3N2
clades. Based on glycan binding analysis, this coevolution of G186D
and D190ON was due to epistasis. Specifically, both G186D and D190ON
were required to maintain the binding avidity to a2,6-linked sialylated
glycans, whereas either of the mutations alone weakened this binding
avidity. Our data also suggested that both G186D and D190N alters the
HA antigenicity. Furthermore, using combinatorial mutagenesis and
next-generation sequencing, we identified five spatially distant muta-
tions in the HA RBS, including G186D and D190N, that conferred recent
H3N2 strains with L194P incompatibility.

Results

Evolution of receptor binding mode in recent human H3N2 HA
Since January 2020, human H3N2 clades 3C.2alb.1a and 3C.2alb.2a2
have significantly expanded®**. These two human H3N2 clades share
the HA mutation D190N, which locates at the center of the RBS?. This
observation led us to hypothesize that the receptor binding mode has
evolved in recent human H3N2 HA. We thus determined the crystal
structure of the HA from a clade 3C.2alb.1a strain A/Victoria/22/2020
(Vic20, GISAID accession number: EPI1721444) in complex with a
human-type receptor analog LSTc (NeuAco2-6GalB1-4GIcNAcpI-
3GalB1-4Glc) to 2.16 A resolution (Supplementary Table 1 and Supple-
mentary Fig. 1).

To examine if Vic20 HA showed an evolved receptor binding
mode, we compared our crystal structure with two previously deter-
mined crystal structures, namely HA from H3N2 A/Hong Kong/1/1968
(HK68) in complex with a human-type receptor analog 6’SLNLN
(NeuAco2-6Galf1-4GIcNAcP1-3Galp1-4GlcNAc) and HA from H3N2 A/
Ecuador/1374/2016 (Ecul6) in complex with 6’SLNLN (Fig. 1)>*°. The
only difference between LSTc and 6’SLNLN is the C2 substituent in the
fifth glycan moiety, which pointed away from and did not interact with

HA. Vic20 HA-bound LSTc exhibited an energetically favorable folded-
back conformation®, which is typically adopted by HA-bound human-
type receptor analogs (Fig. 1a, b)*’. Nevertheless, the human-type
receptor analog in Vic20 was tilted upward starting from GIcNAc-3, as
compared to that observed in HK68 and Ecul6 HAs (Fig. 1a). Moreover,
GIcNAc-3 of the human-type receptor analog in Vic20 HA was closer to
the 190-helix (Fig. 1b).

Ecul6 HA and Vic20 HA differed by three mutations in the RBS,
namely T135K, G186D, and D190N (Fig. 1d-e). Since position 135 only
interacted with the Sia-1 moiety of the human-type receptor analog,
which had an almost identical positioning in Ecul6 HA and Vic20 HA,
T135K did not seem to have a major role in the evolution of receptor
binding mode. Conversely, the evolved receptor binding mode in
Vic20 was largely determined by G186D and D190N. D190 in Ecul6 HA
formed two water-mediated H-bonds with Sia-1 and GIcNAc-3 of the
human-type receptor analog, respectively (Fig. 1d), whereas N190 in
Vic20 HA directly H-bonded with GIcNAc-3 of the human-type receptor
analog (Fig. 1e). This difference was driven by G186D in Vic20 HA,
which stabilized the side chain conformation of N190 via an H-bond
and pushed it towards GIcNAc-3 (Fig. 1le). Meanwhile, GIcNAc-3 of the
human-type receptor analog was pulled towards the 190-helix in Vic20
HA by directly interacting with N190. While the receptor binding mode
of human H3N2 HA has evolved throughout the past decades>*"**, our
structural analysis here demonstrates that this evolution continues in
recent human H3N2 HA.

Recent human H3N2 HA has an expanded receptor-binding site
Our previous study has shown that mutation at residue 186 can influ-
ence the height of the RBS®. We postulated that the height of its RBS
has been altered with the presence of G186D mutation in Vic20 HA.
The height of the HA RBS was analyzed by measuring the distance
between the Ca of residue 190 (Coyg0) and the phenolic oxygen of
residue 98 (OHog) in the apo form"?, The Cay90-OHog distance in
HK68 HA with S186/E190 was around 8.9-9.2 A, while it decreased to
8.5-8.9 A in Fin04, HKOS5, Bris07, Vicll, and Michl4 HAs, all of which
carry G186/D190 (Fig. 1f, g). Interestingly, the Coy9o—OHog distance
went back up to 9.4 A, which was even larger than that in HK68 HA.
Similarly, Vic20 and HK68 HAs had larger Cog6—Cataog distance, which
is another proxy for the height of the HA RBS", than Fin04, HKOS,
BrisO7, Vicll, and Michl4 HAs. This difference is unlikely to be an
artifact of crystal packing, because the RBS is not involved in crystal
packing interface of these HA structures. Additionally, the HA apo
structures of Fin04, HKOS, BrisO7, Vicll, Mich14, and Vic20 all belong
to the space group H 3 2 and have the same crystal packing. Of note,
although the height of the HA RBS was similar between HK68 and
Vic20 HAs, their receptor binding modes were markedly different
(Fig. 1a—c, e). While the large height of the HK68 HA RBS helped pre-
vent a steric clash between E190 and Sia-1 (Fig. 1c)", that of Vic20 HA
RBS promoted the H-bond formation between N190 and the amide
nitrogen of GIcNAc-3 by shortening their distance (Fig. 1e). These
observations provide further mechanistic insights into the evolution of
receptor binding mode in recent human H3N2 HA.

Coevolution of G186D and D190N in recent human H3N2 clades
Sequence and phylogenetic analysis showed that although G186 and
D190 have dominated human H3N2 virus in the past 20 years, D186 and
N190 are prevalent in recent human H3N2 strains (Fig. 2a, b)***%,
Interestingly, mutations G186D and DI90ON appeared to coevolve,
since human H3N2 strains that contained either G186D or D190N but
not both were rarely observed (Fig. 2a). Besides, G186D and D190N co-
occurred in two phylogenetically distinct clades, namely 3C.2alb.1a
and 3C.2alb.2a2. Such coevolution was consistent with the physical
interaction between D186 and N190 (Fig. 1e). Specifically, the H-bond
between D186 and N190 would be lost due to a missing H-bond
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Fig. 1| Structural evolution of human H3N2 HA RBS. a, b Structures of HK68 HA
in complex with 6’SLNLN (gray, PDB 6TZB)*, Ecul6 HA in complex with 6’'SLNLN
(green, PDB 8TJA)?, and Vic20 HA in complex with LSTc (blue, PDB 8FAW from this
study) are aligned based on the receptor-binding subdomain (HA1 residues 117-
265)°. a Front and b side views are shown. Representative differences in receptor
conformations are indicated by the curved arrow. ¢ Interactions between HK68 HA
and 6’SLNLN are shown. d Interactions between Ecul6 HA and 6’SLNLN are shown.
e Interactions between Vic20 HA and LSTc are shown. Hydrogen bonds are
represented by black dashed lines. Water molecules are shown as red spheres.
Human-type receptor analogs (6’'SLNLN and LSTc) are shown as yellow sticks. fThe

distance (A)

distance (A)

Residue 186 S G

Residue 190 E D D D D D N

150-loop | y—~
%

$193

Y98 D225 g138
°
934 o
9.04 8 ° .
8.7 ° ®
T T + T T T T
491 o
484 o
4.7 1
464 ° R °
4.5 °
4.4 o o o
© < 0 ~ - < o
© =) o =) - - ]
X E X @ v = )
= i X @ > L S
=
Strain

@

G G G D

height of the RBS in HA apo form is measured by the distances between the Ca of
residues 186 (Cays6) and the Ca of residues 228 (Ca,,s), as well as between the Ca
of residues 190 (Cay90) and the phenolic oxygen of residue 98 (OHog). g Distances
of Catyo0-OHog and Caxg6—Caizyg in different human H3N2 HAs were measured.
HK68: PDB 4FNK*?, Bris07: PDB 6A0Q*, FinO4: PDB 2YP2%, HKOS5: PDB 2YP75, Vicll:
PDB 405N, Mich14: PDB 6BKP", Vic20 is from this study (PDB 8FAQ). Amino acid
sequences at residues 186 and 190 on HA of different strains are shown. f, g Of note,
the HA apo structure of Ecul6 was not available, and thus not included in this
analysis. Raw data are provided as a Source Data file.

acceptor if residue 186 was a Gly (G186/N190), or a missing H-bond
donor if residue 190 was an Asp (D186/D190). Moreover, if both resi-
dues 186 and 190 were Asp (D186/D190), there would be an unfavor-
able electrostatic repulsion between them. As described above, the
H-bond between D186 and N190 stabilized the side chain conforma-
tion of N190, which in turn promoted the direct interaction between
N190 and GlcNAc-3, and hence the evolution of receptor binding mode
in recent human H3N2 HA (Fig. 1e). Therefore, the coevolution of
G186D and D190N is likely related to their synergistic effect in receptor
binding.

Receptor binding and thermostability analyses reveal epistasis
between G186D and D190ON

To examine the functional importance of the interaction between D186
and N190, we recombinantly expressed wild type (WT) and three
mutants of Vic20 HA, namely D186G, N190D, and double mutant
D186G/N190D. Glycan array analysis showed that WT Vic20 HA bound
strongly to extended biantennary «2,6-linked sialylated glycans
(Fig. 3a, Supplementary Data 1). This observation is consistent with
other human H3N2 HAs in the past 15 years®'>, While the double mutant
D186G/N190D showed similar glycan array binding profile as WT, such
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Fig. 2 | Coevolution of G186D and D190N in the HA RBS of recent human
H3N2 strains. a A rooted phylogenetic tree was built on the protein sequences of
receptor-binding subdomain (HAI residues 117-265)* from human H3N2 strains
that were isolated between January 2017 and June 2023. Scale bar refers to a phy-
logenetic distance of 0.01 amino acid mutations per site. Amino acid variants at
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binding profile was weakened by N190D and almost abolished by
D186G (Fig. 3a). Consistently, enzyme-linked immunosorbent assay
(ELISA) showed that both WT and double mutant D186G/N190D, to a
greater extent, bound strongly to biantennary «2,6-linked sialylated
glycan 6’SLN3-N, whereas this binding was weakened and abolished by
single mutants N190D and D186G, respectively (Fig. 3b-f). A similar
observation was made with linear a2,6-linked sialylated glycan 6’SLN;-
L, albeit with much weaker binding signal (Supplementary Fig. 2a-e).
We also found that the thermostability effects of N190D and D186G
were non-additive (Fig. 4a). While D186G and N190D decreased the
melting temperature (7,,) of Vic20 HA by around 4°C and 2°C,
respectively, the double mutant D186G/N190D decreased the T, of
Vic20 HA by 3 °C rather than 6 °C as expected from additive interac-
tion. In other words, although N190D had a destabilizing effect on WT
Vic20 HA, it had a stabilizing effect when introduced on top of D186G.
Altogether, these results imply that the coevolution of G186D and
DI190N can be attributed to epistasis, which is manifested in receptor
binding avidity and protein thermostability.

Sequence variation at residues 186 and 190 impacts HA
antigenicity

Both residues 186 and 190 belong to major antigenic site B*. To
investigate if G186D and D190N contribute to HA antigenic drift, we
introduced D186G, N190D, and the double mutant D186G/N190D into
the HA of H3N2 A/Italy/11871/2020 (Italy20, GISAID accession number:
EP11735610), which was also from clade 3C.2alb.1a and shared >99% HA
sequence identity with Vic20 HA (Supplementary Table 2). Although
D186G and N190D were both deleterious for receptor binding, all
Italy20 HA mutants could be rescued as 6:2 reassortants on the HIN1 A/
Puerto Rico/8/1934 (PR8) backbone and grown to high viral titers in
hMDCK cells (Supplementary Fig. 3). This observation was not

unexpected because reduction in HA receptor binding avidity does not
necessarily diminish in vitro virus growth as shown in MDCK-SIAT1
cells or MDCK cells***, which are the parental cell lines of hMDCK
cells**. Subsequently, we obtained antisera from mice that were
immunized intraperitoneally with adjuvanted Italy20 WT virus. The
neutralizing activities of these antisera were tested against Italy20 WT,
D186G, N190D, and the double mutant D186G/N190D using a micro-
neutralization (MN) assay. While antisera from WT-immunized mice
showed 50% microneutralization (MNsp) titers ranging from 1:80 to
1:640 against both WT and single mutant D186G, their MNs, titers
decreased significantly to a range of 1:20 to 1:160 against single mutant
N190D and double mutant D186G/N190D (P < 0.05, paired Wilcoxon
signed-rank test) (Fig. 4b). These results suggest that residue 190 is an
antigenic determinant of Italy20 HA.

We further measured the neutralizing activities of plasma samples
from human who had not been infected or vaccinated by recent
H3N2 strains with D186/N190*. As expected, these plasma samples had
significantly higher MNs titers against an older H3N2 strain in clade
3C.2a, namely A/Singapore/INFIMH-16-0019/2016 (Singl6), than
Italy20 WT (P < 0.05, paired Wilcoxon signed-rank test) (Fig. 4c). Spe-
cifically, the average MNs, titer decreased from above 1:160 against
Singl16 to below 1:20 against Italy20 WT. Such decrease in MNs titers
could be partly compensated to around 1:80 by D186G (P<0.05,
paired Wilcoxon signed-rank test, Fig. 4c). This observation suggests
that G186D is involved in the antigenic drift of human H3N2 virus.

Mapping sequence determinants for L194P incompatibility in
recent H3N2 strains

Before 2020, L194P is a common egg-adaptive mutation that alters the
HA antigenicity of egg-grown H3N2 vaccine strains***. Nevertheless,
L194P is rarely observed in recent egg-grown H3N2 vaccine strains, due
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Fig. 3 | Glycan binding analysis of Vic20 HA WT and mutants. a Glycan array
analysis of recombinant Vic20 HA proteins (WT and mutants, y-axis). Binding
activity was measured by relative fluorescence unit (RFU) and represented by a
heatmap. The corresponding glycan for each glycan ID (x-axis) is shown in Sup-
plementary Data 1. b—f Binding avidities of b-e recombinant Vic20 HAs (WT and
mutants) as well as f sambucus nigra agglutinin (SNA, positive control) to the

indicated glycans were measured by ELISA. LN3-L was used as a negative control.
The means of optical density 450 nm (OD,so) from three independent experiments
are shown with SD indicated by the error bars. -N: N-linked, -L: linear. Glycan dia-
grams are drawn according to the Symbol Nomenclature for Glycans recom-
mended by the NLM®**2, Raw data are provided as a Source Data file.

to epistatic interactions with natural mutations that emerged during
HA RBS evolution®. Such epistatic interactions lead to an incompat-
ibility between L194P and recent human H3N2 strains. Previously, we
have identified that two natural mutations K160T and DI90ON are
incompatible with L194P*°. However, reverting T160/N190 in recent
human H3N2 strains to K160/D190 fails to restore the L194P
compatibility*, indicating that additional natural mutation may also
play a role in regulating the L194P compatibility.

Here, we aimed to systematically identify natural mutations in
human H3N2 strains that are incompatible with L194P. The amino acid
sequences of HA receptor-binding subdomain (HAl residues
117-265)*® were compared between Italy20 and Singl6, which is an
ancestral strain of clade 3C.2a and can adapt to eggs by mutations
T160K, L194P, and D225G (GISAID accession number: EPI1082230). In
addition to L194P, there were ten mutations in the HA receptor-
binding subdomain between Italy20 and the egg-adapted Singl6,
namely AI28T, 1130V, K135T, S138A, T160K, D186G, N190D, S193F,
P198S, and D225G (Fig. 5a). We then probed the compatibility between
L194P and each of the possible combinations of the above mutations
(21°=1024 variants) using combinatorial mutagenesis and next-
generation sequencing™*>*’. Briefly, a plasmid mutant library con-
taining all possible combinations of the above mutations was

constructed in the genetic background of Italy20 HA with L194P
(Italy20-L194P). A virus mutant library was then generated from the
plasmid mutant library using the influenza reverse genetics system’®,
and passaged once in MDCK-SIAT1 cells. Subsequently, next-
generation sequencing was performed to monitor the enrichment of
individual variants after passaging. Three variants showed strong
enrichment after passaging, indicating that they could restore the
L194P compatibility (Fig. 5b). These three variants all contained
mutations A128T, 1130V, K135T, T160K, D186G, N190D, and S193F.
Consistently, our validation experiment showed that a combination of
these seven mutations (named as Mut7 in Fig. 5c) restored the viral
titer of Italy20-L194P to WT-like level in hMDCK cells.

Next, we further investigated the importance of each mutation in
Mut?7. A series of recombinant mutants were generated by introducing
only six out of the seven mutations in Mut7 into Italy20-L194P (e.g.,
Mut7 without A128T). Consistent with our previous study®, our
mutagenesis results showed that T160 and N190 contributed to the
L194P incompatibility in Italy20, since Mut7 without T160K or N190D
could not compensate the fitness defect of Italy20-L194P (Fig. 5c).
Additionally, A128, 1130, and D186 contributed to the L194P incom-
patibility in Italy20. Of note, 1130 is a rare variant in human H3N2
HA (Fig. 2b).
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Fig. 4 | Thermostability and antigenic effects of G186D and D190N mutations.
a Recombinant Vic20 HAs (WT and mutants) were analyzed by thermal shift assay.
The differences in melting temperature (AT,,,) between WT and mutants are shown.
Each datapoint represents one experimental replicate. Each bar represents the
mean of six independent replicates. (b) A group of 6-week-old female BALB/c mice
(n=6) were immunized intraperitoneally with 10,000 PFU of recombinant influ-
enza virus with HA and NA from Italy20 and the six internal segments from PR8. On
day 21 post-immunization, a booster was performed with the same amount of
adjuvanted virus. Antisera were collected on day 21 post-boosting. 50% micro-
neutralization (MNsp) titer of the antisera against Italy20 WT and mutants was
measured by a microneutralization (MN) assay. Each color represents the anti-
serum from one mouse. ¢ MNs titer of human plasma (n = 28) against an older
human H3N2 strain Singl6 WT as well as Italy20 WT and mutants were measured by
MN assay. Data are presented as a boxplot. The middle horizontal line represents

the median. The lower and upper hinges represent the first and third quartiles,
respectively. The upper whisker extends to the highest data point within a 1.5x
inter-quartile range (IQR) of the third quartile, whereas the lower whisker extends
to the lowest data point within a 1.5x IQR of the first quartile. Each data point
represents one plasma sample. b, ¢ The median MNs, titers were compared
between Italy20 WT and different mutants using two-sided paired Wilcoxon signed-
rank test without adjustment for multiple comparisons. P-value was computed
between groups, with “*” indicates statistically significant difference (P < 0.05),
whereas “ns” indicates non-significant. b The P-values for WT vs D186G, WT vs
N190D, and WT vs D186G/N190D are 0.14, 0.04, and 0.03, respectively. ¢ The P-
values for Italy20 WT vs Singl6 WT, Italy20 WT vs Italy20 N190D, Italy20 WT vs
Italy20 D186G, and Italy20 WT vs Italy20 D186G/N190D are 8e-6, 0.22, 7e-5, and
0.002, respectively. Raw data are provided as a Source Data file.

As mentioned above, 3C.2alb.1a and 3C.2alb.2a2 are the two
recent human H3N2 clades with G186D and D190ON. Unlike clade
3C.2alb.1a, which has an N-glycosylation site at residue 158, clade
3C.2alb.2a2 has lost this N-glycosylation site via mutation T160I
(Supplementary Fig. 4a)°. Given that T160K helped restore L194P
compatibility in Italy20, we aimed to further test if T160I could do the
same by replacing T160K in Mut7 by T160l. Our rescue experiment
showed that Mut7 with T160I instead of T160K failed to compensate
the fitness defect of Italy20-L194P (Supplementary Fig. 4b), despite
both mutations led to a loss of an N-glycosylation site at residue 158.
This observation suggests that 1160 may also contribute to the L194P
incompatibility in clade 3C.2alb.2a2 through a mechanism unrelated
to N-glycosylation. In summary, our results demonstrate that the fit-
ness effect of L194P mutation is influenced by multiple mutations
across the 130-loop, 150-loop, and 190-helix of RBS (Fig. 5d), sub-
stantiating that epistasis is pervasive among RBS mutations'*2,

Discussion
The HA receptor binding mode of human H3N2 virus has been evol-
ving since its emergence in 1968*%"*** In our present study, we
demonstrated that the receptor binding mode of recent human H3N2
HA has evolved further, mainly due to mutations G186D/D190N, which
pulled the GIcNAc-3 of human-type receptor closer to the 190-helix.
Our glycan binding analysis revealed that G186D and D190N interacted
epistatically, where either G186D or D190N alone diminished receptor
binding. This result indicates that circulating human H3N2 virus can
cross fitness valleys to explore evolutionary trajectories that are
otherwise constrained by epistasis, through rapidly, or even simulta-
neously, acquiring at least two mutations.

HA residue 190 is located at the center of the RBS and three major
amino acid variants have been observed in human H3N2 viruses. It was
a Gluwhen human H3N2 virus first emerged in human in 1968, mutated

to Asp during the 1992-1993 influenza season, and mutated again to
Asn in two recent clades 3C.2alb.1a and 3C.2alb.2a2 (Fig. 2a, b). As
clade 3C.2alb.2a2 was the predominant clade during the 2023-2024
influenza season, Asn has reached fixation®®. E190 in early human H3N2
virus H-bonds with Sia-1*°. D190 in human H3N2 virus from 2000s to
2010s forms water-mediated H-bonds with both Sia-1 and GIcNAc-3
As shown in this study, N190 in recent human H3N2 virus directly
H-bonds with GlcNAc-3 without interacting with Sia-1. Thus, the evo-
lution of residue 190 is consistent with the notion that human H3N2 HA
RBS has evolved additional contacts along the length of the receptor
glycan chain rather than the terminal Sia-1°.

Previous studies have shown that DI90N occurs in egg-grown but
not circulating human H3N2 strains from clade 3C.32%*°. It is unclear
how D190ON acts as an egg-adaptive mutation and at the same time
emerges in human H3N2 virus with strong binding preference for
human-type receptor. One possibility is that DI90ON, albeit being an
egg-adaptive mutation, does not facilitate binding to avian-type
receptor. Another mutually non-exclusive possibility is that the
effect of DI9ON on receptor specificity is strain-dependent. We pos-
tulate that the latter is likely, given that most egg-adaptive mutations
are known to increase binding avidity to avian-type receptor'®?>*244!
and epistatic interactions are prevalence in the HA RBS"**% Never-
theless, this perplexing observation of DI9ON being both an egg-
adaptive mutation and a natural mutation in circulating strains high-
lights that the sequence determinants of HA receptor specificity
remain to be fully characterized.

Another notable finding in our study is that the natural mutations
T128A and V130l are incompatible with L194P. These are examples of
long-range epistasis since residues 128 and 130 are spatially distal to
residue 194. Our previous study has demonstrated that L194P incom-
patibility can be conferred by an increased height of the HA RBS®.
Consistently, Vic20 HA, which has a higher RBS height compared to
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Fig. 5 | Mapping natural mutations that influence compatibility with the egg-
adaptive mutation L194P. a Differences in the amino acid sequences of receptor-
binding subdomain (HA1 residues 117-265)*° between the egg-adapted Singl6 (with
egg-adaptive mutations T160K, L194P, and D225G) and Italy20 are shown. Residues
in the four structural elements of the RBS, namely 130-loop, 150-loop, 190-helix and
220-loop are highlighted in pink, green, yellow and blue, respectively. T160 and
N190, which were previously demonstrated to be incompatible with L194P*, are
highlighted in gray. b The relative replication fitness effects of all possible combi-
nations of A128T, 1130V, K135T, S138A, T160K, D186G, N190D, S193F, P198S, and
D225G on Italy20 with L194P mutation were assessed by combinatorial mutagen-
esis and next-generation sequencing. Relationship of the log;, enrichment values
between two independent replicates is shown as a scatterplot. Each data point

\l %ﬁ

represents one variant and is colored based on the number of mutations.
Sequences of variants with a log;o enrichment of >0 in both replicates are repre-
sented by a sequence logo. ¢ The replication fitness effects of Italy20 with different
combinations of mutations were examined by virus rescue experiments. Mut7
represents a combination of seven mutations in 130-loop, 150-loop, and 190-helix
(A128T, 1130V, K135T, T160K, D186G, N190D, and S193F). Viral titers were measured
by TCIDs(***°. Each data point represents the viral titer of an independent replicate
(n=3). The mean is represented by the bar. The dashed red line represents the
lower detection limit. d Structure of Vic20 HA RBS (PDB 8FAQ) is shown. Amino
acid residues incompatible with the L194P mutation are highlighted in orange. The
location of L194 is highlighted in purple. Raw data are provided as a Source

Data file.

that of older strains, is incompatible with L194P*, Future studies are
needed to investigate whether T128A and V130l increase the height of
the RBS, or if they confer L194P incompatibility through a previously
unknown mechanism. Regardless, our observation here implies that
the natural evolution of human H3N2 HA RBS can be shaped by long-
range epistasis between distant residues. Due to the public health
relevance of HA RBS evolution, continued studies of its functional
constraints and the underlying biophysical basis are warranted.

Methods

Ethical statement

The study design and conduct complied with all relevant regulations
regarding the use of human study participants and was conducted in
accordance to the criteria set by the Declaration of Helsinki. Protocol
for collecting human plasma samples was approved by the Joint Chi-
nese University of Hong Kong-New Territories East Cluster (Ref no:
2020.229) Clinical Research Ethics Committee. All animal procedures
were carried out in accordance with institutionally approved protocols
of The University of Hong Kong (Approval number: 5598-20).

Phylogenetic tree analysis

Protein sequences of HA from human H3N2 strains isolated between
January 2017 and June 2023 were downloaded from the Global Initia-
tive for Sharing Avian Influenza Data (GISAID; http://gisaid.org)*’. The
sequences of receptor-binding subdomain (HA1 residues 117-265, H3

numbering)*® were aligned using MAFFT v7 with default parameters*.
Duplicate sequences and sequences from strains that had an ambig-
uous passaging history or were passaged in eggs were removed as
described*. A phylogenetic tree was constructed using 1Q-TREE2*
with default parameters and visualized using the ggtree package in R*.

Cell culture

Human embryonic kidney (HEK) 293 T cells (ATCC, cat no.CRL-3216),
humanized Madin-Darby canine kidney (hMDCK) cells (from Yoshihiro
Kawaoka)*, and MDCK-SIAT1 cells (Sigma-Aldrich cat no.05071502)
were used in this study. These cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, cat no. 11965092) supple-
mented with 10% (v/v) fetal bovine serum (FBS, Gibco, cat no.10082147),
25mM HEPES (Gibco, cat no. 15630080), and 100 UmL™ penicillin-
streptomycin (PS, Gibco, cat no. 15140122) at 37 °C, 5% CO, and 95%
humidity. Sf9 cells (Spodoptera frugiperda ovarian cells, female, ATCC,
cat no. CRL-1711) were maintained in Sf-900 Il SFM medium (Thermo
Fisher Scientific, cat no. 10902088) at 37 °C. Expi293F cells (Gibco, cat
no. A14527) were grown and maintained in Expi293 Expression Medium
(Gibco, cat no. A1435101) at 37°C, 8% CO,, and 95% humidity with
shaking at 125 rpm according to the manufacturer’s instructions.

Virus rescue experiments
Influenza H3N2 viruses were generated by the influenza eight-plasmid
reverse genetics system using HINI A/Puerto Rico/8/34 (PR8) as a
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backbone®**. The HA and neuraminidase (NA) genes of Italy20
(GISAID accession numbers: EPI1735610 and EPI1735609, respectively)
were synthesized by Sangon Biotech, and cloned into the pHW2000
vector as previously described. Briefly, Italy20 HA ectodomain was
flanked by the non-coding regions, N-terminal secretion signal,
C-terminal transmembrane domain, and cytoplasmic tail from PRS. For
NA, the non-coding regions were from PR8, whereas the coding region
was from Italy20. Mutations were introduced by polymerase chain
reaction (PCR) using PrimeSTAR MAX DNA polymerase (Takara Bio,
cat no. R045B) according to manufacturer’s instructions, with primers
from Integrated DNA Technologies. Recombinant 6:2 viruses with the
six internal genes (PB2, PB1, PA, NP, M, and NS) from PR8 were rescued
as previously described®. In brief, transfection was performed in a co-
culture of HEK 293 T and hMDCK cells (ratio of 6:1) at 70% confluence
in a 6-well plate. For each recombinant virus, 16 pL of TransIT-LT1
(Mirus Bio, cat no. MIR 2304) and 1 pg of each of the eight plasmids
encoding individual influenza virus segments were mixed and incu-
bated for 20 min at room temperature before adding to the cells. At 6 h
post-transfection, medium was replaced with 1 mL of DMEM. At 24 h
post-transfection, another 1mL of DMEM supplemented with
100 UmL™ PS, 25mM HEPES and 1pgmL™ tosylphenylalanyl chlor-
omethyl ketone (TPCK)-trypsin (Sigma-Aldrich, cat no. T1426) was
added. Supernatant was harvested at 72 h post-transfection, all of
which was then inoculated into hMDCK cells at 90% confluence ina T75
flask with DMEM containing 1pg mL™ TPCK-trypsin. Supernatant of
the hMDCK cells was harvested when more than 70% of cells showed
cytopathic effect. For each recombinant virus, three independent
rescue experiments were performed. All rescue experiments included
a positive control that contained wild type (WT) HA and a negative
control that contained no HA. Each rescuable virus was further plaque
purified. The identity of virus was confirmed by Sanger sequencing of
the HA after viral RNA extraction using QIAamp Viral RNA Mini Kit
(Qiagen, cat no. 52904), reverse transcription by ProtoScript Il First
Strand cDNA Synthesis Kit (New England Biolabs, cat no. E6560L), and
amplified by PCR. Titer of the rescued virus was measured by TCIDso
assay in hMDCK cells as previously described*®*°. Briefly, hMDCK cells
were prepared in 96-well plate and cultured at 37 °C with 5% CO, until
90% confluence was obtained. Cells were washed with 1x phosphate-
buffered saline (PBS, Gibco, cat no. 10010023) once and replenished
with 50 pL DMEM supplemented with 25 mM HEPES and 100 U mL™ PS
in each well. Virus stock was serially diluted at half-log increments and
subsequently added to hMDCK cells in four replicate wells before
incubating at 37 °C and 5% CO, for 1h. Cell supernatants were then
discarded and replaced with 150 pL of DMEM supplemented with
25mM HEPES, 100 UmL™ PS, and 1 pg mL™ TPCK-trypsin in each well
before incubating at 37 °C and 5% CO, for another 72 h. The TCIDso
titer was calculated using the Reed-Muench method.

Passaging of recombinant influenza virus

hMDCK cells were washed with PBS twice and infected with viruses at a
multiplicity of infection (MOI) of 0.001 in DMEM supplemented with
25 mM HEPES, 100 U mL™ PS, and 1 pug mL™ TPCK-trypsin. Viral super-
natants were harvested at 24 h and 48 h post-infection and titered by
TCIDso assay using hMDCK cells as described above.

Construction of mutant library

Mutant library was generated by a ligation strategy. pHW2000-Italy20
HA with L194P was used as the template for both insert and vector.
Three PCRs tiling the entire insert region were performed using three
sets of primers #1-F/R, #2-F/R, and #3-F/R (Supplementary Table 3).
The resulting three PCR products were mixed together at equal molar
ratio and amplified by PCR using primers #1-F and #3-R (Supplemen-
tary Table 3) to generate the final insert for the combinatorial mutant
library. The vector was amplified using primers: 5-CGT ACG TCT CAA
GCA TCT ATT GGA CAA TAG TAA AAC-3’ and 5-CGT ACG TCT CAC

CAA TTG AAG CTT TCA TTT TTA AAC-3'. All PCRs were performed
using PrimeSTAR Max polymerase according to the manufacturer’s
instructions, followed by purification using the Monarch Gel Extrac-
tion Kit (New England Biolabs, cat no. T1020S). The final insert and the
vector were digested by BsmBI-v2 (New England Biolabs, cat no.
R0O739S) and ligated using T4 DNA Ligase (New England Biolabs, cat no.
M0202S). Ligation product was purified by the PureLink PCR Pur-
ification Kit (Thermo Fisher Scientific, cat no. K310001) and then
transformed into MegaX DH10B TIR cells (Thermo Fisher Scientific, cat
no. C640003). At least half a million colonies were collected. The
plasmid mutant library was purified from the bacterial colonies using
the PureLink HiPure Plasmid Midiprep Kit (Thermo Fisher Scientific,
cat no. K210005). All primers were ordered from Integrated DNA
Technologies.

High-throughput fitness measurement of HA mutants

The plasmid HA mutant library and the other seven segments from
HINI A/WSN/1933 at equal mass ratio were co-transfected into a co-
culture of HEK 293 T/MDCK-SIAT1 cells (ratio of 6:1) at 60% confluence
in a T75 flask (75 cm?) using Lipofectamine 2000 (Thermo Fisher Sci-
entifc, cat no. 11668019) according to the manufacturer’s instructions.
At 24 h post-transfection, cells were washed twice with PBS and the cell
culture medium was replaced with OPTI-MEM medium (Gibco, cat no.
31985070) supplemented with 0.8 pg mL™ TPCK-trypsin. Supernatant
containing the virus mutant library was harvested at 96 h post-
transfection and titered by TCIDsqo assay using MDCK-SIATI cells as
described above. The rescued virus mutant library was stored at
-80 °C until use.

For passaging the rescued virus mutant library, MDCK-SIATI cells
in a T75 flask were washed twice with PBS and infected at an MOI of
0.02 in OPTI-MEM medium containing 0.8ugmL™? TPCK-trypsin.
Infected cells were washed twice with PBS at 2 h post-infection and
resupplied with OPTI-MEM medium containing 0.8 ygmL™ TPCK-
trypsin. At 24 h post-infection, supernatant containing the virus library
was collected. Viral RNA was extracted using QIAamp Viral RNA Mini
Kit. Purified viral RNA was reverse transcribed to cDNA using Super-
script Ill reverse transcriptase (Thermo Fisher Scientific, cat no.
18080093), and then amplified using KOD Hot Start DNA polymerase
(MilliporeSigma, cat no. 71086-3CN) according to the manufacturer’s
instruction using primers: 5-CAC TCT TTC CCT ACA CGA CGC TCT
TCC GAT CTA GTT GCC TCA TCC GGC ACA CTG-3’ and 5-GAC TGG
AGT TCA GAC GTG TGC TCT TCC GAT CTC AAT AGA TGC TTATTC
TGC TAG-3'. The plasmid mutant library was also amplified by PCR in
the same manner. A second round of PCR was carried out to add the
adapter sequence and index to the amplicons using primers 5-AAT
GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC
GCT-3" and 5’-CAA GCA GAA GAC GGC ATA CGA GAT XXX XXX GTG
ACT GGA GTT CAG ACG TGT GCT-3 as described previously”.
Nucleotides in primers annotated by “X” represented the index
sequence for distinguishing PCR products derived from different
samples. Finally, the PCR products were analyzed by next-generation
sequencing using Illumina MiSeq PE250.

Analysis of next-generating sequencing data

Next-generation sequencing data were obtained in FASTQ format.
Forward and reverse reads of each paired-end read were merged by
PEAR®. The merged reads were parsed by SeqlO module in
BioPython®. Primer sequences were trimmed from the merged reads.
Trimmed reads with a length that differed from the expected value
were discarded. Subsequently, the trimmed reads were translated into
amino acid sequences with sequencing error correction performed*.
Mutations were called by comparing the translated reads to the amino
acid sequence of Italy20 HA. Translated reads that did not contain the
L194P mutation were removed from downstream analysis. The fre-
quency (F) of a given mutant { in a given sample n was computed as
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follows:

Fo- readcount; , +1
b3~ (readcount; , +1)

@

A pseudocount of 1 was added to the read counts of each mutant
to avoid division by zero in subsequent steps. The enrichment (E) of a
given mutant { in replicate n of the post-passaged virus mutant library
was then calculated using the following equation:

F.
Eip= )

i,plasmid mutant library

F

Crystallization and structural determination of HA protein

The Vic20 HA ectodomain, which contained HAI residues 11-329 and
HA2 residues 1-176, was fused to an N-terminal gp67 signal peptide
and to a C-terminal biotinylation site, trimerization domain, and 6x
His-tag. Recombinant bacmid DNA that carried the Vic20 HA ectodo-
main construct was generated using the Bac-to-Bac system (Thermo
Fisher Scientific, cat no. 10359016). Baculovirus was generated by
transfecting purified bacmid DNA into adherent Sf9 cells using Cell-
fectin (Thermo Fisher Scientific, cat no. 10362100) according to the
manufacturer’s instructions. The baculovirus was further amplified by
passaging in adherent Sf9 cells at an MOI of 1. Recombinant HA ecto-
domain were expressed by infecting 1L of suspension Sf9 cells at an
MOI of 1. Infected Sf9 cells were incubated at 27 °C with shaking at
170 rpm for 72 h. HAO was purified from the supernatant by Ni-NTA,
buffer exchanged into 20 mM Tris-HCI, pH 8.0, with 100 mM NaCl,
digested with trypsin (New England Biolabs, cat no. P8101S), and pur-
ified by size exclusion chromatography on a HiLoad 16/100 Superdex
200 column (Cytiva, cat no. 90100137). Crystallization screening was
performed using the JCSG Core Suites I-IV (Rigaku) with HA at
7 mg mL™., Sitting drop for crystallization screening was set up by equal
volume of precipitant and protein solution using the Crystal Gryphon
(Art Robbins Instruments). Crystallization screens were incubated at 18
°C. Initial hits were further optimized using the sitting drop method at
18 °C, with 350 L of reservoir solution and 1:1 ratio of precipitant and
protein solution. Diffraction-quality crystals were obtained from 50%
PEG-200 and 0.1 M citrate pH 5.5. The resulting crystals were vitrified
and store in liquid nitrogen until data collection. To obtain the LSTc-
bound structure, crystals were soaked for 3 h at 18 °C with the pre-
cipitant condition containing 15mM of LSTc ligand prior to
vitrification.

Data were collected at the advanced photon source (APS) at
Argonne National Laboratory via the Life Science Collaborative Access
Team (LS-CAT) at beamlines 21-ID-D for the Vic20 HA apo crystal
structure, and 21-ID-F for the LSTc-bound Vic20 HA crystal structure.
Initial diffraction data were indexed, integrated, and scaled using
autoPROC?. The structure was solved by molecular replacement using
Phaser-MR included in the Phenix suite®, using as PDB 6BKP as the
replacement model”. The structure was further refined using
REFMACS5** and was manually built in COOT>. Ramachandran statistics
were calculated using MolProbity*.

Thermal shift assay

Five pg of protein was mixed with 5x SYPRO orange (Thermo Fisher
Scientific, cat no. S6650) in 20 mM Tris-HCI pH 8.0, 100 mM NaCl, and
10 mM CaCl, at a final volume of 25 uL. The sample mixture was then
transferred into an optically-clear PCR tube (VWR). SYPRO orange
fluorescence data in relative fluorescence unit (RFU) was collected
from 10 °C to 95°C using a CFX Connect Real-Time PCR Detection
System (Bio-Rad). The temperature corresponding to the lowest point
of the first derivative —~d(RFU)/dT was determined to be the melting
temperature (7).

Glycan array analysis

An N-terminal Igk signal peptide, Vic20 HA ectodomain, which con-
tained HAI residues 11-329 and HA2 residues 1-176, a C-terminal bio-
tinylation site, trimerization domain, and 6x His-tag were all cloned in-
frame in a phCMV3 vector. Mutations D186G and/or N190D were
introduced using PCR via site-directed mutagenesis. Expi293F cells
were transfected with the plasmid encoding soluble HA with the
Expifectamine 293 Transfection Kit (Gibco, cat no. A14526) according
to the manufacturer’s instructions. Six days post-transfection, the
supernatant was collected by centrifugation of the cell suspension at
4500x%g, 4 °C for 45 min. The supernatant was clarified using a poly-
ethersulfone membrane with a 0.22 pm filter (Millipore). Soluble Vic20
HA was purified from supernatant using Ni-NTA, and further purified
by size exclusion chromatography on a HiLoad 16/100 Superdex 200
column. HA was eluted with 1x PBS. Fractions corresponding to HA was
concentrated using Amicon centrifugal filter units with a 30kDa
molecular weight cutoff (Millipore) by centrifugation at 3000xg, 4 °C
for 10 min.

Glycans were synthesized and printed on microarray slides as
previously described”. The poly-LacNAc chains were obtained by
chemoenzymatic extension using H. pylori f1-3 N-acet-
ylglucosaminyltransferase and mammalian P1-4-galactosyltransfer-
ase, followed by sialylation by either rat ST3Gal-lll or human ST6Gal-I
sialyltransferases. Glycans were then custom printed on a MicroGridlIl
(Digilab) using a contact microarray robot equipped with
StealthSMP4B microarray pins (Telechem). For analysis, recombinant
HA protein (50 pg mL™), anti-His mouse IgG2a antibody (Biolegend,
cat no. 362616), and Alexa488-conjugated anti-mouse antibody (Invi-
trogen, cat no. A28175) were pre-complexed in a 4:2:1 ratio (w/w/w) on
ice for 15 minin 100 pL of PBS containing 0.05% Tween-20 (PBS-T). Pre-
complexed HAs were incubated on the microarray surface for 60 min
in a humidified chamber at room temperature. Slides were washed
twice in PBS-T, PBS, then water, and dried until arrays were scanned
using an Innoscan 1100AL microarray scanner (Innopsys). Slides con-
tained six replicates of each glycan. Replicates with the highest and
lowest fluorescence intensity were excluded, and the fluorescence
intensity of the remaining four replicates was used to obtain the mean
and standard error of the mean (SEM).

Synthesis of biotinylated linear and N-linked «-2,6-sialosides
Biotinylated «-2,6-sialosides were synthesized as described
previously" in which glycan core structures were prepared as formerly
described”’. In brief, biantennary Asn-linked (N-linked) glycans isolated
from chicken eggs (GlyTech) were desialylated using V. cholerae siali-
dase, and functionalized to carry a primary amine by coupling NHS-
glycine to the Asparagine. The glycans were chemo-enzymatically
elongated with one or two GalP1-4GIcNAc (LacNAc) units using an H.
pylori, a B1-3 N-acetylglucosamine transferase ((31,3-GIcNAcT), and a
recombinant fusion protein comprising a galactosyltransferase and
UDP-galactose epimerase from N. meningitidis (34GalT-GalE). Sialyla-
tion of terminal galactose to cap glycans in the NeuAca2-6Gal linkage
was accomplished using recombinant human STé6Gal-1. Biotinylation
of the glycans was accomplished with NHS-LCLC-biotin and DIPEA. All
the biotinylated glycans were confirmed by high-resolution mass
spectrometer (HRMS) as follows: 6’SLN;-L, ESI TOF-HRMS m/z calcu-
lated for C4oHgsN;O53S, [M + 2H]?*: 585.7709, found 585.7713; 6’SLN»-L,
ESI TOF-HRMS m/z calculated for Ce3H107Ng033S, M+ 2H]2+: 768.3370,
found 768.3366; 6'SLNs-L, ESI TOF-HRMS m/z calculated for
C57H130No043S, [M + 2H]*": 950.9031, found 950.9023. HRMS data of 6
SLN;-N, 6’SLN,-N and 6’SLN;-N was reported previously as follows’®: 6’
SLNI'N, ESI TOF-HRMS m/z calculated for C110H183N1206SS’ [M+ 3H]3+:
931.0328, found 931.0348; 6’SLN,-N, ESI TOF-HRMS m/z calculated for
Ci38H220N140gsS, [M + 3H]?": 1174.4543, found 1174.4567; 6’SLN;-N, ESI
TOF-HRMS m/z calculated for Cie6Ha76N16010sS, [M + 3H]*": 1418.2117,
found 1418.2285.
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Measuring glycan binding by ELISA

Streptavidin-coated high binding capacity 384-well plates (Pierce)
were washed with PBS 5 times followed by the addition of 50 uL of a
1.8 uM solution of a biotinylated glycan in PBS and incubated at 4 °C
overnight. The plates were rinsed with PBS-T 5 times to remove excess
glycans. Each well was then blocked with 100 pL of 1% bovine serum
albumin (BSA) in PBS containing 0.6 uM desthiobiotin at room tem-
perature for 2 h. Plates were then washed with PBS-T 5 times and used
without further processing.

To assess HA binding to the glycan-coated plates, purified His-
tagged-HAs (100 ug mL™) were premixed with anti-His mouse IgG2a
antibody (Biolegend, cat no. 362616) and HRP-conjugated goat anti-
mouse IgG (H + L) secondary antibody (Invitrogen, cat no. G21040)
in a 4:2:1 ratio (w/w/w) with 1% BSA in PBS, and incubated on ice for
30 min. The HA complex was then subjected to 3-fold serial dilu-
tions. Fifty microlitre of each premixed HA complex was then
transferred to wells of glycan-coated plates and incubated at room
temperature for 2 h. The wells were rinsed with PBS-T 5 times and
replenished with 50 pL of the 3,3’,5,5” tetramethylbenzidine (TMB,
Sigma-Aldrich, cat no. TO440) peroxidase substrate. The plates
were incubated at room temperature for 5 min and then quenched
with 50 pL of 2M sulfuric acid. The absorbance at 450 nm was
detected using a BioTek Synergy H1 microplate reader (Agilent).
The assay was performed in triplicate.

Immunization in mouse model

A group of female BALB/c mice aged at 6 weeks old were immunized
intraperitoneally with 10,000 PFU of a recombinant virus containing
HA and NA from Italy20, and six internal segments from PRS, along
with adjuvant (AddaVax, cat no. vac-adx-10). On day 21 post-immuni-
zation, a booster was given intraperitoneally using the same amount of
adjuvanted virus. On day 21 post-boosting, antisera from mice were
obtained from peripheral blood by cardiac puncture and kept at
-80 °C until use.

Human plasma samples

Human plasma samples from 479 healthy adults in Hong Kong in 2021
and 2022 were obtained from our previous study®. We selected 28
plasma samples for the present study based on two criteria: (1) the
donors were not infected or vaccinated with recent H3N2 virus with HA
D186/N190, and (2) plasma samples had 50% microneutralization
(MNs;) titer of at least 1:40 against A/Singapore/INFIMH-16-0019/2016.

Microneutralization assay

The neutralizing capacity of antisera from immunized mice and plasma
samples from human were measured by microneutralization (MN)
assay. Briefly, hMDCK cells in a 96-well plate with >90% confluence
were washed with PBS once and resupplied with DMEM containing
25mM HEPES and 100 U mL PS. Antisera and plasma samples were
heat-inactivated at 56 °C for 30 min and two-fold serially diluted (from
1:10 to 1:1280). Each diluted sample was mixed with 100 TCIDso of
mutant viruses and incubated at 37 °C for 1 h. The mixture was sub-
sequently incubated with hMDCK cells at 37 °C for 1h. Cell super-
natants were discarded and replaced by DMEM supplemented with
25mM HEPES, 100 UmL™ PS, and 1 pg mL™ TPCK-trypsin. Plates were
incubated at 37 °C for 72 h. The highest dilution that prevented cyto-
pathic effect in at least 50% of the wells was recorded as MNjsy, titer.

Statistics and reproducibility

Viral titers, neutralizing titers, optical density 450 nm values and
melting temperatures were measured with at least three independent
biological replicates. Wilcoxon signed-rank test was used to analyze
the statistical differences of neutralizing titers between groups. No
data were excluded from the analyses.

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

Data availability

Raw sequencing data have been deposited to the NIH Short Read
Archive under accession number: PRINA883249. The X-ray coordi-
nates and structure factors have been deposited in the RCSB Protein
Data Bank under accession codes 8FAQ and 8FAW. Structures from the
following identifiers from the Protein Data Bank (PDB) were used in
this study: 2YP2, 2YP7, 4FNK, 405N, 6A0Q, 6BKP, 6TZB, and 8TJA.
Source data are provided with this paper.

Code availability
Custom codes to process next-generation sequencing data can be
accessed at https://doi.org/10.5281/zenodo.11099315.

References

1. Bhatt, S., Holmes, E. C. & Pybus, O. G. The genomic rate of mole-
cular adaptation of the human influenza A virus. Mol. Biol. Evol. 28,
2443-2451 (20M).

2.  Thompson, A. J. et al. Evolution of human H3N2 influenza virus
receptor specificity has substantially expanded the receptor-
binding domain site. Cell Host Microbe 32, 261-275 e4 (2024).

3. Skehel, J. J. & Wiley, D. C. Receptor binding and membrane fusion in
virus entry: the influenza hemagglutinin. Annu. Rev. Biochem. 69,
531-569 (2000).

4.  Wu, N. C. & Wilson, I. A. Influenza hemagglutinin structures and
antibody recognition. Cold Spring Harb. Perspect. Med. 10,
a038778 (2020).

5. Yang, H. et al. Structure and receptor binding preferences of
recombinant human A(H3N2) virus hemagglutinins. Virology 471,
18-31(2015).

6. Bolton, M. J. et al. Antigenic and virological properties of an H3N2
variant that continues to dominate the 2021-22 Northern Hemi-
sphere influenza season. Cell Rep. 39, 110897 (2022).

7. Gulati, S. et al. Human H3N2 influenza viruses isolated from 1968 to
2012 show varying preference for receptor substructures with no
apparent consequences for disease or spread. PLoS ONE 8,
66325 (2013).

8. Lin, Y. P. et al. Evolution of the receptor binding properties of the
influenza A(H3N2) hemagglutinin. Proc. Natl Acad. Sci. USA 109,
21474-21479 (2012).

9. Medeiros, R., Escriou, N., Naffakh, N., Manuguerra, J. C. & van der
Werf, S. Hemagglutinin residues of recent human A(H3N2) influ-
enza viruses that contribute to the inability to agglutinate chicken
erythrocytes. Virology 289, 74-85 (2001).

10. Nobusawa, E., Ishihara, H., Morishita, T., Sato, K. & Nakajima, K.
Change in receptor-binding specificity of recent human influenza A
viruses (H3N2): a single amino acid change in hemagglutinin
altered its recognition of sialyloligosaccharides. Virology 278,
587-596 (2000).

1. Wu, N. C. et al. A complex epistatic network limits the mutational
reversibility in the influenza hemagglutinin receptor-binding site.
Nat. Commun. 9, 1264 (2018).

12. Peng, W. et al. Recent H3N2 viruses have evolved specificity for
extended, branched human-type receptors, conferring potential
for increased avidity. Cell Host Microbe 21, 23-34 (2017).

13. Broszeit, F. et al. Glycan remodeled erythrocytes facilitate antigenic
characterization of recent A/H3N2 influenza viruses. Nat. Commun.
12, 5449 (2021).

14. Connor, R. J., Kawaoka, Y., Webster, R. G. & Paulson, J. C. Receptor
specificity in human, avian, and equine H2 and H3 influenza virus
isolates. Virology 205, 17-23 (1994).

Nature Communications | (2024)15:5175

10


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA883249
http://doi.org/10.2210/pdb8FAQ/pdb
http://doi.org/10.2210/pdb8FAW/pdb
http://doi.org/10.2210/pdb2YP2/pdb
http://doi.org/10.2210/pdb2YP7/pdb
https://doi.org/10.2210/pdb4fnk/pdb
https://doi.org/10.2210/pdb4o5n/pdb
https://doi.org/10.2210/pdb6aoq/pdb
https://doi.org/10.2210/pdb6bkp/pdb
https://doi.org/10.2210/pdb6tzb/pdb
https://doi.org/10.2210/pdb8TJA/pdb
https://doi.org/10.5281/zenodo.11099315

Article

https://doi.org/10.1038/s41467-024-49487-4

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Matrosovich, M. et al. Early alterations of the receptor-binding
properties of H1, H2, and H3 avian influenza virus hemagglutinins
after their introduction into mammals. J. Virol. 74, 8502-8512
(2000).

Unione, L. et al. Probing altered receptor specificities of anti-
genically drifting human H3N2 viruses by chemoenzymatic synth-
esis, NMR and modeling. medRxiv https://doi.org/10.1101/2023.04.
05.535696 (2023).

Hensley, S. E. et al. Hemagglutinin receptor binding avidity drives
influenza A virus antigenic drift. Science 326, 734-736 (2009).

Ito, T. et al. Differences in sialic acid-galactose linkages in the
chicken egg amnion and allantois influence human influenza virus
receptor specificity and variant selection. J. Virol. 71, 3357-3362
(1997).

Park, Y. W. et al. Comparison of antigenic mutation during egg and
cell passage cultivation of H3N2 influenza virus. Clin. Exp. Vaccin.
Res. 9, 56-63 (2020).

Barman, S. et al. Egg-adaptive mutations in H3N2v vaccine virus
enhance egg-based production without loss of antigenicity or
immunogenicity. Vaccine 33, 3186-3192 (2015).

Parker, L. et al. Effects of egg-adaptation on receptor-binding and
antigenic properties of recent influenza A (H3N2) vaccine viruses. J.
Gen. Virol. 97, 1333-1344 (2016).

Zost, S. J. et al. Contemporary H3N2 influenza viruses have a gly-
cosylation site that alters binding of antibodies elicited by egg-
adapted vaccine strains. Proc. Natl Acad. Sci. USA 114,
12578-12583 (2017).

Wu, N. C. et al. Preventing an antigenically disruptive mutation in
egg-based H3N2 seasonal influenza vaccines by mutational
incompatibility. Cell Host Microbe 25, 836-844.e5 (2019).

Wu, N. C. et al. A structural explanation for the low effectiveness of
the seasonal influenza H3N2 vaccine. PLoS Pathog. 13,

1006682 (2017).

Liu, Y. et al. Predicting egg passage adaptations to design better
vaccines for the H3N2 influenza virus. Viruses 14, 2065 (2022).
Liang, W. et al. Egg-adaptive mutations of human influenza H3N2
virus are contingent on natural evolution. PLoS Pathog. 18,
e1010875 (2022).

Centers for Disease Control and Prevention. https://www.cdc.gov/
flu/prevent/vaxsupply.htm (2023).

Hadfield, J. et al. Nextstrain: real-time tracking of pathogen evolu-
tion. Bioinformatics 34, 4121-4123 (2018).

Wu, N. C. et al. Major antigenic site B of human influenza H3N2
viruses has an evolving local fitness landscape. Nat. Commun. 1,
1233 (2020).

Sabesan, S., Bock, K. & Paulson, J. C. Conformational analysis of
sialyloligosaccharides. Carbohydr. Res. 218, 27-54 (1991).

Shi, Y., Wu, Y., Zhang, W., Qi, J. & Gao, G. F. Enabling the ‘host jump’:
structural determinants of receptor-binding specificity in influenza
A viruses. Nat. Rev. Microbiol. 12, 822-831 (2014).

Wu, N. C. et al. Diversity of functionally permissive sequences in the
receptor-binding site of influenza hemagglutinin. Cell Host Microbe
21, 742-753.e8 (2017).

Martin, J. et al. Studies of the binding properties of influenza
hemagglutinin receptor-site mutants. Virology 241, 101-111 (1998).
Takada, K. et al. A humanized MDCK cell line for the efficient iso-
lation and propagation of human influenza viruses. Nat. Microbiol.
4, 1268-1273 (2019).

Liang, W. et al. Lack of neutralizing antibodies against influenza A
viruses in adults during the 2022/2023 winter season - a serological
study using retrospective samples collected in Hong Kong. Int. J.
Infect. Dis. 135, 1-4 (2023).

Ha, Y., Stevens, D. J., Skehel, J. J. & Wiley, D. C. H5 avian and

H9 swine influenza virus haemagglutinin structures: possible origin
of influenza subtypes. EMBO J. 21, 865-875 (2002).

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wang, Y., Lei, R., Nourmohammad, A. & Wu, N. C. Antigenic evo-
lution of human influenza H3N2 neuraminidase is constrained by
charge balancing. eLife 10, €72516 (2021).

Hoffmann, E., Neumann, G., Kawaoka, Y., Hobom, G. & Webster, R.
G. A DNA transfection system for generation of influenza A virus
from eight plasmids. Proc. Natl Acad. Sci. USA 97, 6108-6113
(2000).

Weis, W. et al. Structure of the influenza virus haemagglutinin
complexed with its receptor, sialic acid. Nature 333,
426-431(1988).

Gouma, S., Weirick, M. & Hensley, S. E. Antigenic assessment of the
H3N2 component of the 2019-2020 Northern Hemisphere influenza
vaccine. Nat. Commun. 1, 2445 (2020).

Gambaryan, A. S., Robertson, J. S. & Matrosovich, M. N. Effects of
egg-adaptation on the receptor-binding properties of human
influenza A and B viruses. Virology 258, 232-239 (1999).

Shu, Y. & McCauley, J. GISAID: global initiative on sharing all
influenza data—from vision to reality. Eur. Surveill. 22, 30494
(2017).

Katoh, K., Misawa, K., Kuma, K. & Miyata, T. MAFFT: a novel method
for rapid multiple sequence alignment based on fast fourier trans-
form. Nucleic Acids Res. 30, 3059-3066 (2002).

McWhite, C. D., Meyer, A. G. & Wilke, C. O. Sequence amplification
via cell passaging creates spurious signals of positive adaptation in
influenza virus H3N2 hemagglutinin. Virus Evol. 2, vew026 (2016).
Minh, B. Q. et al. IQ-TREE 2: new models and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37,
1530-1534 (2020).

Yu, G. Using ggtree to visualize data on tree-like structures. Curr.
Protoc. Bioinforma. 69, €96 (2020).

Neumann, G. et al. Generation of influenza A viruses entirely from
cloned cDNAs. Proc. Natl Acad. Sci. USA 96, 9345-9350 (1999).
Chan, M. C. et al. Tropism and innate host responses of a novel
avian influenza A H7N9 virus: an analysis of ex-vivo and in-vitro
cultures of the human respiratory tract. Lancet Respir. Med. 1,
534-542 (2013).

Chan, M. C. et al. Tropism and innate host responses of the 2009
pandemic HIN1 influenza virus in ex vivo and in vitro cultures of
human conjunctiva and respiratory tract. Am. J. Pathol. 176,
1828-1840 (2010).

Zhang, J., Kobert, K., Flouri, T. & Stamatakis, A. PEAR: a fast and
accurate Illumina Paired-End reAd mergeR. Bioinformatics 30,
614-620 (2014).

Cock, P. J. et al. Biopython: freely available Python tools for com-
putational molecular biology and bioinformatics. Bioinformatics 25,
1422-1423 (2009).

Olson, C. A., Wu, N. C. & Sun, R. A comprehensive biophysical
description of pairwise epistasis throughout an entire protein
domain. Curr. Biol. 24, 2643-2651 (2014).

Adams, P. D. et al. PHENIX: a comprehensive Python-based system
for macromolecular structure solution. Acta Crystallogr. D Biol.
Crystallogr. 66, 213-221 (2010).

Murshudov, G. N. et al. REFMACS for the refinement of macro-
molecular crystal structures. Acta Crystallogr. D Biol. Crystallogr.
67, 355-367 (2011).

Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66,
486-501 (2010).

Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D Biol. Crystal-
logr. 66, 12-21 (2010).

Peng, W. et al. Helicobacter pylori betal,3-N-acetylglucosaminyl-
transferase for versatile synthesis of type 1 and type 2 poly-LacNAcs
on N-linked, O-linked and I-antigen glycans. Glycobiology 22,
1453-1464 (2012).

Nature Communications | (2024)15:5175


https://doi.org/10.1101/2023.04.05.535696
https://doi.org/10.1101/2023.04.05.535696
https://www.cdc.gov/flu/prevent/vaxsupply.htm
https://www.cdc.gov/flu/prevent/vaxsupply.htm

Article

https://doi.org/10.1038/s41467-024-49487-4

58. Kikuchi, C. et al. Glyco-engineered MDCK cells display preferred
receptors of H3N2 influenza absent in eggs used for vaccines. Nat.
Commun. 14, 6178 (2023).

59. Ekiert, D. C. et al. Cross-neutralization of influenza A viruses medi-
ated by a single antibody loop. Nature 489, 526-532 (2012).

60. Lee, P. S. et al. Receptor mimicry by antibody FO45-092 facilitates
universal binding to the H3 subtype of influenza virus. Nat. Com-
mun. 5, 3614 (2014).

61. Neelamegham, S. et al. Updates to the symbol nomenclature for
glycans guidelines. Glycobiology 29, 620-624 (2019).

62. Varki, A. et al. Symbol nomenclature for graphical representations
of glycans. Glycobiology 25, 1323-1324 (2015).

Acknowledgements

This work was supported by a fellowship from the Pasteur Foundation
Asia (W.L.), InnoHK, an initiative of the Innovation and Technology
Commission, the Government of the Hong Kong SAR (R.B.), the Searle
Scholars Program (N.C.W.), the Howard Hughes Medical Institute
Emerging Pathogens Initiative (N.C.W.), the Health and Medical
Research Fund (No. 19180932) (C.K.P.M.), Emergency Key Program of
Guangzhou Laboratory (Grant No. EKPG22-30-6) (C.K.P.M.), and the
visiting scientist scheme from Lee Kong Chian School of Medicine,
Nanyang Technological University, Singapore (C.K.P.M.).

Author contributions

R.L., W.L., W.0.0., and A.H.G. equally contributed to this study. R.L.,
W.L., W.0.0., R.B,, J.C.P,, SKK.N., C.K.P.M., and N.C.W. conceived and
designed the study.R.L.,, W.L.,, W.0.0.,AH.G.,C.K,,SW,RM,Y.S., C.C.,
T.J.C.T., CS.G. LAR, RS, and D.C. performed the experiments. R.L.,
W.L., W.0.0., C.K., and S.W. analyzed the data. R.B., J.C.P., S.K.N.,
C.K.P.M., and N.C.W. provided resources and support. R.L., W.L.,
W.0.0., C.K.P.M,, and N.C.W. wrote the paper, and all authors reviewed
and edited the paper.

Competing interests
N.C.W. consults for HeliXon. The authors declare no other competing
interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49487-4.

Correspondence and requests for materials should be addressed to
Chris K. P. Mok or Nicholas C. Wu.

Peer review information Nature Communications thanks Seth Zost, and
the other, anonymous, reviewers for their contribution to the peer review
of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:5175

12


https://doi.org/10.1038/s41467-024-49487-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Epistasis mediates the evolution of the receptor binding mode in recent human H3N2 hemagglutinin
	Results
	Evolution of receptor binding mode in recent human H3N2�HA
	Recent human H3N2 HA has an expanded receptor-binding�site
	Coevolution of G186D and D190N in recent human H3N2�clades
	Receptor binding and thermostability analyses reveal epistasis between G186D and�D190N
	Sequence variation at residues 186 and 190 impacts HA antigenicity
	Mapping sequence determinants for L194P incompatibility in recent H3N2�strains

	Discussion
	Methods
	Ethical statement
	Phylogenetic tree analysis
	Cell culture
	Virus rescue experiments
	Passaging of recombinant influenza�virus
	Construction of mutant library
	High-throughput fitness measurement of HA mutants
	Analysis of next-generating sequencing�data
	Crystallization and structural determination of HA protein
	Thermal shift�assay
	Glycan array analysis
	Synthesis of biotinylated linear and N-linked α-2,6-sialosides
	Measuring glycan binding by�ELISA
	Immunization in mouse�model
	Human plasma samples
	Microneutralization�assay
	Statistics and reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




