Supplementary Materials

Erythrocyte elution assay

The erythrocyte elution assay was performed as previously described’. In brief, 50 pL of
virus was serially diluted in PBS in 96-well V-bottom plates and mixed with 1% chicken or guinea
pig RBCs. The plate was incubated at 4 °C for 1 h, and the HA titre was recorded. Subsequently,

the plate was transferred to a 37 °C incubator for 6 h, with the HA titre recorded hourly.

Stable cell line production

Pseudotyped lentiviruses expressing the Sda epitope (which modifies a2,3-linked SA to
become inaccessible to bind HA), were produced by transfecting HEK 293T cells in a six well plate
with lipofectamine 3000 (Invitrogen), 0.4ug of HIV packaging plasmid (pGAG-POL), 0.4ug VSV-G,
and 0.4pg B4GALNT2 containing plasmid, (which catalyses the last step of the Sda antigen
synthesis; provided by Professor Nicholas S. Heaton)?. Supernatant with pseudoviruses was
collected after 48hrs and filtered through a sterile 0.45-um Millex®-HA filter unit (Millipore,
SLHAO033SB).

Pseudoviruses were diluted 1:10 in DMEM with 10% FBS, 1% pen-strep, 1% NEAA and
added to each well. Cells were treated with 4pg/ml of puromycin (selection antibiotic) at 48hrs
and 96hrs post transfection. Cells were then treated with 0.05% Trypsin-EDTA (1X) (25300-054)
and seeded into 25cm? cell culture flask (Grenier, 690175) with 1pg/ml of puromycin. Stable cell
lines were validated by immunofluorescence in duplicate (Supplemental Fig S9).

Cells were stained as described previously®. In brief, cells were seeded in a twelve well
plate. After 24hrs, media was removed from the cells. Cells were fixed with 200uL 4%
paraformaldehyde in PBS for 30min, and permeabilized for 10min with 200uL 1% Triton X in PBS.
Cells were washed with 1X PBS and stained with 20ug/mL lectins conjugated to fluorescein (FITC)
in 1X OptiMEM, either Maackia amurensis lectin | (MALI; binds a2,3-linked SA; Vector
Laboratories, FL-1311-2), Sambucus nigra lectin (SNA; preferentially binds a2,6-linked SA;
Vector Laboratories, FL-1301-2), or Dolichos biflorus lectin (DBA; binds the Sda epitope, Sigma-
Aldrich). Cells were incubated with the lectins for 1hr at 4°C, then washed once with 200pl
OptiMEM. The DBA lectin was conjugated to biotin, so after 1hr these wells were washed and
stained with streptavidin-conjugated Alexa Fluor™ 488nm (Invitrogen, S11223) for 1hr. Cells were

stored in OptiMEM and visualised with an EVOS M3000 Imaging Auto fluorescent microscope.
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Supplementary Figure S1. Conserved amino acid residues at the three domains of clade
2.3.4.4b HA. The three receptor binding domains, 130 loop, 190 helix, and 220 loop are
highlighted in blue, red, and yellow, respectively. The conserved amino acid residues of the three
domains are indicated in the tables next to the HA structure. Based on the available clade
2.3.4.4b H5Nx HA sequences from GISAID, the consensus sequences of these regions from 2020
to 2024 were HETSLGVSAACPYQ for the 130-loop, SNNAEEQTNLYKNPTTY for the 190-helix, and
IATRSQVNGQRGRMDFF for the 220-loop.H5 HA crystal structure was acquired from Protein
Data Bank (https://www.rcsb.org/) with accession number 4JUL.
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Supplementary Figure S2. Identification of less conserved amino acid residues from 2020-
2024. Setting divergence level at 1% as threshold, the less conserved amino acid positions within
the three domains of year (A) 2020, (C) 2021, (E) 2022, (G) 2023, and (l) 2024, are identified and
indicated with red arrows. The identified amino acid mutations of the less conserved amino acid
positions of year (B) 2020, (D) 2021, (F) 2022, (H) 2023, and (J) 2024 are then identified and
indicated with black arrows. 1,011, 2,381, 7,438, 3,612, and 2,917 HA sequences from 2020,
2021, 2022, 2023 and 2024 were analysed, respectively.
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Supplementary Figure S3. Receptor binding profiles of HSNx viruses. BLI was used to assess
the receptor binding of the H5NXx viruses with avian-like receptor analogue 3SLN (blue) and
human-Llike receptor analogue 6SLN (red). Data points represent normalized virus binding across
eight concentrations of each sugar analogue, with two replicates per concentration. Curves were
fitted using an asymmetric five-parameter logistic (5PL) model. Panels (A to R) correspond to
wild-type-like viruses.
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Supplementary Figure S4. Phylodynamics of HA from clade 2.3.4.4b H5Nx viruses. (A) Time
resolved HA phylogeny generated from stratified sample of 1,144 sequences. Tips are coloured
by amino acid at position 185 and alongside coloured bars also indicate subtype, sampling
location and host category. (B) To the left, branches of the phylogeny in A to which substitutions
at position 185 are highlighted with nodes at each end of such branches coloured by amino acid.
To the right, these branches are extracted from the tree and replotted evenly distributed on the

y-axis.
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Supplementary Figure S5. Haemagglutination inhibition (HI) titres comparison between chicken
Crow/Agh/17 (H5N8) post-vaccination antiserum and duck Ck/ENG/52/21 (H5N1) post-infection
antiserum. Data points represent three biological replicates. Statistical significance was
assessed by t-test. HI titres are shown as log, fold values. Statistical significance was assessed
by t test indicated by asterisks: ns, not significant 0.05>P; *, 0.05= P > 0.01; **, 0.01= P > 0.001;
***.0.001 = P>0.0001; ****, P< 0.0001; ****, P< 0.0001.
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Supplementary Figure S6. Determination of receptor-binding avidity of HA E185X viruses.
Bio-layer interferometry (BLI) was used to assess receptor binding of mutant viruses to avian-
like receptor sugar analogue 3SLN (blue) and human-like receptor sugar analogue 6SLN (red).
(A) Amino acid charge properties of natural variants at position 185, including positively
charged lysine (K) and arginine (R); negatively charged glutamate (E) and aspartate (D); and
neutral alanine (A), glycine (G), and valine (V). Data points represent normalized virus binding
across eight sugar analogue concentrations, with two replicates per concentration. Curves



were fitted using an asymmetric five-parameter logistic (5PL) model. Solid lines indicate E185X
viruses, and dotted lines indicate E185 (Ck/ENG/52/21). (B-F): Receptor binding avidity of
mutant viruses: (B) E185K; (C) E185R; (D) E185D; (E) E185A; (F) E185V. (G, H): Elution profiles of

the E185K mutant virus from erythrocytes at 37 ° C using (G) chicken erythrocytes and (H)

guinea pig erythrocytes. Elution assays were repeated three times independently. Statistical
significance was assessed by two-way ANOVA and indicated by asterisks: ns, not significant
(P>0.05); *,0.05=P>0.01; **,0.01 2 P>0.001; ***,0.001 = P >0.0001; ****, P < 0.0001.
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Supplementary Figure S7. The antigenicity of E185X mutant viruses. HI assay was performed
using chicken post-vaccination antiserum raised against CK/ENG/52/21 (H5N1) post-infection
duck antisera using serum samples from four biological replicates. Data points indicate
biological replicates. The mutations were made based on de-engineered Ck/ENG/52/21 virus.
Statistical significance was assessed by one-way ANOVA indicated by asterisks: ns, not
significant 0.05>P; *,0.052 P >0.01; **,0.01 =P >0.001; ***,0.001= P >0.0001; ****, P< 0.0001;
***xx P <0.0001.
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Supplementary Figure S8. HA E185K mutation in different host species. (A) Host distribution
of clade 2.3.4.4b H5Nx isolates carrying lysine (K) at HA position 185 (N = 741) based on GISAID
data. All available HA sequences from this clade in GISAID collected between 1 January 2020
and 31 December 2025 were analysed. A total of 2.1% of all 2.3.4.4b sequences, (741/34495)
possessed lysine (K) at HA position 185. (B) Distribution of HA E185 (glutamic acid) and K185
(lysine) among available cattle H5N1 isolates. K185 was enriched in cattle sequences where
10.8% (513/4753) contained 185K. The earliest cattle sequence with HA E185K is from October
2024. After a brief absence, E185K-positive H5N1 viruses re-emerged in February 2025 and
became increasingly dominant from July 2025 onwards.
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Supplementary Figure S9. SDA-293T cells expressing SDA with limited a2,3 expression. SDA
expressing cells were generated by transducing 293Ts with lentivirus containing the BAGALNT2
gene. Cells were fixed with 4% PBS in 1X PBS and permeabilized with 1% Triton X in PBS. Cells
were stained as with either OptiMEM only or 20ug/mL SNA, MAL |, or DBA lectins. DBA-stained
wells were then washed with PBS and stained with Alexa Fluor™ 488nm. Results were visualised
with the EVOS M3000 Imaging System at 20X objective. Immunofluorescence was run in
duplicate.



Table S1. Metadata details of the de-engineered H5Nx viruses used in this study.
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Table S3. Binding profiles of the tested H5 viruses to 3SLN.

Estimated K, values to 3SLN

Virus (relative to CK/ENG/52/21)
Gul/ENG/77/23 552
Cat/SD/01/24 14
Gs/SE/11/2021 2.3

CA/51/24 1.2
CK/SCT/70/21 23
Ty/ENG/52/20 35
Mink/FIN/E1/23 -1.6
Teal/KR/12/21 292




Skunk/PE/9-1/23
Swan/Fuku/02/21
Ph/ENG/75/22
Skua/SCT/22/22
Ardea/ES/2-5/22
Ck/CHB/23/21
Ck/AMR/42/21
Vul/GA/2C/22
Ck/USA/01/24
Gs/ON/24/24
Skua/SCO/22/22 K185E

1.3
4.6
2.7
37.2
1.8
13.7
-9.9
347.5
-1.0
-2.3
1.0

Table S4. Binding profiles of E185X viruses to 3SLN and 6SLN.

Estimated K 4 values to 3SLN

Estimated K B values to 6SLN

Virus (relative to CK/ENG/52/21) (relative to K185)
E185K 528.2 /

E185D 3.2 /

E185R 183 13.5
EI85A 3.4 /

E185V 21.4 /




Table S5. Metadata details of the full HS5N1 HPAIVs used in this study.
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