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Abstract  40 

High pathogenicity avian influenza viruses (HPAIVs) remain a major threat to animal and human 41 

health. The clade 2.3.4.4b H5Nx panzootic has been marked by increasing cross-species 42 

adaptation, including outbreaks in dairy cattle. The surge in mammalian infections in both wild 43 

and captive populations heighten concerns about zoonotic and pandemic potential. Here, we 44 

analyse haemagglutinin (HA) evolution in clade 2.3.4.4b H5Nx viruses from 2020 to 2025, 45 

focusing on key residues within the receptor-binding domain. We identify HA E185K (mature H5 46 

HA numbering; E189K in H3 numbering) as a novel immune escape mutation that confers 47 

increased binding to avian- and human-type sialic acid receptors. Strikingly, this mutation is 48 

increasingly prevalent in cattle-derived H5N1 viruses and enhances binding to human-like 49 

receptors. However, ferret studies demonstrated that whilst pathogenicity of the E185K virus was 50 

comparable to the cattle derived isolate, the E185K mutation did not confer transmission to 51 

direct or indirect contact ferrets. Our results reveal a mechanism linking immune escape with 52 

expanded receptor specificity, highlighting a potential pathway for mammalian adaptation. 53 

These findings underscore the need for continued surveillance of evolving H5Nx viruses to 54 

mitigate emerging zoonotic threats. 55 

 56 
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Introduction 74 

Avian influenza virus (AIV) infection is a major threat to wildlife, animal production, and 75 

public health worldwide. Since its first detection in 1996, the A/goose/Guangdong/1/1996 (H5N1) 76 

(gs/GD/96) lineage of high pathogenicity avian influenza (HPAI) H5 viruses has become epizootic 77 

globally1,2. This lineage has rapidly evolved into more than 30 clades and subclades, resulting in 78 

substantial antigenic diversity. Clade 2.3.4.4b emerged in 2016 and rapidly spread, driving the 79 

current global panzootic, with a notable shift from a previously dominant H5N8 subtype to the 80 

current circulating H5N1 subtype3,4 occurring in 2020.  81 

The clade 2.3.4.4b H5N1 virus has become the most dominant HPAI subtype, with 82 

apparent genomic plasticity resulting in substantial numbers of H5N1 genotypes being defined, 83 

causing unprecedented outbreaks in wild and domestic bird populations worldwide. While wild 84 

waterfowl remain important for clade 2.3.4.4b maintenance and dissemination, extensive 85 

reassortment has facilitated an expanded host range for some current H5N1 genotypes to 86 

include Charadriiformes (seabirds), establishing sustained lineages and resulting in altered 87 

disease ecologies5-7. Further, an expanded mammalian host range has been described through 88 

the detection of infection and mortalities in numerous mammalian species including, but not 89 

limited to, sea mammals, cats, minks and foxes8-11. In March 2024, clade 2.3.4.4b H5N1 was also 90 

detected in dairy cattle in the USA12,13. To date, H5N1 has been detected and reported in more 91 

than 21 states and over 1,000 confirmed outbreaks according to United States Department of 92 

Agriculture (https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-93 

detections/hpai-confirmed-cases-livestock)). Human infections with the clade 2.3.4.4b H5N1 94 

virus remain sporadic; 132 confirmed cases from 2020-2025 listed by the World Health 95 

Organization (WHO). Amongst these were 71 infections in the United States, 41 of which are 96 

associated with dairy farms. The sustained global circulation of this virus clade underscores the 97 

urgent need to assess its zoonotic spillover potential and associated risks to human health. 98 

The binding specificity of the viral haemagglutinin (HA) protein to sialic acid (SA) 99 

containing glycans on cell surfaces is a key determinant of influenza virus host range. Influenza 100 

viruses of avian origin preferentially bind cell-surface glycans containing α2,3-linked sialic acids 101 

(SAα2,3Gal), whereas human seasonal and pandemic influenza viruses preferentially recognize 102 

α2,6-linked sialic acids (SAα2,6Gal)14. This specificity corresponds to the predominant 103 

distribution of α2,3-linked and α2,6-linked SA in the avian gastrointestinal tract and the human 104 

respiratory tract, respectively15,16. To overcome host barriers, AIVs frequently acquire adaptive 105 

mutations in HA that switch receptor-binding preference. In previous H5N1 HAs, substitutions 106 

such as T156A, Q222L and G224S have been shown to enhance binding to human-like SA17-20, 107 

https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-detections/hpai-confirmed-cases-livestock
https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-detections/hpai-confirmed-cases-livestock
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thereby facilitating infection of mammalian hosts and potentially increasing the likelihood of 108 

onwards transmission.  109 

The immunodominant HA protein also plays a central role in determining viral antigenicity 110 

and serves as the primary target of neutralizing antibodies. Consequently, HA evolution is often 111 

shaped by pre-existing immunity from vaccination or natural infection. Wild aquatic birds act as 112 

the natural reservoirs of low pathogenicity AIVs, in which the infection is typically established in 113 

the intestinal tract and is often associated with mild or asymptomatic disease. Recurrent 114 

infection and reinfection in these populations lead to the accumulation of post-infection 115 

immunity, which exerts sustained selective pressure on circulating viruses. High intensity 116 

vaccination of poultry represents an additional, potent driver of AIV HA evolution. Countries 117 

including China, Egypt, Mexico, and Vietnam have implemented mass H5 vaccination campaigns 118 

in poultry, while many others are considering adopting a similar strategy21. However, vaccination 119 

programmes whilst a key element of future control strategies, could influence viral glycoprotein 120 

evolution through emergence of immune escape variants, leading to a possible reduction in 121 

vaccine efficacy22. Consequently, should more widespread poultry vaccination be adopted 122 

globally, the importance of monitoring for possible antibody-driven viral evolution will become 123 

epidemiologically relevant for the emergence of novel AIV strains.  124 

Here, we investigated whether naturally occurring genetic variation in the HA receptor-125 

binding region of clade 2.3.4.4b H5Nx viruses can alter receptor binding profiles and antigenic 126 

recognition, and whether these changes pose zoonotic risk. We first analysed genetic 127 

polymorphisms in this region and used reverse genetics (RG) to assess their functional effects 128 

on receptor binding. We then studied whether immune pressure exerted by antisera could select 129 

HA variants with altered receptor-binding specificity and antigenic cross-reactivity. Finally, we 130 

used a ferret model to assess the pathogenesis and transmission of the identified HA variants. 131 

Together, the data demonstrated how immune-driven adaptation can simultaneously promote 132 

antigenic escape and impact upon receptor binding, with potential implications for zoonotic risk. 133 

 134 

Results 135 

Overview of receptor binding regions of Clade 2.3.4.4b HA.  136 

To investigate how emerging evolutionary changes in HPAI H5N1 viruses may affect virus–137 

host interactions, we examined the major structural regions of the HA receptor-binding pocket 138 

(all the subsequent H5 HA amino acid positions described are mature H5 HA numbering): 139 

the 130 loop (residues 125-138), 190 helix (residues 181-197), and 220 loop (residues 213-229) 140 

within the receptor binding site (RBS)23 (Supplementary Figure S1). Further, to assess temporal 141 
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variation, we compared the amino acid (aa) identity of these three receptor binding domains by 142 

year, applying a 99% conservation threshold. Residues with conservation below this threshold 143 

were considered less conserved (Supplementary Figure S2). 144 

A total of 18 mutations at non-conserved RBSs were identified at frequencies of 1% or 145 

higher: E126D, T127A, S128A, V131M, P136Q, P136S, Y137H, S181P, N183S, A184E, A184V, 146 

E185K, T188A, T188I, N189D, N189K, A214S and A214V. Naturally occurring viruses (wild type; 147 

WT) containing these mutations were identified for further analysis (Table 1). The selected 18 148 

mutations are indicated in the HA structure (Figure 1A). We generated RG viruses carrying the 149 

monobasic HA cleavage site (CS) and its homologous NA, with laboratory-adapted A/Puerto 150 

Rico/8/1934 (PR8) internal genes. In addition to the 18 WT-like viruses, 151 

A/chicken/England/053052/2021 (H5N1) (Ck/ENG/52/21) was included as a control virus 152 

representing the background strain, which contained none of the 18 mutations described above. 153 

Together, this panel provides a representative set of naturally occurring clade 2.3.4.4b HA 154 

variants, enabling systematic evaluation of their functional and antigenic properties relative to 155 

the consensus virus Ck/ENG/52/21. 156 

 157 

Table 1. Panel of RG viruses analysed by BLI in this study. 158 

Strain name Abbreviation 
Receptor binding profiles of 

control viruses and  

H5 HA mutations                     

(Relative to Ck/ENG/52/21) 
A/England/195/2009 (H1N1) ENG/195/09 6SLN binding 

A/duck/Vietnam/OIE-2202/2012 (H5N1) Dk/VNM/02/12 3SLN binding  
A/Anhui/1/2013 (H7N9) AH/1/13 3SLN and 6SLN binding 

A/chicken/Egypt/RIMD12-3/2008 (H5N1) Ck/EG/2-3/08  3SLN and 6SLN binding 
A/chicken/England/053052/2021 (H5N1) Ck/ENG/52/21 Consensus 

A/herring_Gull/England/123277/2023 (H5N5) Gull/ENG/77/23 E126D 
A/cat/SD/24-038917-001-original/2024 (H5N1) Cat/SD/01/24 T127A 

A/goose/Sweden/SVA210301SZ0005/KN049802-IP11/2021 (H5N8) Gs/SE/11/2021 S128A 
A/California/151/2024(H5N1) CA/51/24 V131M 

A/chicken/Scotland/068270/2021 (H5N1) Ck/SCO/70/21 P136Q 
A/turkey/England/039352/2020 (H5N8) Ty/ENG/52/20 P136S 
A/white mink/Finland/UH-357-E1/2023  Mink/FIN/E1/23 Y137H 

A/common teal/South Korea/W812/2021 (H5N1) Teal/KR/12/21 S181P 
A/striped skunk/PE/FAV-0089-1/2023 (H5N1) Skunk/PE/9-1/23 N183S 

A/whooper swan/Fukushima/0701B002/2021 (H5N8) Swan/Fuku/02/21 A184E 
A/pheasant/England/331075/2022 (H5N1) Ph/ENG/75/22 A184V 

A/long-tailed_skua/Scotland/22/2022 (H5N1) Skua/SCO/22/22 E185K 
A/ardea_cinerea/Spain/863-1_22VIR6312-5/2022 (H5N1) Ardea/ES/2-5/22 T188A 

A/chicken/Chiba/T50-23/2021(H5N8) Ck/CHB/23/21 T188I 
A/chicken/Aomori/TU9-4142/2021 (H5N1) Ck/AMR/42/21 N189D 

A/black vulture/Georgia/W22-722C/2022 (H5N1) Vul/GA/2C/22 N189K 
A/chicken/USA/24-031166-001/2024 (H5N1) Ck/USA/01/24 A214S 

A/canada Goose/ON/FAV-0056-4-2024/2024 (H5N1) Gs/ON/24/24 A214V 
 159 

 160 
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HA mutation E185K shows increased binding to human-like receptor. 161 

Synthetic sialylated avian-like receptor analogues α2,3-sialyllactosamine (3SLN) and 162 

human-like receptor analogue α2,6-sialyllactosamine (6SLN) were used to assess the receptor 163 

binding profiles of the selected H5 viruses by bio-layer interferometry (BLI). A panel of control RG 164 

viruses were used to test the receptor binding specificity to 3SLN and 6SLN, including: a human 165 

2009 pandemic A/England/195/2009 (H1N1), referred to as ENG/195/09 (H1N1), which 166 

exclusively binds to 6SLN, an avian virus A/duck/Vietnam/OIE-2202/2012 (H5N1), referred to as 167 

Dk/VNM/02/12 (H5N1), which exclusively binds to 3SLN, and a known dual-binding virus 168 

A/Anhui/1/2013 (H7N9), referred to as AH/1/13 (H7N9), which binds to both 3SLN and 6SLN 169 

(Figure 1B-1D)24-26. We also included clade 2.2.1 A/chicken/Egypt/RIMD12-3/2008 (H5N1), 170 

referred as Ck/EG/2-3/08 (H5N1), which previously has shown to binding both 3SLN and 6SLN, 171 

after altering its polybasic CS to a monobasic CS. The monobasic CS HA of Ck/EG/2-3/08 (H5N1) 172 

also showed a consistent receptor binding profile with a previous study using the parent HA with 173 

a multibasic CS27 (Figure 1E). 174 

Binding for most of the H5 viruses to the human-like receptor 6SLN was undetectable 175 

(Supplementary Figure S3), except for Skua/SCO/22/22 (H5N1) which contained E185K (Figure 176 

1F). To test the functional role of E185K in 6SLN binding, we created a mutant virus with reversion 177 

of K185E. The results confirmed that the E185K mutation increased the binding of the H5 virus to 178 

the human-like receptor 6SLN, as this phenotype was lost in the mutant (Figure 1G). To compare 179 

the avidity of the H5 virus panel for 3SLN, estimated Kd values are shown in Table S3. Compared 180 

to Ck/ENG/52/21, Skua/SCO/22/22 exhibited a 37.2-fold increase in 3SLN binding, whereas the 181 

K185E mutant of Skua/SCO/22/22 remained unchanged, suggesting that the E185K substitution 182 

enhances avidity to both 3SLN and 6SLN receptor analogues. 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 
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 216 

Figure 1. Receptor binding profiles of panel viruses. BLI was used to assess receptor binding 217 

of the mutant viruses with avian-like receptor analogue 3SLN (blue) and human-like receptor 218 

analogue 6SLN (red). Data points represent normalized virus binding across eight concentrations 219 

of each sugar analogue, with two replicates per concentration. Curves were fitted using an 220 

asymmetric five-parameter logistic (5PL) model. (A) The shortlisted amino acids are indicated by 221 

the arrows. The highlighted amino acids in 130 loop are in blue, 190 helix are in red, and 220 loop 222 

are in yellow. The viruses include: (B) 2009 human pandemic ENG/195/09 (H1N1), (C) Clade 223 

2.3.2.1c Dk/VNM/02/12 (H5N1), (D) Zoonotic AH/1/13 (H7N9), (D) Clade 2.2.1 Ck/EG/2-3/08 224 

(H5N1). (F) corresponds to Skua/SCO/22/22, and (G) Skua/SCO/22/22 with HA mutation K185E. 225 
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HA mutation E185K is identi%ed as an immune escape mutant.  226 

To evaluate evidence for the presence of diversifying positive selection across the HA RBS 227 

of clade 2.3.4.4b H5N1 viruses circulating since 2020, we estimated the ratio of rates of non-228 

synonymous and synonymous mutations at each codon corresponding to residues of the 130 229 

loop, 190 helix and 220 loop. To account for phylogenetic uncertainty, dN/dS estimates were 230 

made for a large posterior sample of time-resolved trees allowing a highest posterior density 231 

(HPD) interval to be estimated in addition to a point estimate of dN/dS (Fig 2A). The strongest 232 

support for positive selection was at position 185 with a mean estimate of 1.8 (95% HPD 0.9-2.7). 233 

Position 185 alone was associated with a 50% HPD interval (1.4-1.9) greater than one, whereas 234 

for the only other positions with a mean dN/dS estimate greater than one, 188 and 218, 50% HPD 235 

intervals spanned one, representing weaker evidence. Therefore, despite several RBS residues 236 

showing a comparable degree of amino acid variability, only position 185 has a signature 237 

suggesting diversifying positive selection. Examination of a phylogeny generated for a large 238 

sample of 2.3.4.4b viruses revealed E185K to be the most frequent non-synonymous substitution 239 

at position 185, occurring repeatedly through time and being distributed widely across the HA 240 

phylogeny (Supplementary Figure S4). 241 

Antigenic drift in AIVs is primarily driven by mutations in HA that facilitate evasion of pre-242 

existing anti-HA immunity derived from natural infection or vaccination. To mimic antigenic drift 243 

caused by HA mutations during vaccination in chickens and natural infection in waterfowls, we 244 

serially passaged the dominant genotype strain, Ck/ENG/52/21 (H5N1), in-ovo in the presence 245 

of pooled chicken post-vaccinated antiserum raised against the clade 2.3.4.4b 246 

A/crow/Aghakhan/2017 (H5N8) (Crow/Agh/17) virus, or pooled duck post-infection antiserum 247 

from Ck/ENG/52/21 (H5N1)-infected ducks to identify immune escape mutants (both viruses 248 

have HA E185) (Figure 4B). Both antisera showed comparable HI titres against Ck/ENG/52/21 249 

(H5N1) (Supplementary Figure S5). Under continuous immune pressure with the antisera in 250 

embryonated chicken eggs, an 8-fold HI titre reduction was identified at passage 5 (p5) with duck 251 

post-infection antiserum, but there was no HI titre reduction detected at passage 10 (p10) with 252 

chicken post-vaccination antiserum (Figure 2C-2D).  253 

The HA gene of the p5 virus passaged in the presence of duck sera was then sequenced, 254 

and this identified the E185K mutation. A monobasic CS RG mutant virus carrying the HA E185K 255 

mutation was generated based on Ck/ENG/52/21 to confirm that the E185K mutation was the 256 

epitope change responsible for the reduction in the HI and virus neutralisation test (VNT) titres 257 

by 8-fold and 3-fold, respectively, in comparison to the Ck/ENG/52/21 (Figure 2E and 2F).  258 
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A common mechanism of immune escape in influenza is mutations that enhance HA 259 

receptor-binding avidity. Enhanced HA avidity to sialylated glycans allows this interaction to 260 

outcompete neutralisation by weaker antibodies, even when these antibodies do not bind 261 

directly to the altered epitopes28. We had previously found increased positive charge proximal to 262 

the receptor binding site can enhance receptor avidity29, were therefore hypothesised  E185K 263 

may act by the same mechanism. To test the effect of amino acid charge on receptor binding, we 264 

generated a panel of mutant viruses carrying E185K, E185R, E185D, E185A, or E185V, all of which 265 

have been naturally identified in the field among clade 2.3.4.4b H5Nx viruses (Supplementary 266 

Figure S6A).  267 

 Both positively charged amino acids (E185K and E185R) showed increased avidity to 268 

both 3SLN and 6SLN compared to E185, although binding of E185R to 6SLN was weaker than that 269 

of E185K (Supplementary Figure S6B-6C). All negatively charged and neutral residues retained 270 

binding exclusively to 3SLN (Supplementary Figure S6D-F), and the estimated K
d
 values were also 271 

higher than E185 (Table S4). The receptor-binding profiles were further validated using elution 272 

assays with chicken and guinea pig erythrocytes, which are enriched for α-2,3 SA and α-2,6 SA 273 

receptors, respectively30. Compared to Ck/ENG/52/21, E185K eluted more slowly from both 274 

erythrocyte types (Supplementary Figure S6G-H), suggesting stronger binding to both α-2,3 and 275 

α-2,6 SA receptors. 276 

We also assessed the antigenic impact of these other E185X mutations (Supplementary 277 

Figure S7). E185A, E185R, and E185V showed significant reductions in HI titres compared to 278 

Ck/ENG/52/21, whereas E185D remained unchanged, indicating that both the identity and 279 

charge of the residue at position 185 can influence antigenicity.  280 

Collectively, our data identify E185K as a critical HA mutation mediating immune escape. 281 

This mutation simultaneously enhances HA receptor-binding avidity while modulating 282 

antigenicity. This highlights its potential role as a key driver of immune escape in H5Nx viruses 283 

and provides a basis for subsequent structural and functional analyses of its impact on receptor 284 

binding and antigenicity. 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 
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Figure 2. Selection and characterisation of HA E185K immune escape variant. (A) Positive 323 

selection analysis of HA receptor binding domains. Codon-specific ratios of relative rates of 324 

synonymous and non-synonymous substitutions (dN/dS) estimated using a renaissance 325 

counting approach integrated over a posterior sample of time-resolved phylogenies generated 326 

for sample of 824 unique H5N1 HA sequences sampled between 2020 and 2025. Box plots show 327 

the mean, boxes indicate the 50% highest posterior density (HPD) and whiskers represent the 95% 328 

HPD. (B) Schematic of immune escape variant selection. De-engineered H5N1 virus carrying a 329 

monobasic H5 HA and internal genes from the attenuated vaccine strain A/Puerto Rico/8/1934 330 

(PR8) was passaged in chicken embryos under immune pressure with chicken post-vaccination 331 

antiserum (Crow/Agh/17 (H5N8)) or duck post-infection antiserum (Ck/ENG/52/21 (H5N1)) for 332 

up to 10 and 5 passages, respectively. (C) Haemagglutination inhibition (HI) titres of 333 

Ck/ENG/52/21 after five passages under duck post-infection antiserum. p5 virus titres are shown 334 

relative to virus passaged with uninfected duck serum and to p0 virus. (D) HI titres of 335 

Ck/ENG/52/21 virus passaged with chicken post-vaccination antiserum (Crow/Agh/17) at 336 

passages 5 (p5) and 10 (p10), compared with virus passaged with non-vaccinated chicken serum 337 

and p0 virus. (E, F) Comparison of HA E185K mutant and Ck/ENG/52/21 virus HI (D) and virus 338 

neutralisation titres (VNT, E) using duck post-infection antiserum. Data points represent 339 

biological replicates (n = 3). Statistical significance was assessed by one-way ANOVA or t test. 340 

Significance is indicated by asterisks: ns, not significant (P > 0.05); *, 0.05 ≥ P > 0.01; **, 0.01 ≥ 341 

P > 0.001; ***, 0.001 ≥ P > 0.0001; ****, P ≤ 0.0001. 342 

 343 

HA E185K has emerged upon H5N1 HPAIV circulation in cattle and also confers binding to human-344 

like receptors in the context of the HA from cattle H5N1 viruses. 345 

To investigate the natural occurrence of Clade 2.3.4.4b H5 viruses carrying the HA E185K 346 

mutation, we analysed all available HA sequences from this clade in GISAID collected between 347 

1 January 2020 and 31 December 2025, a substantial proportion of cattle sequences contain 348 

E185K (Supplementary Figure S8). Phylogenetic analysis identified two distinct E185K lineages in 349 

cattle H5N1 viruses, compared with the precursor cattle H5N1 virus from Texas. In addition to 350 

the E185K mutation, one lineage contained D88G, I117F, V131M, and K234R, whereas the other 351 

contained D88G, R208K, and K212R (Figure 3A). 352 

To determine whether cattle H5N1 viruses with HA E185K possess binding to avian- and 353 

human-like receptors, we generated RG viruses representing the two cattle lineages, as well as 354 

corresponding K185E mutants. Both cattle viruses with K185 bound to avian-like (3SLN) and 355 

human-like (6SLN) receptor analogues (Figure 3B-C), whereas the K185E mutant retained 356 

binding to 3SLN but lost detectable binding to 6SLN (Figure 3E-F).  357 

Receptor-binding properties were further validated using a pseudovirus entry assay in 358 

HEK293T cells engineered to express the Sda epitope (293T-SDA), which masks α2,3-linked sialic 359 

acids, inhibiting entry of viruses that use this receptor, but not those that bind efficiently to α2,6-360 

linked sialic acids31,32. Pseudovirus with H3 HA from a human virus, A/Aichi/2/1968 (H3N2), 361 

showed no reduction in entry in the 293T-SDA cells compared to 293T cells, whereas 362 
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pseudovirus with H5N1 HA from A/chicken/England/085598/2022 (Ck/ENG/98/22) or A/dairy 363 

cattle/Texas/24-008749-001/2024 (Cow/TX/01/24) showed inhibited entry. Addition of Q222L to 364 

these H5s (a known human-like receptor-adapting mutation) showed markedly increased 365 

normalised RLU in 293T-SDA cells, although entry remained higher in parental 293T cells. The 366 

Cow/TX/01/24 E185K mutant showed increased entry in 293T-SDA cells with comparable 367 

normalised RLU in both 293T and 293T-SDA cells (Figure 3F), similar to the pattern shown by 368 

pseudovirus with human H3N2 HA, suggesting that the E185K substitution reduces dependence 369 

on α2,3-linked sialic acids and facilitates entry via α2,6-linked sialic acids. 370 

Overall, these findings indicate that the HA E185K mutation is emerging in cattle H5N1 371 

viruses, confers enhanced binding to human-like receptors, highlighting its potential zoonotic 372 

risk. 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

Figure 3. The emergence of HA E185K mutation in cattle. (A) Midpoint-rooted phylogeny of 484 394 

unique H5N1 HA sequences sampled from cattle highlighting two lineages (#1 and #2) carrying 395 
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K185. Alongside, a schematic shows amino acid state at each HA site at which these two lineages 396 

differ relative to ancestral B3.13 viruses first detected in cattle. Amino acids are represented 397 

according to the key, with groups of residues with similar biophysical properties shown in shades 398 

of the same colour. (B-E) BLI was used to assess receptor binding of cattle H5N1 viruses to avian-399 

like (3SLN, blue) and human-like (6SLN, red) receptor analogues: (D) Lineage #1 with HA 400 

D88G+I117F+V131M+K234R, (E) Lineage #2 with HA D88G+R208K+K212R, (F) Lineage #1 with HA 401 

K185E, (G) Lineage #2 with HA K185E. (H) Pseudovirus entry was quantified by luciferase assay 402 

and expressed as Relative Light Units (RLU). The assay was performed with six biological 403 

replicates. Statistical significance was assessed by one-way ANOVA and indicated by asterisks: 404 

ns, not significant (P > 0.05); *, 0.05 ≥ P > 0.01; **, 0.01 ≥ P > 0.001; ***, 0.001 ≥ P > 0.0001; 405 

****, P ≤ 0.0001. 406 

 407 

Impact of HA mutation E185K on virus replication and stability  408 

 We next compared the growth kinetics of de-engineered monobasic CS containing H5N1 409 

viruses, including the Ck/ENG/52/21 and its E185K mutant, both in ovo and in vitro. Replication 410 

of the E185K virus in the allantois of embryonated hens’ eggs  was reduced compared to that of 411 

Ck/ENG/52/21 (Figure 4A–B). Similarly, E185K showed attenuated replication compared to 412 

Ck/ENG/52/21 in all tested cell lines, including Madin-Darby canine kidney (MDCK) cells, MDCK 413 

cells stably expressing human 2,6-sialyltransferase (SIAT1; MDCK-SIAT1), chicken embryo 414 

fibroblasts (CEF), and human lung epithelial (A549) cells (Figure 4C–F). In addition, plaque 415 

assays in MDCK cells revealed that E185K formed significantly smaller plaques than 416 

Ck/ENG/52/21 (Figure 4G–H). 417 

HA stability at low pH and high temperature is a key determinant of airborne 418 

transmission26,33, and has previously been shown to be influenced by changes in the receptor 419 

binding domain33,34. We therefore assessed HA stability using syncytium formation and 420 

thermostability assays. Both Ck/ENG/52/21 and Ck/ENG/52/21 E185K viruses exhibited 421 

comparable thermostability and membrane fusion at pH 5.8 (Figure 4I–J). 422 

We further compared the growth kinetics of de-engineered monobasic containing cattle 423 

H5N1 viruses, A/dairy cow/California/010998-001/2025 (H5N1) (Cow/CA/01/25) that naturally 424 

harbours HA K185 and its mutant virus with HA K185E and then compared their replication fitness 425 

in in human nasal epithelial cells (hNECs) from pooled donors culture at an air-liquid interface 426 

(ALI). Both viruses showed comparable replication at 16, 24 and 72 h.p.i, whereas K185E mutant 427 

showed higher replication than K185 at 48 h.p.i (Figure 4K).  428 

 Collectively, these results indicate that the E185K mutation shows no apparent evidence 429 

of increased viral replication while maintaining HA thermostability and fusion properties, 430 

suggesting a compromise between immune escape and replicative viral fitness. 431 

 432 
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Figure 4. Characterisation of replication and HA stability of HA E185K H5N1 virus. Replication 463 

kinetics of de-engineered monobasic Ck/ENG/52/21 (H5N1) and its HA E185K mutant were 464 

assessed in: (A) embryonated chicken eggs by haemagglutination assay (100PFU, n = 5), (B) 465 

embryonated chicken eggs by plaque assay (100PFU, n = 5), (C) MDCK cells (0.001MOI, n = 3), (D) 466 

MDCK-SIAT1 cells overexpressing ST6 (0.001MOI, n = 3), (E) primary chicken embryo fibroblasts 467 

(CEF) (0.01MOI, n = 3), and (F) human A549 cells (0.01MOI, n = 3). (G) Plaque size comparison 468 

between Ck/ENG/52/21 and E185K viruses. (H) Representative plaque morphology of 469 

Ck/ENG/52/21 and E185K viruses. (I) Thermostability assays for Ck/ENG/52/21 and E185K 470 

viruses. (J) Syncytium formation assay to determine fusion pH of Ck/ENG/52/21 and E185K 471 

viruses. (K) Replication kinetics of de-engineered monobasic Cow/CA/01/25 and its HA K185E 472 

mutant were assessed in human nasal epithelial cells (hNECs) from pooled donors (0.01MOI, 473 

n=3). Statistical significance was assessed by two-way ANOVA or t test and indicated by 474 

asterisks: ns, not significant (P > 0.05); *, 0.05 ≥ P > 0.01; **, 0.01 ≥ P > 0.001; ***, 0.001 ≥ P > 475 

0.0001; ****, P ≤ 0.0001. 476 

   477 

HA E185K does not increase airborne transmission in ferrets. 478 

To further assess the airborne transmissibility of HPAIV harbouring HA K185, we used two 479 

RG HPAIVs: Cow/TX/01/24 and A/Cow/CA/01/25 (lineage #1 as described above). Cow/TX/01/24 480 

represents the precursor B3.13 cattle H5N1 virus that naturally harbours HA E185, and 481 

Cow/CA/01/25 represents the recent emerging B3.13 cattle H5N1 virus that contains HA K185. 482 

For each virus, four ferrets were directly infected (D0) with 103 TCID50 virus and co-housed with 483 

four ferrets as direct contacts (dR1), while an additional four ferrets were housed in a separate 484 

cage as indirect contacts (inR1) (Figure 5A). 485 

Both Cow/TX/01/24 and Cow/CA/01/25 caused clinical signs which prompted 486 

euthanasia, on welfare grounds, in 100% of the directly infected ferrets. All ferrets directly 487 

infected with Cow/TX/01/24 reached humane endpoints at approximately 3 days post-infection 488 

(d.p.i.), (Mean Death time (MDT) 63h) whereas those infected with Cow/CA/01/25 had slightly 489 

delayed endpoints at around 4 d.p.i. (MDT 73.75h) One direct-contact ferret (1By) in the 490 

Cow/TX/01/24 group died, corresponding to a mortality rate of 25%, but direct contacts survived 491 

in the Cow/CA/01/25 group. No euthanasia was required among indirect-contact ferrets, for 492 

either virus (Figure 5B-C). 493 

Oropharyngeal swabs and nasal washes were collected on alternate days to monitor 494 

virus shedding. Samples were also collected at the point of euthanasia. Apart from the directly 495 

infected ferrets and the single direct-contact ferret (1By) in the Cow/TX/01/24 group, virus 496 

shedding was not detected in any other direct-contact or indirect-contact ferrets by either 497 

oropharyngeal swab or nasal wash (Figure 5D-G). 498 
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Overall, these results indicate that both viruses were sufficiently virulent in ferrets to 499 

induce 100% mortality or euthanasia on welfare grounds,  but presence of HA K185 did not confer 500 

more efficient transmission via direct and indirect airborne contact. 501 
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Figure 5. Viral transmission and shedding in ferrets infected with cattle-origin H5N1 viruses. 530 

(A) Schematic design of the ferret airborne transmission study. Twenty-four mixed-sex ferrets 531 

were randomly assigned to two virus groups (n = 12 per group). In each group, four ferrets were 532 

directly infected (D0) with either Cow/TX/01/24 (H5N1) or Cow/CA/01/25 (H5N1) on day 0. Four 533 

naïve ferrets were direct contacts (dR1), and an additional four naïve ferrets were housed in an 534 

adjacent cage separated by a double-mesh barrier as indirect contacts (inR1). Survival of ferrets 535 

infected with (B) Cow/TX/01/24 (H5N1) and (C) Cow/CA/01/25 (H5N1). Viral shedding detected 536 

from ferrets infected with Cow/TX/01/24 by (D) oropharyngeal swab and (F) nasal wash. Viral 537 

shedding detected from ferrets infected with Cow/CA/01/25 by (E) oropharyngeal swab and (G) 538 

nasal wash. 539 

 540 

Discussion 541 

Clade 2.3.4.4b H5N1 HPAI viruses continue to circulate globally, causing unprecedented 542 

outbreaks that have led to significant economic losses and substantial declines in animal 543 

populations. The influenza HA glycoprotein mediates viral entry by binding to host cell sialylated 544 

glycan receptors, as the critical step for infection. Consequently, mutations in HA can alter 545 

receptor specificity, enabling host tropism shifts and potentially facilitating cross-species 546 

transmission. Several H5 HA mutations, including H103Y, T156A, Q222L, and G224S, have been 547 

previously shown to increase virus binding to human α-2,6-SA and support airborne transmission 548 

in ferrets17,20,33,34. In this study, we identified a single mutation, E185K, in the HA of clade 2.3.4.4b 549 

H5N1 virus that expands receptor binding from avian-type receptors alone to increased binding 550 

of both avian- and human-type receptor analogues. Our BLI data indicate that cattle H5N1 551 

viruses carrying K185 can bind both avian-like and human-like receptors, which is reminiscent of 552 

the dual receptor-binding 1957 pandemic H2N2 virus and the 2013 zoonotic H7N9 virus25,35,36, 553 

highlighting its potential significance in facilitating cross-species transmission and increasing 554 

the risk of avian-to-human spillover.  555 

We found that of all HA RBS residues, residue 185 had the strongest evidence for 556 

diversifying positive selection during the evolution of clade 2.3.4.4b H5N1 viruses since 2020. 557 

Notably, the HA E185K mutation is widespread in cattle populations, with evidence for selection 558 

and repeated emergence. HA amino acid position 185 has been identified as one of six 559 

immunodominant epitopes in clade 2.3.4.4b H5 viruses37.  Mutations in the HA protein often arise 560 

within antigenic sites that overlap with receptor-binding domains and typically emerge as escape 561 

mechanisms under selective immune pressure. In this study, we identified E185K as immune 562 

escape variant by serially passaging an H5N1 virus in embryonated chicken eggs under pressure 563 

from clade 2.3.4.4b H5N8 post-vaccination chicken serum and H5N1 post-infection duck serum. 564 

The relevance of E185K is further supported by a recent in-vivo study, in which the mutation 565 

emerged in five out of six dairy cows following re-challenge with H5N1 virus38. Notably, the 566 
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immune escape variant was identified only using H5N1 post-infection duck serum, but not H5N8 567 

post-vaccination chicken serum, possibly due to a mismatch of NA39 or because convalescent 568 

serum shapes HA evolutionary landscape differently compared to antibodies induced by 569 

vaccination with whole virus40. Together, these findings suggest that the E185K mutation can 570 

arise under immune pressure, facilitating antibody escape and potentially contributing to viral 571 

adaptation in mammalian hosts.  572 

The E185K mutation alters the electrostatic charge of HA, replacing a negatively charged 573 

glutamic acid with a positively charged lysine. This change enhances HA binding avidity to sialic 574 

acid receptors. Others have observed immune escape mutations include substitutions A180T 575 

and A180V (Mature HA H9 numbering) in H9N2 viruses that, while not affecting charge, increased 576 

the binding of H9N2 virus to both avian- and human-like receptor analogues by altering amino 577 

acid properties at position 180 40,41. Likewise, in H1N1 viruses, mutations including E156K, E158K, 578 

and E246G enabled escape from polyclonal antibody responses while significantly increasing 579 

receptor-binding avidity28. 580 

In this study, our ferret data showed comparable pathogenesis between two 581 

representative cattle viruses (E185 and K185) and no detectable airborne transmission from 582 

directly infected ferrets to either direct-contact or indirect-contact ferrets. This could be 583 

attributed to the pH stability of HA, particularly the threshold for HA-mediated membrane fusion, 584 

which is a key determinant of influenza virus airborne transmissibility in ferrets and a critical 585 

correlate of transmission efficiency in humans. HA from Human influenza viruses is generally 586 

more acid-stable than HA from avian viruses, with fusion activation typically occurring at pH ≤ 587 

5.5, whereas avian viruses tend to fuse at higher pH (≥ 5.6)26,42. Specific H5N1 HA mutations, 588 

including H103Y and T318I, have been reported to lower the fusion pH below 5.5, contributing to 589 

airborne transmission in ferrets33. In this study, we assessed the fusion pH of HA E185K mutation 590 

and found that the virus fused at pH 5.8, indicating that E185K does not increase HA acid stability. 591 

Our recent study has shown emerging HA mutation D88G in cattle H5N1 lowered the fusion pH 592 

to 5.6, within the typical pH range for avian influenza viruses43. The RG HPAIV A/Cow/CA/01/25 593 

used in this study, which naturally harbours G88 and K185 in combination, is unlikely to enhance 594 

airborne transmission in ferrets. Given the strong association between HA acid stability and 595 

transmission, continued surveillance and functional assessment of pH-stabilising mutations in 596 

contemporary clade 2.3.4.4b H5 HA glycoproteins remains a priority, especially when combined 597 

with mutations that confer binding to human-type sialic acid receptors. 598 

In conclusion, we identified HA E185K as an immune escape mutation in clade 2.3.4.4b 599 

H5N1 viruses that confers increased binding to avian- and human-type receptors and has 600 
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become prevalent in cattle-origin H5N1 viruses. While E185K independently does not 601 

significantly enhance pathogenesis in the ferret model, or enhance airborne transmission, its 602 

emergence in combination with other adaptive mutations may pose increased zoonotic risk.  603 

Potential H5N1 vaccination and sustained B3.13 infection in US dairy cattle, with most animals 604 

surviving infection and developing population-level immunity, may influence future viral 605 

evolution. These findings emphasise the importance of continued surveillance and functional 606 

characterisation of emerging H5N1 variants to better assess their potential for cross-species 607 

transmission and public health impact. 608 

 609 

Methods 610 

Ethics and biosafety 611 

All the procedures involving embryonated eggs, chickens and ferrets were carried out in 612 

strict accordance with the guidance and regulations of United Kingdom Home Office regulations 613 

under project licences PP671846, PP7633638 and PP97878849. As part of this process, the work 614 

has undergone scrutiny and approval by the Animal Welfare Ethical Review bodies at the Pirbright 615 

Institute (TPI) and the Animal and Plant Health Agency (APHA).  The study designs incorporated 616 

the 3Rs principles and the ARRIVE (Animal Research: Reporting of in vivo experiment) guidelines 617 

for quality, reproducibility and translatability of animal studies. 618 

All the influenza virus-related work was carried out at containment level 2 (CL2) 619 

conditions for reverse genetics-generated de-engineered virus containing monobasic CS H5 HA 620 

and homologous NA, and internal genes from attenuated vaccine strain A/Puerto Rico/8/1934 621 

(PR8). Work related with full reverse genetics-generated virus containing multibasic CS H5 HA 622 

was performed at CL3 conditions in licensed specified animal pathogens order (SAPO) 4 and 623 

Advisory Committee on Dangerous Pathogens (ACDP) 3 facilities at TPI and APHA following 624 

United Kingdom regulations. 625 

 626 

Cells and viruses 627 

MDCK, MDCK-SIAT1, human embryonic kidney 293T (HEK-293T), African green monkey 628 

kidney epithelial (Vero), A549 and CEF cells were acquired from Cell Services Unit (CSU) of TPI. 629 

MDCK, MDCK-SIAT1, HEK-293T, Vero and A549 Cells were maintained with Dulbecco’s Modified 630 

Eagle’s medium (DMEM) supplemented with 10% foetal calf serum (FCS) (Gibco). CEF cells were 631 

cultured with medium 199 supplemented with 5% FCS and 5% Tryptose Phosphate Broth (TPB).  632 

Human airway cultures (HNECs) in air-liquid interface (ALI) were derived from a pool of 14 healthy 633 

human donors (Epithelix MucilAir™-Pool nasal, batch: MP0012). HNECs were cultured in 24-well 634 
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plates, following supplier instructions to remove cells from agarose. Cells were washed with PBS 635 

and given fresh media every 48hrs using MucilAir™ medium (Epithelix)44. All cell cultures were 636 

maintained at 37 °C with 5% CO₂. 637 

The polybasic CS of H5 HA was replaced with the monobasic PLGTR/GLF CS for the study 638 

to be conducted at CL2. The HA and NA sequences of clade 2.3.4.4b H5Nx viruses used in this 639 

study were acquired from NCBI and GISAID45. The source of virus sequence (GISAID/NCBI), 640 

isolate ID, submitting laboratory, originating laboratory, and author details are listed in Table S1, 641 

while the HA amino acid differences among the panel viruses are provided in Table S2, with 642 

changes highlighted in red. The HA of A/duck/Vietnam/OIE-2202/2012 (H5N1) and 643 

A/chicken/Egypt/RIMD12-3/2008 (H5N1) were acquired from NCBI with accession number 644 

AB769252 and AB601123, respectively. HA plasmids with polybasic CS were generated in 645 

SAPO4/ACDP3 CL3 containment at TPI by changing the CS from monobasic to polybasic. All 646 

accession numbers and details for the HPAIV segments used in this study are listed in table S5. 647 

The sequences were synthesised by GenScript and further cloned into the bi-directional 648 

pHW2000 vector. The desired HA mutations were generated using single-site mutagenesis 649 

QuikChange II kit (Agilent) following manufacturer’s instructions. The viruses were rescued by 650 

the eight-plasmid approach as previously described46. RG A/England/195/2009 (H1N1) and RG 651 

A/Anhui/1/2013 (H7N9) were generated as previously described47,48. 652 

For ferret work, RG generated viruses (A/dairy cattle/Texas/24-008749-002/2024, A/dairy 653 

cow/USA/010998-001/2025) were propagated in embryonated chicken eggs. Virus titre was 654 

determined by TCID50 on MDCK cells, and sequences confirmed using Oxford Nanopore 655 

Technologies (ONT) before infection.  656 

 657 

Virus puri%cation and quanti%cation 658 

ENG/195/09 (H1N1) was propagated in MDCK cells, and all other viruses were 659 

propagated in 9- or 10-day old embryonated chicken eggs. The propagated viruses were then 660 

pelleted at 27,000 rpm for 2 hr at 4°C. Pelleted viruses were then purified through a 30%-60% 661 

sucrose gradient for 2 hr at 4°C. Purified viruses were resuspended in PBS and quantified by 662 

enzyme-linked immunosorbent assay (ELISA) as previously described by comparing to viral 663 

nucleoprotein detection to a known standard49.  664 

 665 

Bio-layer interferometry (BLI) 666 

The receptor binding was assessed with Bio-layer interferometry (BLI) as previously 667 

described50. Briefly, 100 pmol of purified viruses quantified by ELISA were diluted with HBS-EP 668 
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buffer (TEKnova) supplemented 10 μM oseltamivir carboxylate (Roche) and 10 μM zanamivir 669 

(GSK). The receptor binding was tested with Octet® R8 system (Sartorius) using streptavidin 670 

biosensors (Sartorius). Avian-like sugar analogues α-2,3-sialyllactosamine (3SLN) and human-671 

like sugar analogue α2,6-sialyllactosamine (6SLN) were purchased from GlycoNZ, and used for 672 

the detection. Virus binding affinity was normalised to fractional saturation and the 673 

concentrations of sugar loadings50. 674 

 675 

Selection of immune-escape variants 676 

The selection of immune-escape variants was described previously with minor 677 

modifications48. In brief, 100µL containing 32 haemagglutinating units (HAU) of de-engineered 678 

Ck/ENG/52/21 (H5N1) was incubated with 100 µL of pooled chicken post-vaccinated antisera or 679 

pooled duck post-infection antisera at serial dilutions at 37°C for 1 hr in duplicates. Non-680 

vaccinated chicken and non-infected duck sera were used as negative controls.  681 

The virus-antiserum mixtures were then inoculated into 9- to 10-day-old embryonated 682 

chicken eggs for 48 hr. The eggs were subsequently chilled overnight at 4°C, and allantoic fluid 683 

was harvested for haemagglutination assays. Samples that showed haemagglutination titres at 684 

the lowest antiserum dilution selected for further passage. Passaging with chicken post-685 

vaccination antisera was repeated 10 passages, and for 5 passages with duck post-infection 686 

antisera.  687 

Viral RNA of the passaged virus was extracted using the QIAamp Viral RNA Minikit 688 

(Qiagen). Viral RNA was converted to cDNA with the Verso cDNA synthesis kit (Thermo Scientific). 689 

The HA segment was amplified using pfu Ultra high-fidelity DNA polymerase (Agilent) and cloned 690 

into the pCR-Blunt vector following the instructions of the Zero Blunt PCR Cloning Kit (Thermo 691 

Fisher Scientific). The plasmids were transformed into DH5α competent cells, colonies were 692 

then picked, and inserts were confirmed by Sanger sequencing.  693 

 694 

Antisera preparation 695 

Duck polyclonal post-infection (convalescent) antisera were generated from previous in 696 

vivo experiments using a H5N1 clade 2.3.4.4b HPAIV51. Chicken polyclonal antisera against 697 

Crow/Agh/17 (H5N8) were prepared as previously described52. In brief, egg-propagated virus was 698 

inactivated with 0.1% (v/v) β-propiolactone (BPL) and then concentrated by ultracentrifuge at 699 

27,000 rpm for 2 hr at 4°C. Three-day-old specific pathogen free (SPF) chickens were 700 

intramuscularly vaccinated with 1024 HAU of inactivated concentrated virus mixed with oil 701 

immersion adjuvant (Montanide; Seppic) at a adjuvant : virus 7:3 ratio. A boost dosage was given 702 
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after 10 days. The inoculated chickens were wing bled at 18-, 25- and 38-days post-inoculation 703 

for HI validation. The birds were culled at 42 days post-inoculation and serum samples were 704 

collected and stored in aliquots at -20°C. 705 

 706 

Haemagglutination (HA) Assay 707 

HA titres were determined using standard haemagglutination assays53. Briefly, 50 µL of 708 

two-fold serially diluted virus in phosphate-buffered saline (PBS) was added to a 96-well V-709 

bottom plate. An equal volume (50 µL) of 1% chicken red blood cells (RBCs) was added to each 710 

well, and the plates were gently mixed. After 30 minutes of incubation at room temperature, HA 711 

titres were recorded as the highest virus dilution that produced complete agglutination of RBCs. 712 

All assays were performed in duplicate to ensure reproducibility. 713 

 714 

Haemagglutination Inhibition (HI) Assay 715 

HI assays were performed to assess the ability of antisera to inhibit virus-induced 716 

agglutination53. Two-fold serial dilutions of serum (25 µL per well) were mixed with an equal 717 

volume (25 µL) of virus containing 4 HAU and incubated for 30 minutes at room temperature. 718 

Subsequently, 50 µL of 1% RBC suspension was added, and the mixture was incubated for an 719 

additional 30 minutes. The HI titre was recorded as the highest serum dilution that completely 720 

inhibited haemagglutination. All assays were performed in duplicate. 721 

 722 

Virus Neutralisation Test (VNT) 723 

Serial two-fold dilutions of antisera were prepared in DMEM. Each serum dilution (50 µL) was 724 

mixed with an equal volume of virus containing 100 TCID₅₀ and incubated at 37 °C for 1 hour to 725 

allow virus–antibody interaction. Confluent monolayers of MDCK cells in 96-well plates were 726 

then infected with 100 µL of the virus–serum mixture and incubated at 37 °C for 1 hour. After 727 

adsorption, the inoculum was removed, cells were washed three times with PBS, and 100 µL 728 

fresh DMEM containing N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin was 729 

added. Plates were incubated for 3 days at 37 °C. After incubation, cells were fixed and stained 730 

with 0.1% crystal violet to visualise cytopathic effect (CPE). The VNT titre was defined as the 731 

highest serum dilution that completely prevented virus-induced CPE in at least 50% of the wells. 732 

All assays were performed in duplicate, and mean titres were calculated. 733 

 734 
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Virus Replication kinetics and plaque assay titration 735 

MDCK and MDCK-SIAT1 cells were infected with H5N1 viruses at a multiplicity of 736 

infection (MOI) of 0.001, whereas chicken embryo fibroblast (CEF) and A549 cells were infected 737 

at an MOI of 0.01. Infected cells were incubated at 37 °C for 1 h, washed three times with PBS, 738 

and cultured in DMEM containing TPCK-treated trypsin (2 µg/mL for MDCK and MDCK-SIAT1 cells; 739 

0.2 µg/mL for CEF and A549 cells). Supernatants were collected at 12, 24, 48, and 72 hr post-740 

infection (hpi). 741 

Infection of primary human nasal epithelial cells (hNECs) cultured at an air–liquid 742 

interface was performed as previously described54. Briefly, cells were infected with virus at an 743 

MOI of 0.01 in Dulbecco’s phosphate-buffered saline supplemented with calcium and 744 

magnesium (DPBS++) at 37°C for 1 hr. Virus-containing supernatants were collected by adding 745 

200 µL of DPBS++ to the apical surface, incubating for 10 min at 37°C, and subsequently 746 

removing the wash for titration. 747 

Collected supernatants were titrated by plaque assay on MDCK cells as described 748 

previously55. Briefly, confluent MDCK monolayers in 12-well plates were washed three times with 749 

PBS and infected with ten-fold serial dilutions of supernatants prepared in DMEM for 1 hr at 37°C. 750 

Following infection, the inoculum was removed and cells were overlaid with medium containing 751 

0.6% agarose (Thermo Fisher), 1× MEM, 100 U/mL penicillin, 100 µg/mL streptomycin, 2 mM L-752 

glutamine, 0.3% bovine serum albumin (BSA), 15 mM HEPES, 0.22% sodium bicarbonate, and 753 

0.01% DEAE-dextran (Sigma-Aldrich). After 72 hr incubation at 37°C, cells were fixed with 4% 754 

paraformaldehyde and plaques were visualised by staining with 1% crystal violet (Sigma-Aldrich) 755 

in 20% methanol. Plaques were counted manually, and virus titres were calculated as plaque-756 

forming units per millilitre (PFU/mL) based on the dilution factor and inoculum volume. 757 

 758 

In ovo replication kinetics 759 

Nine-day-old specific-pathogen-free (SPF) embryonated chicken eggs were inoculated via the 760 

allantoic cavity with 100 PFU of virus in a volume of 100 µL. Inoculated embryos were incubated 761 

at 37°C. At 24, 48, and 72 hr post-infection (hpi), embryos (n = 5 per group per time point) were 762 

euthanised by chilling at 4°C overnight. Allantoic fluid was subsequently harvested and used for 763 

downstream haemagglutination and plaque assays. 764 

 765 

Thermostability assay 766 

Viruses were diluted with sterile allantoic fluid to 32 HAU/50µL. The diluted viruses were 767 

next incubated in thermal cycler (Bio-Rad) at 50°C, 50.7°C, 51.9°C, 53.8°C, 56.1°C, 58.0°C, 768 
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59.2°C, and 60°C and 4°C as control for 30 min. The HA titres were then determined by 769 

haemagglutination assay as described above. 770 

 771 

Syncytium formation assays 772 

The syncytium formation assays were performed as previously described55. Vero cells 773 

were infected with 1.0 multiplicity of infection (MOI) of each virus for 1 hr at 37°C. The infected 774 

cells were then incubated at 37°C for 15 hr after washing with PBS for three times. The cells were 775 

then treated with 3.0 μg/mL TPCK trypsin in DMEM for 15 min and followed by incubation with 776 

PBS ranging from pH 5.2 to 6.0 at 0.1 pH increment for 5 min. The cells were then washed with 777 

DMEM and maintained with DMEM media supplemented with 10% FCS for 3 hr. The cells were 778 

then fixed with acetone: methanol (1:1 ratio) and stained with Giemsa overnight at room 779 

temperature (Sigma-Aldrich). Stained cell images were taken by EVOS XL imaging system at 400 780 

µm (Life Technologies). The lowest pH that induced visible syncytium formation is recorded as 781 

the pH of fusion with multinucleated cells and indistinct cell membranes.  782 

 783 

Production of pseudoviruses 784 

The VSV-G expression plasmid, and lentiviral packaging genes and luciferase genome 785 

were used as previously described56. The following human codon optimised HA, NA, protease 786 

and sialyl-transferase expression plasmids were synthesised by Genscript in pcDNA3.1: H5 HA - 787 

A/dairy cattle/Texas/24-008749-001/2024 (H5N1; WPD27583.1), H5 HA - 788 

A/chicken/England/085598/2022 (H5N1; EPI2089022) (referred to as Ck/ENG/98/22), H3 HA – 789 

A/Aichi/2/1968 (H3N2; BAF37221.1), and human TMPRSS11D/HAT (EAX05559.1). Pseudoviruses 790 

expressing HA were produced in HEK293Ts seeded in six well plates. Cells were transfected with 791 

lipofectamine 3000, 0.4 µg HA or VSV-G, 0.4 µg of the HIV packaging plasmid (pGAG-POL), 0.6 µg 792 

of a luciferase reporter construct (pCSFLW), and 0.2 µg of TMPRSS11D (H3 only). After 24 hr, one 793 

unit of neuraminidase from Clostridium perfringens (Sigma-Aldrich, N2876) was added to fresh 794 

media to induce virus budding. After 48 hr, pseudovirus containing supernatant was collected 795 

and filtered through a sterile 0.45 µm Millex®-HA filter unit.  796 

Pseudovirus entry assay 797 

All pseudoviruses were titrated before use in entry assays as previously described57. 798 

Pseudoviruses were added in duplicate to a white Nunc™ MicroWell™ 96-well, flat-bottom 799 

microplate with 50 µL pseudotyped influenza virus per well (diluted in media to reach a standard 800 

titre of 1 × 106 RLU after 48 hr, based on the virus titrations). Pseudoviruses were incubated at 801 

37 °C with 50 µL of 1x105 cells: either wild-type HEK239T cells or HEK293T-SDA cells 802 
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(Supplementary S9). 48 hr post-transduction cells were lysed with Bright-GloTM Luciferase Assay 803 

System (Promega). The RLU of the cell lysate was determined using the FLUOstar OMEGA 804 

microplate reader (BMG Labtech). 805 

 806 

Ferret study 807 

Twenty-four mixed-sex ferrets (Mustela putorius furo) aged approximately 2 months 808 

weighing from 500 g to 750 g were selected and implanted with microchips to monitor ferret ID 809 

and body temperature. The ferrets were confirmed to be seronegative for influenza A virus using 810 

the ID Screen Influenza A Nucleoprotein Indirect ELISA (ID Vet) and were further shown to be 811 

uninfected by M-gene RT-qPCR performed on nasal wash samples58.  812 

The ferrets were randomly distributed into two virus groups (n = 12 per group), with litter 813 

mates separated where information was available. Within each virus group, 4 ferrets were 814 

directly infected (D0), 4 served as direct contacts (dR1), and 4 served as indirect contacts (inR1). 815 

Ferrets were assigned unique identifiers based on virus group and transmission category.  816 

For the Cow/TX/01/24 group, the directly infected ferrets were designated 1Ax, 1Bx, 1Cx, 817 

and 1Dx. The corresponding direct contact ferrets were designated 1Ay, 1By, 1Cy, and 1Dy, while 818 

the indirect contact ferrets were designated 1Az, 1Bz, 1Cz, and 1Dz. Similarly, in the 819 

Cow/CA/01/25 group, the directly infected ferrets were designated 3Ax, 3Bx, 3Cx, and 3Dx; the 820 

direct contacts were designated 3Ay, 3By, 3Cy, and 3Dy; and the indirect contacts were 821 

designated 3Az, 3Bz, 3Cz, and 3Dz.  822 

The directly infected ferrets (n=4) were intra nasally challenged with 103 TCID50 of either 823 

Cow/TX/01/24 or Cow/CA/01/25 on day 0, and returned to cages with cohoused direct contact, 824 

and separated indirect contacts.  Oropharyngeal swab and nasal wash were collected in PBS or 825 

L-15 (Gibco) respectively on alternate days for 14 days, and the ferrets were culled and heart bled 826 

on day 14.  Total RNA was extracted from the respiratory samples and tested by the H5-HPAIV-827 

specific RT-qPCR to assess viral shedding59.    828 

 829 

Haemagglutinin structure prediction 830 

The structure of H5 HA was acquired from Protein Data Bank (https://www.rcsb.org/). The 831 

accession of the HA is 4JUL. HA structure modelling and prediction were visualised in UCSF 832 

ChimeraX as previously described60.  833 

 834 

https://www.rcsb.org/
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Phylogenetic analysis 835 

All influenza A H5 HA sequences with submission dates between and 1st January 2020 836 

and 27th June 2025 were downloaded from GISAID45.Nucleotide sequences were aligned using 837 

MAFFT v7.51161. Sequences of clade 2.3.4.4b with nucleotide coverage over 0.95 were retained. 838 

Those resulting from environmental sampling or inferred to be laboratory-derived reassortant 839 

viruses were excluded. Furthermore, sequences from avian hosts with imprecise host 840 

information such as ‘avian’ or ‘wild bird’ were also excluded. 841 

To investigate site-specific signatures of selection across the receptor-binding regions of HA, 842 

a stratified sample of H5N1 HA sequences with full information on sampling date and nucleotide 843 

sequence at each receptor-binding residue was generated. This sample consisted of one randomly 844 

selected sequence per country per month from which 824 unique HA sequences were analysed. 845 

Codon-specific ratios of relative rates of synonymous and non-synonymous substitutions (dN/dS) were 846 

estimated using a renaissance counting approach62. This approach integrates over a posterior 847 

distribution of time-scaled phylogenies. Estimates of dN/dS greater or less than one provides evidence 848 

for either diversifying, positive or purifying selection, respectively. Renaissance counting was 849 

performed with a general time reversible (GTR) model of nucleotide substitution partitioned to allow 850 

base frequencies and substitution rate parameters to vary at each codon position, a strict molecular 851 

clock, and a Bayesian SkyGrid tree prior with 12 parameters and a time at last transition of 6 years, 852 

implemented in BEAST v1.10.463. Two chains were checked for convergence and that all effective 853 

samples sizes on parameters exceeded 200. Highest posterior density intervals were estimated using 854 

the R package HDInterval v0.2.464. 855 

To investigate broader trends at position 185 across H5Nx clade 2.3.4.4b evolution, a 856 

stratified sample of the larger set of processed clade 2.3.4.4b HA sequences described above 857 

was generated. This consisted of one sequence randomly selected for each combination of 858 

country sampled, month and amino acid state at 185. From the resulting set of 1,144  sequences, 859 

a time-scaled phylogeny was estimated using Delphy v1.0.3 860 

(https://github.com/fathominfo/delphy-web) with sequence evolution modelled using a GTR 861 

model with site heterogeneity drawn from a continuous gamma distribution. Delphy was run for 862 

over 5,000 million steps sampling every 10 million steps and the minimum effective sample size 863 

exceeded 400. The maximum clade credibility tree was identified using TreeAnnotator v1.10.463, 864 

and visualised in R65 using the ggtree package66 . 865 

To examine amino acid variation at HA position 185 among sequences derived from dairy 866 

cattle, 3,644 sequences from either 2024 or 2025, with host determined as being labelled as 867 

either ‘cattle’ or ‘dairy cow’ and nucleotide coverage for the codon corresponding to position 185 868 

https://github.com/fathominfo/delphy-web
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were identified. Of these, 484 unique nucleotide sequences (ignoring gap characters) were 869 

identified and from these, phylogeny was estimated with a GTR model using FastTree v2.2.067,68. 870 

  871 

Statistical analysis 872 

Data analysis and visualisation were conducted using GraphPad Prism 10.0 (GraphPad 873 

Software, USA). Unpaired t-test, ordinary one-way ANOVA Dunnett’s multiple comparisons test, 874 

and two-way ANOVA multiple comparisons were used for statistical significance determination. 875 

One asterisk indicates 0.01≤p<0.05, and 0.001≤p<0.01, 0.0001≤p<0.001 and p<0.0001 having 876 

two, three or four asterisks, respectively. p>0.05 was considered not significant.   877 
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