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Summary  28 

In March 2024, highly pathogenic avian influenza virus (HPAIV) clade 2.3.4.4b H5N1 29 

infections in dairy cows were first reported from Texas, USA. Rapid dissemination to more 30 

than 190 farms in 13 states followed. Here, we provide results of two independent clade 2.3.4.4b 31 

experimental infection studies evaluating (i) oronasal susceptibility and transmission in calves 32 

to a US H5N1 bovine isolate genotype B3.13 (H5N1 B3.13) and (ii) susceptibility of lactating 33 

cows following direct mammary gland inoculation of either H5N1 B3.13 or a current EU H5N1 34 

wild bird isolate genotype euDG (H5N1 euDG). Inoculation of the calves resulted in moderate 35 

nasal replication and shedding with no severe clinical signs or transmission to sentinel calves. 36 

In dairy cows, infection resulted in no nasal shedding, but severe acute mammary gland 37 

infection with necrotizing mastitis and high fever was observed for both H5N1 38 

genotypes/strains. Milk production was rapidly and drastically reduced and the physical 39 

condition of the cows was severely compromised. Virus titers in milk rapidly peaked at 108 40 

TCID50/mL, but systemic infection did not ensue. Notably, adaptive mutation PB2 E627K 41 

emerged after intramammary replication of H5N1 euDG. Our data suggest that in addition to 42 

H5N1 B3.13, other HPAIV H5N1 strains have the potential to replicate in the udder of cows 43 

and that milk and milking procedures, rather than respiratory spread, are likely the primary 44 

routes of H5N1 transmission between cattle.  45 

 46 

 47 

  48 
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Main 49 

Epidemic occurrence of highly pathogenic avian influenza (HPAIV) of subtype H5 has 50 

developed, since 2022, into a panzootic with dynamic spread into an expansive number of host 51 

species1-7. In 2021, A/H5N1 clade 2.3.4.4b crossed the Atlantic and rapidly diffused through 52 

wild bird and commercial poultry populations in the Americas3,8,9. Subsequent reports of 53 

sporadic mammalian infections have become more frequent with data suggestive of mammal-54 

to-mammal transmission chains present in South American seals since 202310,11.  55 

Historically, natural infections of cattle with influenza A virus (IAV) are not well documented12 56 

despite the rare detection of IAV seropositive cattle13; but in March 2024, an outbreak of 57 

HPAIV H5N1 was reported in dairy cows in Texas caused by the novel B3.13 genotype, a 58 

reassortant of an ancestral European 2.3.4.4b virus and North American wild bird AIVs (H5N1 59 

B3.13)9. Phylogenetic analyses of whole genome sequences recovered from wild birds, poultry, 60 

and mammals suggest a single spillover event into cattle, with the time to the most recent 61 

common ancestor indicating introduction occurring in late 2023 or early 202414,15. Current 62 

epidemiological data suggests that subsequent inter-farm spread is mainly associated with 63 

unknowingly transporting infected cows9. As of 8th August 2024, 190 dairy cattle farms in 13 64 

US states have been affected16. 65 

In the field, high level H5N1 B3.13 replication has been reported in the mammary gland of 66 

infected cows, resulting in high-titer virus shedding in milk, accompanied by mastitis, a massive 67 

drop in milk production, and limited reports of respiratory disease9,17. The susceptibility and 68 

rapid viral replication of  HPAIV in the mammary gland are consistent with the evidence of 69 

highly abundant α2,3 linked sialic acids receptors in the bovine udder18. A novel PB2 M631L 70 

substitution accompanied the switch from avian to bovine hosts as a marker mutation9,14.  71 

Spillover of bovine-origin B3.13 into several mammalian hosts (racoons, cats, etc.) has been 72 

reported9,19, as well as spillback into domestic and wild avian species with maintenance of 73 

bovine adaptations has been sporadically observed14. Recent human cases of H5N1 have also 74 

been directly linked to workers after having contact with affected cattle or poultry farms, 75 

causing conjunctivitis and conjunctival hemorrhage20. Accordingly, the current series of 76 

outbreaks in US cattle presents several urgent and unanswered questions: (i) Is the B3.13 77 

genotype able to replicate in the bovine respiratory tract with viral shedding capable of onward 78 

transmission? (ii) At what timepoint after infection do cattle produce IAV-specific neutralizing 79 

antibodies? (iii) Is the mammary gland also permissive for infection with other H5N1 clade 80 
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2.3.4.4b strains? (iv) What is the clinical presentation, and what is the duration of virus shedding 81 

in milk? Finally, (v) does an H5N1 infection of the mammary gland lead to systemic spread?  82 

Here, we performed two independent in vivo experiments to investigate the clinical outcome, 83 

pathogenicity, transmission, and tissue tropism of H5N1 clade 2.3.4.4b in calves and 84 

multiparous lactating cows. Calves (n=6) were oronasally inoculated with H5N1 B3.13 9 and 85 

co-housed with sentinel animals (n=3), with additional calves serving as negative controls 86 

(n=3). The same virus isolate was used for an intramammary inoculation of lactating cows 87 

(n=3). For comparison, three additional lactating cows were inoculated with an EU genotype 88 

euDG H5N1 clade 2.3.4.4b wild bird virus isolate (H5N1 euDG). One lactating cow served as 89 

a negative control. 90 

 91 

Results  92 

Subclinical disease in calves oronasally infected with H5N1 93 

Twelve healthy Holstein calves were enrolled in this study and allocated into three experimental 94 

groups: Principal-infected animals (n=6); sentinel animals (n=3); negative controls (n=3). Six 95 

principal-infected calves were oronasally inoculated with 1x106 TCID50/calf of a virus 96 

suspension of H5N1 B3.13 (A/Cattle/Texas/063224-24-1/2024, GISAID accession number: 97 

EPI_ISL_19155861). Two days post infection, sentinel calves were co-mingled with principal-98 

infected calves (Fig. 1A). All calves were monitored daily for clinical signs and clinical samples 99 

were collected at regular time-points (Fig 1A).  100 

Throughout the 21-day study period, signs of mild respiratory illness were occasionally 101 

observed in calves, including nasal mucus secretions (#712 at 2 days post infection (dpi); #754 102 

at 8 and 9 dpi; #6772 at 2 and 6 dpi) and coughing (#6772 at 2 dpi; #754, persistent from 2 dpi 103 

until euthanasia). Rectal temperatures generally remained within normal range (Fig. 1B), and 104 

no other clinical signs consistent with acute illness, or consistent with clinical signs reported in 105 

impacted dairy cattle in the US were observed. All calves maintained normal appetite (feed 106 

intake) and normal activity levels (Fig. 1C).  107 

Severe disease in dairy cows caused by intramammary infection with two distinct H5N1 108 

clade 2.3.4.4b viruses  109 
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Three multiparous Holstein-Friesian cows late in lactation were inoculated by the 110 

intramammary route with 2 mL (0.5 mL per teat) of a virus suspension of H5N1 B3.13 (US-111 

group), containing 105.9 TCID50. Three additional animals were similarly inoculated with 106.1 112 

TCID50 per 2 mL (0.5 mL per teat) of a virus suspension of H5N1 euDG (EU-group)21. One 113 

animal was inoculated with 2 mL NaCl and served as negative control (Fig. 1A).  114 

Intramammary inoculation induced clinical disease as early as 1 dpi with impaired general 115 

condition, postural abnormalities, and lethargy. All six inoculated cows developed fever (> 40 116 

°C) starting at 2 dpi, further exceeding 40.5°C in both groups (Fig. 1B). Moreover, drastically 117 

reduced feed intake was observed in both groups of H5N1- infected cows (Fig. 1C). One cow 118 

per group (#47 US and #72 EU) displayed clinical signs that met criteria for immediate humane 119 

euthanasia at 3 dpi. These included postural and motion disorders, refusal of feed and water 120 

intake, dehydration, and severe lethargy. For direct comparison, the control cow (#80) was also 121 

euthanized at 3 dpi. Over the next days (#88 EU at 9 dpi and #92 US 13 dpi,), one additional 122 

cow from each group deteriorated into clinical conditions meeting humane endpoint criteria 123 

(severe lethargy, postural instability, staggering, and signs of respiratory distress).  124 

Prior to infection, daily milk production from individual cows ranged from three to fifteen liters 125 

(Fig. 1D). After infection, milk yields rapidly decreased by more than 90%, with only partial 126 

recovery observed in the animals remaining at 21 dpi (recovery <3% in #87 US, and up to max. 127 

25% in #66 EU) (Fig. 1D). Starting at 2 dpi, the milk became mucilaginous and viscous and 128 

rapidly separated into a serous and a solid fraction with visible curds (Extended Data Fig. 2 A-129 

B). Milk yields in the control animal were low prior to infection, likely due to drying off of this 130 

cow (involution in 3 quarters) (Fig. 1D). Onset of severe mastitis was confirmed by California 131 

Mastitis Test (CMT) performed daily in both groups (Extended Data Fig. 3, 4, and 5A-C). 132 

Clearly positive CMT in infected animals was seen as early as 1 dpi (Extended Data Fig. 4A-133 

C, Extended Data Fig. 5A-C).   134 

In conclusion, calves inoculated oronasally presented signs of mild respiratory illness including 135 

nasal mucus secretions and coughing although these cannot be fully associated with outcomes 136 

of H5N1 inoculation, whereas intramammary infection of dairy cattle with both clade 2.3.4.4b 137 

isolates resulted in severe clinical disease in both cow groups requiring early euthanasia in some 138 

cases. Severe disease in lactating cows was accompanied by a drastic reduction in milk 139 

production and obvious changes in milk quality. 140 

Dynamics of viral shedding in calves and cows following HPAIV H5N1 infection 141 
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Shedding of IAV RNA was observed in five of six principal-infected calves for a maximum of 142 

8 days, primarily in nasal swabs (Fig. 2A). Generally, low to medium levels of IAV RNA were 143 

detected, with peak shedding occurring in nasal swabs between 5-7 dpi in three principal 144 

infected calves. IAV RNA was also detected in oral swabs, most frequently at 4-7 dpi, and only 145 

seldomly detected as suspect-positive (Cq ≥ 35, single-replicate positive) in rectal swabs. 146 

Vaginal and penile swabs, conjunctival swabs collected at necropsy, as well as urine and whole 147 

blood, were negative for IAV RNA throughout the study period. All clinical samples collected 148 

from sentinel calves were negative for IAV RNA except for two suspect-positive rectal swabs, 149 

attributed to environmental contamination during sample collection, suggesting that no 150 

transmission of IAV to sentinel calves occurred throughout the study period. Virus isolation 151 

and titration were attempted on samples with Cq ≤ 36 (Fig. 2A, Extended Data Table 2). 152 

Successful recovery of virus was achieved primarily from nasal swabs of three different calves 153 

at 1, 2, 5, and 7 dpi. Titers range from 4.64x101 to 1.7x103 TCID50/mL (Fig. 2A).  154 

In lactating cows, RT-qPCR analyses of nasal, conjunctival, rectal swabs and urine samples of 155 

animals from the US and EU group, were negative for viral RNA except for two nasal swab 156 

samples of #87 and #92 US (Cq value 35 and 36) and two urine samples of #47 and #92 US at 157 

2 and 3 dpi (Cq-values of 30 and 36) (Fig. 2B). In contrast, milk samples showed that all animals 158 

in both groups were positive starting at 1 dpi with peak viral genome loads in milk samples at 159 

3 dpi, revealing Cq values ranging from 13 to 21 (Fig. 2C). Viral RNA was detectable in milk 160 

samples until 20 dpi and by 9 dpi, antibodies directed against H5 were present in milk samples 161 

of each animal and raised to a maximum on 11 dpi and maintained at this level until the end of 162 

the study period (Fig. 2C, Table 1).  163 

Virus titration from milk samples was performed from 4 - 13 dpi, but was only successful from 164 

4 – 8 dpi with peak titers of 108 TCID50 per mL (Fig. 3A). Due to the milk composition, accurate 165 

determination of virus titers from 9 dpi onwards was not possible. Virus titration from 166 

mammary gland samples reached peak titers of ~106 TCID50/mL in animals euthanized at 3 dpi 167 

(Fig. 3B). Nevertheless, infectious virus could still be isolated from animals euthanized at 9 or 168 

13 dpi (Fig. 3B). Sequencing of viral RNA from mammary gland tissue and milk samples 169 

revealed emergence of PB2 amino acid substitution E627K in all three animals after infection 170 

with the H5N1 euDG (pooled milk sample of #66 EU day 4 = 20 % K, pooled milk sample of 171 

#88 EU day 4 = 20 % K, udder organ sample of #72 day 3 = 89 % K at PB2 position 627) (Fig. 172 

3C). Detection of minor variants at this position from samples of pooled milk from day 1 to day 173 

4 post infection showed that this mutation was acquired early after infection, as it was not 174 
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detected in the inoculum (Fig. 3C). In the H5N1 B3.13 infected cows, in contrast, marker 175 

mutation PB2 M631L was maintained and PB2 E627 remained unaltered (Fig. 3C).  176 

The high viral loads in milk samples provided an additional opportunity to validate H5-antigen 177 

detection by rapid antigen tests (RATs) (Extended Data Fig. 6). Two out of three H5N1 B3.13-178 

infected animals (#87 & #92 US) were positive in an HA1-HA16-specific RAT at 1 dpi 179 

(Extended Data Fig. 6A). By 2 dpi, all H5N1-inoculated cows were positive by RAT (Extended 180 

Data Fig. 6B-C) and negative at 10 dpi (Extended Data Fig. 6D), which is consistent with 181 

increasing antibody levels in milk from 7 dpi on (Fig. 2C).  182 

In summary, oronasal H5N1 B3.13 inoculation in calves resulted in moderate levels of nasal 183 

shedding in five of six principal-infected calves for a maximum of 8 days independent of sex 184 

without any evidence for transmission to sentinels. In lactating cows, milk samples obtained 185 

from both experimental groups contained high infectious viral loads with viral shedding and 186 

genomic detection for up to 8 or 20 dpi, respectively, providing the first evidence for 187 

susceptibility of dairy cows to two H5N1 clade 2.3.4.4b viruses belonging to different 188 

genotypes from separate continents.  189 

Mammary gland, not respiratory tract is the primary replication site 190 

Of nearly 40 organ samples collected from each oronasally inoculated calf sacrificed at 7, 14 191 

and 20 dpi, IAV RNA was found present only in mucosa-associated lymphoid tissue (MALT; 192 

retropharyngeal lymph node, palatine tonsil, nasopharyngeal tonsil, suppuration from palatine 193 

tonsil) of one principal infected calf (#712) at 7 dpi (Extended Data Table 1). All other liquid, 194 

swab, and tissue samples (visceral and lymphoid tissues), including lung tissues and 195 

bronchoalveolar lavage fluid collected from principal-infected and sentinel calves at 7, 14, 20 196 

and 21 dpi were negative for IAV RNA (Extended Data Table 1). Infectious virus was recovered 197 

only from the palatine tonsil suppuration collected post-mortem at 7 dpi. 198 

In lactating cows, RT-qPCR analysis of tissues collected from animals euthanized at 3 dpi 199 

revealed peak viral RNA loads in mammary glands, with Cq-values of 20 (#47 US) and 25 (#72 200 

EU) (Extended Data Fig. 1A). At 9 (#88 EU) and 13 dpi (#92 US), viral genome loads in 201 

mammary glands were slightly lower than in mammary gland samples collected at 3 dpi and 202 

were negative at 21 dpi (#66 EU and #87 US) (Extended Data Fig. 1B). H5N1 viral RNA was 203 

also detected at low levels in both groups in neuronal and further tissues at 3 dpi (e.g. #47 US: 204 

spinal cord, Cq 28; cerebrum, Cq 36; nervus genitofermoralis Cq 31; #72 EU: nervus 205 
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genitofermoralis Cq 34) (Extended Data Fig. 1C-D). Organ samples of the respiratory tract 206 

remained negative in all animals at respective euthanasia timepoints (Extended Data Fig. 1E). 207 

However, no significant histological changes or viral antigen were observed in these tissues. 208 

Additionally, there was no IAV RNA detected in whole blood or PBMCs collected from either 209 

oronasally inoculated calves or intramammary inoculated cows.  210 

In summary, low levels of IAV RNA were detected only in MALT localized with tissues of the 211 

upper respiratory tract in one of two oronasally infected calves at 7 dpi. No IAV RNA was 212 

detected in regular anti-mortem collections of whole blood or in samples collected post-mortem 213 

from organs, lymphoid tissue, or swabs/fluids from principal-infected and sentinel calves, 214 

suggesting that a viremic phase of the infection most likely did not occur. Similarly, 215 

intramammary infection of lactating dairy cattle with two distinct genotypes of clade 2.3.4.4b 216 

viruses remained restricted to the mammary gland and no evidence of systemic spread was 217 

observed.  218 

Pathology of H5N1 infected calves and cows confirm localized infections 219 

Gross pathology for calves is available in Extended Data Fig. 10. Histological changes in calves 220 

oronasally infected with bovine H5N1 at 7 and 14 dpi are depicted in Fig. 4. At 7 dpi, there was 221 

a suppurative tracheitis in one animal (#6760) with degenerate neutrophils filling the tracheal 222 

lumina. The second calf (#712) at 7 dpi displayed discrete foci of fibrinous interstitial 223 

pneumonia with fibrin filling regional alveolar spaces and mild numbers of neutrophils, 224 

macrophages and lymphocytes expanding alveolar septa and minimal peribronchiolar 225 

inflammatory cells of associated terminal bronchioles. No viral antigen was detected by IHC in 226 

these samples (Fig. 4B, D, F). At 14 dpi, the bronchioles of one animal (#754) were lined by 227 

hyperplastic epithelium, filled with degenerate neutrophils, and partially occluded by papillary 228 

projections composed of a core of fibrous connective tissue with few inflammatory cells and 229 

lined by bronchiolar epithelium (bronchiolitis obliterans). Bronchioles were also frequently 230 

delimited by prominent lymphoid aggregates (BALT hyperplasia), however, no viral antigen 231 

was detected.  232 

During postmortem examinations of the lactating cows, 45 tissue locations per cow were 233 

sampled for histological examination and virus antigen detection (Extended Data Table 5). At 234 

3 dpi, H5N1 B3.13 and euDG induced acute mastitis presented with flocculent material in 235 

minimal amounts of milk (#72, EU; #47, US). The character of the histologic changes did not 236 

differ between H5N1 B3.13 and euDG. Due to the small number of animals used, a quantitative 237 
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comparison of the two isolates with regard to the abundance of the virus antigen is not possible 238 

(representative pictures included in Extended Data Fig. 7).  Up to 90 % of the histological 239 

sections of secretory alveoli in the mammary gland evaluated showed acute epithelial necrosis 240 

with intraluminal cellular debris admixed with many degenerate neutrophils and intralesional 241 

antigen detection (Fig. 5A-B). The basal laminae with lining basal/myoepithelial cells remained 242 

largely intact (Fig. 5C). Intralesional virus antigen was confined to the secretory alveolar 243 

epithelium and intraluminal cellular debris (Fig. 5D). The teat canal was less prominently 244 

affected by necrosis and inflammation, exhibiting IAV nucleoprotein in the remaining lining 245 

epithelium (Fig. 5E-F) and debris. The enlarged, draining supramammary lymph node exhibited 246 

acute lymphadenitis lacking antigen detection. At 9 dpi (#88 EU), in addition to the acute 247 

necrotic lesions, interstitial, mainly lymphocytic infiltrates were present (Fig. 5G) with antigen 248 

detection present but limited to up to 50% of the alveoli evaluated histologically, mostly within 249 

cellular debris (Fig. 5H) as well as single teat canal lining epithelial cells. At 13 dpi (#92 US), 250 

there was still evidence of acute necrosis (Fig. 5I) with scattered antigen detection within 251 

cellular debris (Fig. 5J). However, the predominate feature observed at this time point consisted 252 

of regenerative and non-suppurative, interstitial inflammatory infiltrates (Fig. 5I). Cellular 253 

debris in affected mammary alveoli at 21 dpi still were positive for virus antigen (H5N1 B3.13 254 

only, Fig. 5K). The majority of the examined alveoli were in a regenerative state at 21 dpi (Fig. 255 

5L) with mainly lymphoplasmacytic, interstitial infiltrates (Fig. 5L). All other tissues tested 256 

negative for IAV antigen, including those identified to contain low levels of viral RNA in 257 

individual animals (spinal cord, cerebrum and genitofemoral nerve, cervix, vestibulum vaginae 258 

and the urinary bladder, details included in Extended Fig. 8A-E). The relevance of the intra- or 259 

interlobular fibrosis of the inflamed mammary tissue to HPAIV infection could not be 260 

established, since it was found in varying degrees in the mammary gland, both in the uninfected 261 

control animal (#80, all quarters) and in individual quarters of the infected animals (all infected 262 

animals). In accordance with the clinical findings, a lower amount of dry, but otherwise normal 263 

ingesta was found in the gastrointestinal tract on 3 and 9 dpi, interpreted a sequela of the HPAIV 264 

infection. Additional changes were considered as not being associated with infection but were 265 

attributed to the age and lactation status of these multiparous animals (details included in 266 

Supplementary Data 1).  267 

Rapid seroconversion in directly inoculated calves and lactating cows 268 

IAV-specific antibodies present in the serum collected from oronasally inoculated calves was 269 

first evaluated using an NP-specific cELISA. All four principal-infected calves were 270 
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seropositive by 10 dpi (Table 1). Subsequent evaluation of serum using the H5-subtype specific 271 

cELISA resulted in just two calves seropositive by 14 dpi. However, neutralizing antibodies 272 

were detected in three of four principal-infected calves remaining at 10 dpi with all four 273 

becoming positive by 14 dpi (Table 1). Neutralizing titers ranged from 1:5 to 1:80 and were 274 

maintained in calves until they were humanely euthanized or on 14 or 20 dpi (Table 1). Only 275 

three calves were seropositive (by 14 dpi) when serum was evaluated with the H5-specific c-276 

ELISA. There was no IAV-specific antibody response detected in the sentinel or negative 277 

control calves prior to or throughout the study period (Table 1).  278 

Influenza A virus-specific antibodies of infected lactating cows were analyzed by ELISA and 279 

virus neutralization tests (VNT) in serum and milk samples throughout the experiment. At 7 280 

dpi, serum samples from 2/2 cows inoculated with H5N1 B3.13 and 1/2 cows inoculated with 281 

H5N1 euDG were positive in both the NP-specific and the H5-specific ELISAs (Fig. 2C, Table 282 

1). Neutralizing antibodies in milk samples of infected cows against H5N1 clade 2.3.4.4b were 283 

detectable from 9 dpi on and ranged from 1:25 to 1:813 (Table 1). IAV specific antibody 284 

detection in the milk was roughly two days delayed in comparison to sera (Table 1).  285 

Discussion 286 

 H5N1 B3.13 is the first influenza A virus reported to circulate efficiently among dairy cattle 287 

with widespread dissemination between US farms and onward transmission to various avian 288 

and mammalian species, including humans9,17. This highlights the promiscuous nature of AIVs, 289 

greatly expanding the range of potential hosts and clearly demonstrating their potential to spill-290 

over and adapt to new environments. Nevertheless, the capacity for cows to serve as a host 291 

supportive of productive HPAIV infection is surprising, as previous experiments have shown a 292 

very low susceptibility of young calves to intranasal inoculation with HPAIV H5N112. With 293 

this study, we present detailed data on cattle susceptibility to different HPAIV H5N1 genotypes 294 

within the broadly circulating clade 2.3.4.4b, providing insights into pathogenesis, potential 295 

transmission routes and mammalian adaptation. We demonstrate that high-dose oronasal 296 

infection of clinically healthy calves with an early H5N1 B3.13 isolate of an infected US dairy 297 

cow showed low to moderate replication confined to the upper respiratory tract and low to 298 

moderate oronasal viral shedding, presenting clinically with only mild signs, yet IAV-specific 299 

antibody production from 7 dpi onwards. However, modest replication and shedding of 300 

principal-infected calves were not sufficient to infect direct contacts despite recovery of live 301 

virus from some of these samples through 7 dpi. Interestingly, in a previous study from 2008 at 302 
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FLI  using a mammalian H5N1 isolate from 2006, one sentinel calf seroconverted upon H5N1-303 

infection12. Therefore, our results provide evidence that systemic spread or replication in the 304 

respiratory tract and transmission to sentinels is limited in oronasally inoculated calves under 305 

our experimental conditions. As such, gs/GD H5 pathogenicity in male and non-lactating 306 

female calves seems to remain unchanged for the past decades. However, not evaluated here is 307 

e.g. the interaction between suckling calves and cows, and the reciprocal transmission that could 308 

occur at this interface. 309 

Recently, Baker and colleagues reported results in four heifers inoculated by an aerosol 310 

respiratory route. Similarly, as described here, clinical disease was mild and infection was also 311 

confirmed by virus detection, lesions, and seroconversion. However, in these aerosol-infected 312 

heifers, transmission was not evaluated, but viral antigen was detected in the lung22. In our 313 

study, pathological alterations in the respiratory tract were limited in H5N1 B3.13 oronasally-314 

infected calves. While the changes noted at 7 dpi and 14 dpi (one animal each) could be 315 

consistent with an acute to late stage of IAV infection, lack of intralesional antigen detection 316 

precluded its unequivocal confirmation. However, the window for detection of IAV antigen is 317 

usually narrow following infection and possibly occurred at low abundance in these calves 318 

based on their limited susceptibility. This likely explains the lack of detection of viral antigen 319 

at 7 dpi. The overall histologic alterations and their distribution in both animals are not 320 

consistent with bacterial bronchopneumonia associated with the bovine respiratory disease 321 

complex (BRDC) despite detection of Pasteurella multocida, Bibersteinia trehalosi, and 322 

Mannheimia haemolytica by PCR with high Ct values. 323 

Drastically different outcomes were observed following direct intramammary inoculation of 324 

lactating dairy cows with either H5N1 B3.13 or H5N1 euDG. Acute presentation of severe 325 

clinical signs including lethargy, fever and impaired general condition were accompanied with 326 

abrupt reduction of feed intake and clinical mastitis with immediate and persistent milk losses 327 

of more than 90% in all animals, irrespective of the H5N1 virus isolate used. Histopathology 328 

identified a severe, acute, diffuse, necrotizing mastitis with intralesional virus antigen detection 329 

in the secretory epithelium and teat canal lining epithelium, but no evidence of systemic spread 330 

of the pathogen. In our study, humane euthanasia of four individual cows was required prior to 331 

the initially planned end points due to the severity of clinical symptoms (Extended Data Fig. 332 

1F). Although clear evidence of increased mortality events in dairy farms across the USA is 333 

lacking right now, a recent field observation study demonstrates that two dairy farms reported 334 

mortality associated with H5N1-infections9. Conversely, the severe clinical presentation 335 
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observed in our study may also be related to the age and late lactation phase of these cattle (4-336 

8 years of age, just before dry-off). It is possible that confounding co-morbidities common in 337 

older dairy cows contributed to the severity of the disease, and that H5N1-associated disease 338 

may be milder in younger, monoparous cows at a different stage of lactation or when individual 339 

udder quarters are affected.  340 

It also seems likely that udder manifestation is not a unique feature of genotype B3.13 only, but 341 

rather a particular intrinsic ability of the bovine udder to be readily susceptible to H5N1 clade 342 

2.3.4.4b viruses as similar tropism and disease were demonstrated in this study with H5N1 343 

euDG. Susceptibility of cattle to IAVs other than H5 is speculative, but there are historic reports 344 

of productive intramammary infection in dairy cows by an ancestral human H1N1 (A/PR8)23-345 

25. Mammary infections of cattle by AIVs are supported by the recently described α2.3 receptor 346 

expression in the udder tissue, but not in the upper respiratory tract of cattle18. High levels of 347 

infectious virus were isolated only from milk and udder samples of H5N1-infected lactating 348 

cows, clearly demonstrating that replication of H5N1 clade 2.3.4.4b is restricted to the 349 

mammary glands after intramammary inoculation. In addition, RT-qPCR analysis of 350 

environmental samples collected daily from a communal water trough, urine samples, and 351 

nasal, conjunctival and rectal swabs from infected lactating cows revealed only trace amounts 352 

of viral RNA, indicating that non-milk related transmission routes seem less relevant; however, 353 

modes of transmission in adult cows remain to be evaluated in more detail. Based on field 354 

reports, cow-to-cow transmission is most likely driven by the milking process, appears to be 355 

equipment-related and thus represents a mechanical and anthropogenic event9,14,17,26. Milk and 356 

milking procedures, in this respect, seems to be the central mediator of spread within holdings. 357 

This is further supported by recent research showing that raw milk spiked with HPAIV H5N1 358 

remained infectious on milking machines for several hours27 and can be detected in 359 

environmental samples collected from a milking parlor26. 360 

Furthermore, substitutions in the PB2 gene sequence, such as the M631L mutation in H5N1 361 

B3.13, appear to be very favorable for replication in the mammary gland14. We found a similar 362 

PB2 adaptation, namely E627K, for H5N1 euDG in our lactating cows, starting already 1 dpi 363 

as a minor variant with significant presence of 627K by 3 dpi. Independent appearance of this 364 

substitution in 3 out of 3 cows suggests a strong bottleneck and high evolutionary pressure 365 

towards this adaptation. Conclusively, PB2 adaptation to mammalian hosts (either at position 366 

627 or 631) seems to be beneficial for mammary gland replication, as these phenotypes remain 367 

stable in any tested milk and tissue sample. Interestingly, the H5N1 B3.13 has also acquired the 368 
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E627K mutation upon replication in a human case28 and was present as a minor variant (2%) in 369 

the quasi-species in environmental samples from a dairy farm in Kansas26. It remains to be 370 

determined whether strain- and/or host dependencies drive the selection of the two PB2 371 

mutations and whether they resemble similar phenotypes. 372 

Spill-back of bovine H5N1 B3.13 into multiple poultry farms has been reported9, and this may 373 

result in increased environmental contamination in poultry, furthering spill-back into wild bird 374 

populations. This has recently been proven by an outbreak of H5N1 B3.13 in a large 375 

commercial layer chicken farm in Colorado, USA, where several farm workers tested positive 376 

for H5N1 after culling the infected animals29. The possibility for non-lactating cattle to serve 377 

as a virus source for onward transmission to adult dairy cows, poultry or mammalian species 378 

such as felines, should be considered as we observed nasal shedding of infectious virus for 7 379 

days. The same scenario also exists for environments contaminated with milk from H5N1-380 

infected cows. 381 

A tailored surveillance strategy is crucial for effective control. We demonstrate here that aside 382 

of RT-qPCR, RATs provide a simple testing tool for milk from individual animals and are 383 

suitable for the detection of H5N1 clade 2.3.4.4b, including genotype B3.13. Influenza mastitis 384 

should be considered as a differential diagnosis whenever milk characteristics change. 385 

However, as antibody levels in milk increase and viral loads decrease, antigens will not be 386 

detected by RATs anymore, as has been seen in our study. On the other hand, infectious yields 387 

in the excretion also drop at this point due to the neutralizing activity of secreted antibodies. 388 

The unique situation, that both viral shedding and neutralizing antibody shedding occur only in 389 

milk, may also be a great opportunity to control this epidemic and reduce infectious yields in 390 

pool milk from affected herds. In addition to genomic surveillance, also serologic surveillance 391 

of pool milk from individual herds may be appropriate to assess the distribution of IAV among 392 

dairy herds and facilitate control efforts. 393 

In conclusion, we demonstrated that: (i) the H5N1 B3.13 has only a moderate capacity for 394 

respiratory replication in young calves and (ii) was not transmitted to sentinel calves, (iii) dairy 395 

cattle are readily susceptible to two distinct and geographically-separated H5N1 clade 2.3.4.4b 396 

isolates of mammalian or wild-bird origin following intramammary inoculation and (iv) 397 

demonstrate tissue-specific efficient replication and milk shedding (v) the clinical picture of 398 

severe disease in dairy cattle was identical for both strains with severe mastitis, (vi) high-titer 399 

infectious virus is shed in milk for at least ~8 days. Finally, the manifestation and main 400 
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replication site for H5N1 B3.13 following intramammary inoculation is the mammary gland, 401 

and systemic spread and infection of other organ systems, including the respiratory tract, have 402 

not been observed in lactating cows. 403 

Fortunately, no human-to-human transmission has been reported so far, supporting the concept 404 

that these strains have not yet overcome critical barriers to enable human-to-human 405 

transmission, such as improved receptor binding, pH stability, and MxA escape30. The frequent 406 

interface between humans and affected animals (cattle, poultry or wild birds) provide 407 

opportunities for reassortment of the bovine B3.13 with human seasonal influenza viruses or 408 

other AIVs in circulation. Thus, effective mitigation strategies must be urgently outlined and 409 

implemented to i) prevent continuous replication and spread of this pathogen in cattle, ii) avoid 410 

any further mammalian adaptation, and iii) stop spillover/spillback infections to other livestock, 411 

wild birds, other mammals, and humans. Focused efforts to better elucidate transmission 412 

pathways and H5N1 ecology in the dairy industry worldwide are critically needed. 413 

  414 

Figure legends 415 

Fig. 1 | Experimental design and clinical outcomes following infection with HPAIV 416 
H5N1 clade 2.3.4.4b isolates  417 

A Experimental study timeline. (Top) Twelve Holstein calves of mixed sex (* indicates one 418 

calf was hermaphroditic) were allocated to three experimental groups: 1 – principal-infected 419 

(n=6); 2 – sentinel (n=3); 3 – negative control (n=3). Negative control calves were euthanized 420 

prior to experimental infection and tissues were collected for baseline comparison. Principal-421 

infected calves were oronasally inoculated with 1x106 TCID50/calf of H5N1 B3.13. Sentinel 422 

calves were introduced 48 hours post-infection. Rectal temperatures and clinical samples, 423 

including whole blood, urine, nasal-, oral-, and rectal swabs, were collected daily for 14 dpi and 424 

every 3 days thereafter. Serum was collected at 0, 7, 10, 14, 17, and 20/21 dpi. Post-mortem 425 

examinations and extensive tissue collections were performed on days 7 (n=2, principal-426 

infected), 14 (n=2, principal-infected), and 20/21 (n=2/3, principal-infected/sentinel) post 427 

infection. (Bottom) Seven Holstein-Friesian multiparous lactating dairy cattle were used in this 428 

experiment. Three animals were inoculated intramammary with 106.1 TCID50/cattle of H5N1 429 

B3.13 (A/Cattle/Texas/063224-24-1/2024, US-group, n=3) and three animals were inoculated 430 

intramammary with 105.9 TCID50/cattle of H5N1 euDG (A/wild_goose/Germany-431 

NW/00581/2024, EU-group, n=3). One cow served as a negative control. Swab samples (nasal, 432 

conjunctival, and rectal) were taken daily until 9 dpi. EDTA blood samples were taken from 433 

individual cattle at 1, 3, 7 and 10 dpi. Urine was taken regularly until 14 dpi. Serum samples 434 

were obtained from 7, 14 dpi and the day of euthanasia. One cow of each group (#47 US and 435 

#72 EU) reached the humane endpoint at 3 dpi, one further cow at 9 dpi (#88 EU) and one 436 

additional cow at 13 dpi (#92 US) and were subsequently subjected to necropsy. Created with 437 
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BioRender under agreement number YH275PUF4T. B The mean and standard deviation of 438 

rectal temperatures are shown for both principal-infected and sentinel calves and each group of 439 

lactating cattle prior to and following inoculation. C The average feed intake of each group of 440 

calves and cows following H5N1-infection D Individual milk production of lactating cows prior 441 

to and following experimental infection. Milk production of individual cows was tracked daily 442 

from -25 dpi through until the end of the experiment at 21 dpi. The control animal never 443 

produced high amounts of milk, which is why this cow was picked as control. Dark red: 444 

Principal-infected calves (n=6). Bright red: Sentinel calves (n=3). Orange: H5N1 B3.13 445 

infected lactating cows (US-group, n=3, #47, #87, #92) Blue: H5N1 euDG infected lactating 446 

cows (EU-group, n=3, #66, #72, #88) Grey: Uninfected negative control cow (#80). 447 

Fig. 2 | Viral shedding of influenza A/H5N1 clade 2.3.4.4b virus isolates in 448 

experimentally infected calves and lactating cows 449 

A RT-qPCR was used for the detection of influenza A M gene (left y-axis) in nasal, oral and 450 

rectal swabs collected from H5N1 B3.13 oronasally infected calves post-inoculation an sentinel 451 

calves (dark red: principal-infected; bright red: sentinel). Viral titers of nasal swabs (right y-452 

axis) are represented as the mean and standard deviation of nasal swabs with 46.4 TCID50/mL 453 

on each day. The Cq-value and titer of inoculum are also shown (*) on the respective y-axis. B 454 

RT-qPCR of nasal, oral, rectal and conjunctivital swabs of lactating cows intramammary 455 

infected with H5N1 B3.13 or H5N1 euDG. Orange: Cattle infected with the H5N1 B3.13. Blue: 456 

Cattle infected with H5N1 euDG. Grey: Uninfected negative control C H5N1 viral genome 457 

load (left y-axis) and corresponding H5-specific antibody titers (right y-axis) in milk samples 458 

over time. All cattle were milked daily and individual pooled milk samples were analyzed via 459 

RT-qPCR for the detection of H5N1 viral RNA. Detection of H5-specific antibodies in selected 460 

milk samples was achieved using an H5-specific ELISA and reported as sample OD450 / 461 

negative control OD450 percentage (S/N%).  462 

Fig. 3 | Infectious virus yields in milk and udder tissue of H5N1 infected lactating cows 463 

and genetic adaptations over time 464 

A H5N1 viral titers recovered from milk samples of H5N1 B3.13 (orange) and H5N1 euDG 465 

(blue) infected lactating cows throughout the experiment.  B Experimental titration of H5N1 466 

infectious viral particles from individual udder quarters (FL = front left; BL = back left; FR = 467 

front right; BR= back right) of each H5N1-infected lactating cow harvested at their respective 468 

euthanasia timepoints. C Genetic adaptation at position 627 and 631 in the Polymerase Basic 469 

Protein 2 (PB2) of H5N1 B3.13 and H5N1 euDG. A sequence logo plot displays the relative 470 

proportion of amino acids (E - ; K- ; N - ; M – ; L - ) present at positions 627 and 631 of 471 

polymerase basic protein 2 (PB2) for H5N1 B3.13 and H5N1 euDG present in milk sampled 472 

from cows #88 EU and #87 US over time.  473 

Fig. 4 | Histological changes observed in respiratory tissues of calves.  474 

Histological changes in calves oronasally infected with H5N1 B3.13. Calves at 7 (A-D) and 14 475 

dpi (E-F) are depicted in the figure. (A and B) H&E staining showing there was a segmental 476 

region of suppurative tracheitis at 7 dpi (#6760). Degenerate neutrophils filled the tracheal 477 
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lumina (arrows). No viral antigen was detected by IHC (B). (C and D) In animal #712 (7 dpi), 478 

there were multiple small and discrete foci of interstitial pneumonia (C) with fibrin filling 479 

regional alveolar spaces (asterisks) and mild numbers of neutrophils, macrophages and 480 

lymphocytes expanding alveolar septa. No viral antigen was detected (D). (E and F) In animal 481 

#754 (14 dpi), bronchioles were frequently lined by hyperplastic epithelium, filled with 482 

degenerate neutrophils, and partially occluded by papillary projections composed of a core of 483 

fibrous connective tissue with few inflammatory cells and lined by bronchiolar epithelium 484 

(bronchiolitis obliterans, asterisk). Bronchioles were also frequently delimited by prominent 485 

lymphoid aggregates (BALT hyperplasia). No viral antigen was detected (F). 486 

Fig. 5 | Histopathology and Influenza A virus (IAV) nucleoprotein (NP) detection in the 487 

mammary gland and teat of multiparous cattle after intramammary infection with 488 

H5N1 B3.13 and H5N1 euDG. 489 

(A) Abundant IAV NP detection 3 days post infection (dpi), inlay showing juxtaposition of 490 

intact, lactating alveoli lacking antigen (black asterisk) and affected areas (green asterisk) in a 491 

lobular pattern. Immunohistochemistry, IHC, using AEC chromogen and Mayer’s 492 

hematoxylin counterstain. H5N1 B3.13. Scale bar 2.5 mm and 100 µm (inlay). (B1) Full 493 

necrosis of the alveolar epithelium with cellular debris filling the lumen and (B2) intralesional 494 

detection of IAV antigen (green asterisk) on a consecutive slide. Some adjacent alveoli 495 

remain unaffected (black asterisk), 3 dpi, H5N1 B3.13. HE (B1) and IHC (B2). Scale bar 496 

50µm. (C) Alveoli affected by necrosis with mostly intact basal lamina lined by 497 

basal/myoepithelial cells (blue arrow), indicative for regenerative capacity, 3 dpi, H5N1 498 

euDG. HE. Scale bar 25µm. (D) Target cells identified based on morphology following IHC 499 

included alveolar secretory epithelium, 3 dpi, H5N1 B3.13. IHC. Sale bar 50µm. (E) Teat 500 

with diffuse degeneration and necrosis of the lining epithelium, subepithelial edema and 501 

mainly neutrophilic infiltrates (inlay), 3 dpi, H5N1 B3.13. HE. Scale bar 100 µm. (F) Target 502 

cells identified based on morphology following IHC included teat canal epithelium (inlay), 3 503 

dpi, H5N1 B3.13. IHC. Scale bar 100 µm. (G) Necrotic alveoli filled with cellular debris 504 

admixed with degenerate neutrophils (blue arrow) in acute lesions and many lymphocytes, 505 

fewer macrophages, neutrophils and plasma cells in the interstitium (green arrow), H5N1 506 

euDG, 9 dpi. HE. Scale bar 50 µm. (H) Abundant intralesional IAV NP detection in secretory 507 

alveoli, mainly within cellular debris (inlay), 9 dpi, H5N1 euDG. IHC. Scale bar 50 µm. (I) 508 

Simultaneous occurrence of either intact, lactating alveoli (black asterisk), disruption of 509 

alveolar epithelium by necrosis (green asterisk) and beginning regeneration (blue asterisk), 13 510 

dpi H5N1 B3.13. HE. Scale bar 50 µm. (J) Late stage IAV NP detection restricted to cellular 511 

debris, found scattered at 13 dpi, H5N1 B3.13. IHC. Scale bar 25 µm. (K1) Mammary 512 

alveolus with intraluminal sloughed epithelium and cellular debris (green asterisk), and (K2) 513 

intralesional detection of IAV antigen on a consecutive slide (green asterisk), 21 dpi, H5N1 514 

B3.13. HE (K1) and IHC (K2). Scale bar 50µm. (L) Regenerating alveoli (blue asterisk) with 515 

lack of IAV antigen labeling (not shown). Interstitial immune cell infiltrates constitute many 516 

lymphocytes and plasma cells (inlay), 21 dpi, H5N1 euDG. HE. Scale bar 50 µm.  517 

Table 1 | Influenza A virus-specific serological response in calves and lactating cows 518 

following inoculation with HPAIV H5N1 clade 2.3.4.4b 519 
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Serum collected from oronasally inoculated calves (left) and intramammary inoculated 520 

lactating cows (right) was evaluated using commercially available competitive ELISA 521 

(cELISA) kits targeting the influenza A virus nucleoprotein (NP) and H5 subtype 522 

hemagglutinin protein as well as virus neutralization tests (VNT) in serum samples from 523 

calves against H5N1 B3.13 and serum and milk samples from cows against H5N1 B3.13 (and 524 

H5N1 euDG. Results of cELISA are calculated as sample OD450/negative control OD450 525 

percentage (S/N%) represented here as positive (+; NP, S/N% ≤ 45%; H5, S/N% ≤ 50%; H5-526 

V3, S/N% ≤ 40%), doubtful (striped positive +; NP, 45% < S/N% < 50%; H5, 50% < S/N% < 527 

60%; H5-V3, 40% < S/N% < 50%), and negative (–; NP, S/N% ≥ 50%; H5, S/N% > 60%; 528 

H5-V3, S/N% ≥ 50%), per manufacturer’s instructions. A heatmap is used to visualize the 529 

relative titers of H5N1-specifc neutralizing antibodies, reported as the reciprocal of the final 530 

dilution of neutralizing dose 50 (VNT50) or 100 (VNT100) virus neutralization. 531 

 532 

Methods 533 

Ethics statement / Biosafety 534 

All experiments conducted at Kansas State University were approved and performed under the 535 

Kansas State University (KSU) Institutional Biosafety Committee (IBC, Protocol # 1758) and 536 

the Institutional Animal Care and Use Committee (IACUC, Protocol # 4992) in compliance 537 

with the Animal Welfare Act. All animal and laboratory work involving infectious highly 538 

pathogenic avian influenza virus were performed in biosafety level-3+ and −3Ag laboratories 539 

and facilities in the Biosecurity Research Institute (BRI) at KSU in Manhattan, KS, USA. 540 

Further evaluation of inactivated samples was conducted in BSL-2 laboratories using enhanced 541 

biosafety practices. 542 

The lactating dairy cattle experiment was evaluated by the responsible ethics committee of the 543 

State Office of Agriculture, Food, Safety, and Fishery in Mecklenburg–Western Pomerania 544 

(LALLF M-V) and gained governmental approval under the registration number 7221.3-2-545 

010/23. 546 

Virus 547 

The European HPAIV isolate A/wild_goose/Germany-NW/00581/2024 (H5N1), genotype DE-548 

23-11-N1.3 euDG (H5N1 euDG)21, was supplied by the German National Reference 549 

Laboratory for avian Influenza (Timm Harder) at FLI. It was propagated in embryonated SPF-550 

chicken eggs for 5 days at 37 °C, followed by harvesting the allantoic fluid, which in turn served 551 

as the virus stock. In post-inoculation sterility testing of the original undiluted H5N1 euDG 552 
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virus stock, the marginal presence of Enterococcus spp. was confirmed on sheep blood agar. 553 

This was confirmed by NGS-analysis, which revealed a close genetic relationship to 554 

Enterococcus casseliflavus, a commensal to the normal bacterial flora. There was no evidence 555 

that this had any effect on the results obtained in the study. 556 

The North American HPAIV H5N1 isolate A/Cattle/Texas/063224-24-1/2024, genotype B3.13 557 

(H5N1 B3.13, GIS AID accession number: EPI_ISL_19155861) administered to calves and 558 

cattle in this study was isolated from the milk of infected dairy cattle in Texas, USA, kindly 559 

provided by Dr. Diego Diel, Department of Population Medicine and Diagnostic Sciences, 560 

College of Veterinary Medicine, Cornell University, Ithaca, NY, USA9. Virus stock was 561 

propagated using bovine uterine epithelial cells (CAL-1; In-house) for 3 passages. A single 562 

passage on MDCK cells was used to propagate viral stocks for application in virus 563 

neutralization assays. The titers of both virus preparations were determined by endpoint dilution 564 

titration on MDCK type II cells. 565 

Cells 566 

FLI Riems: Madin-Darby Canine Kidney (MDCK, RIE-1061) type II cells originating from the 567 

Collection of Cell Lines in Veterinary Medicine (CCLV) were used. Cells were incubated at 37 568 

°C under a 5% CO2 atmosphere. Cultivation medium is composed of a mixture of equal volumes 569 

of Eagle Minimum Essential Medium (MEM) (Hank’s balanced salts solution) and Eagle MEM 570 

(Earle’s balanced salts solution), 2 mM L-Gln, nonessential amino acids, adjusted to 850 mg L−1 571 

NaHCO3, 120 mg L-1 sodium pyruvate, pH 7.2 with 10% fetal calf serum (FCS) (Bio & Sell 572 

GmbH). 573 

Kansas State University: Madin-Darby canine kidney (MDCK) cells were maintained in 574 

Dulbecco’s Modified Eagle Medium (DMEM; Corning, Manassas, VA, USA), supplemented 575 

with 5% fetal bovine serum (FBS; R&D systems, Flower Branch, GA, USA) and 1% antibiotic-576 

antimycotic solution (Gibco, Grand Island, NY, USA). Media used during virus cultivation 577 

(VNT, VI) was similar, but deprived of FBS and supplemented with 0.3% bovine serum 578 

albumin (BSA; Sigma-Aldrich, Darmstadt, Germany) and 1% minimum essential medium 579 

vitamin solution (Gibco, Grand Island, NY, USA), in addition to 1 µg/mL of TPCK-treated 580 

trypsin. 581 

KSU - Calf study 582 

Experimental design  583 
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Twelve Holstein calves (5-6 months of age) of mixed sex were transported from an Iowa 584 

livestock operation to Kansas State University College of Veterinary Medicine (KSU-CVM) in 585 

Manhattan, KS. 586 

Upon arrival, blood and swabs were collected and screened for current or recent IAV infection 587 

as well as various pathogens associated with bovine respiratory disease complex (BRD), 588 

including influenza D virus (IDV). Calves were negative for any active or recent infections with 589 

IAV based on RT-qPCR and IAV NP-specific cELISA results. Results of the RT-qPCR based 590 

BRD panel revealed some calves were qPCR positive for common bovine respiratory pathogens 591 

(Extended Data Table 3). Calves were semi-randomly (sorted according to sex; one (female) 592 

calf determined to be hermaphroditic; then randomized intro groups) allocated into three 593 

experimental groups: principal-infected (n=6); sentinel (n=3); negative controls (n=3). The 594 

control animals were humanely euthanized prior to the day of infection (-2 and -3 dpi). Calves 595 

were in good health prior to virus infection based on health examinations conducted by KSU 596 

veterinarians. 597 

On the day of virus infection, sentinel calves were physically separated and placed up-current 598 

of the room’s directional airflow from principal-infected calves. Principal-infected calves were 599 

administered a total dose of 1x106 TCID50 (5x105 TCID50/mL) in 2mL of H5N1 B3.13 applied 600 

as follows: 0.5 mL per nostril using an atomization device (MAD Nasal™ atomization device, 601 

Teleflex, Morrisville, NC, USA) and 1 mL orally using a syringe. 48-hours post-infection, 602 

sentinel calves were co-mingled with principal-infected calves (Fig. 1A).  603 

Clinical observations and rectal temperatures were recorded daily (Fig. 1A). One calf (#6770; 604 

sentinel) developed a high fever prior to the start of the experiment, which resolved following 605 

treatment with florfenicol. Baseline samples, including swabs and blood, were collected from 606 

all calves upon arrival (-8 dpi) and again after an acclimation period outdoors (-1 dpi). Clinical 607 

samples, including urine (when possible), nasal-, oral-, rectal-, vaginal/penile- swabs (collected 608 

in 2 mL of DMEM containing 1% antibiotic/antimycotic solution) were collected at -1, 1-14, 609 

17, 20/21 days post infection (dpi) (Fig. 1A). Whole blood samples were collected on -1, 1-7, 610 

10, 12, 14, 17, 20/21 dpi (Fig. 1A). Serum samples were collected on -1, 7, 10, 14, 17, 20/21 611 

dpi (Fig. 1A).. Thorough post-mortem examinations were conducted on days 7 (n=2; principal-612 

infected), 14 (n=2; principal-infected), 20 (n=2; principal-infected), and 21 (n=3; sentinel) post 613 

infection (Fig. 1A). Apparent gross lesions were documented prior to extensive sampling of 614 

tissue as to determine the scope and extent of impacted tissues (tissue tropism) and any 615 
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correlation with subsequent IAV detected. Lungs were macroscopically evaluated and scored 616 

(a report was generated) according to the percent of lung affected (individual lobes and 617 

left/right) with gross lesions including congestion with atelectasis or edema, pneumonia, 618 

hemorrhage, and plural fibrosis when present (Extended Data Fig. 10; Extended Data Table 619 

4)31. 620 

Lactating dairy cattle study 621 

Seven female multiparous lactating Holstein-Friesian dairy cattle in an age range between four 622 

and eight years, at a state of decreasing milk production, and around 12 months after last calving 623 

were obtained from a local dairy farm. The animals were kept in three separate animal rooms 624 

(3 x 3 x 1 animals per stable) in the BSL-3 animal facility of the Friedrich-Loeffler-Institut, 625 

Greifswald – Isle of Riems, Germany. During the 25-day acclimatization period, the animals 626 

were milked once per day using a can milking system (Minimelker, Melktechnik-Discount, 627 

Bohmte, Germany) and the amount of milk produced per cattle was documented to have a 628 

reliable baseline for each individual (Fig. 1A). Additionally, a California-Mastitis-Test (CMT) 629 

was performed on each udder quarter from each cattle daily from -1 dpi onwards until each 630 

individual endpoint. Briefly, CMT-reagent was mixed with an equal amount of raw milk 631 

received directly from the respective cow teat on a special CMT-plate (Extended Data Fig. 5A), 632 

followed by gentle swiveling. The CMT was interpreted according to a comparative picture 633 

showing either 1) Unchanged color and consistency (negative, - ); 2) low mucus formation 634 

(altered, +); 3) strong mucus formation (positive, ++) and 4) intense clumpy and gelatinous 635 

mucus formation (strongly positive, +++). Milk production percentages were calculated by 636 

generating a mean value of -2 to 0 dpi for each individual animal, which was set as 100%. Prior 637 

to infection, all animals tested negative for influenza A viral RNA in nasal swabs and milk 638 

samples via RT-qPCR, as well as seronegative in an IAV-specific ELISA targeting the viral 639 

Nucleoprotein (NP) (ID-Vet). Prior to inoculation, the udder epidermis was cleaned and the teat 640 

and teat orifice were disinfected using an alcohol-based disinfectant. A teat drainage cannula 641 

was employed to evacuate all residual milk from the cistern and for inoculation into teat a/o 642 

gland cistern. Three animals were inoculated intramammary with 105.9 TCID50/cattle by equally 643 

administering 0.5 mL per teat (~ 2 mL total volume, 105.31 TCID50/teat) of H5N1 B3.13, and 644 

three animals were inoculated intramammary with 106.1 TCID50/cattle by equally administering 645 

0.5 mL per teat (~ 2 mL total volume, 105.49 TCID50/teat) of H5N1 euDG. One additional 646 

animal, kept in a separate unit, served as negative control and received 0.5 mL sodium chloride 647 

solution per teat. The infectious virus titers of both inocula were determined by back-titration 648 
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on MDCK II cells. Cattle were milked daily, and nasal swab samples as well as samples from 649 

the drinking trough of the animals were taken daily until 9 dpi (Fig. 1A). Swab samples from 650 

conjunctiva and rectal swabs were taken from 4 dpi until 9 dpi (Fig. 1A). Urine was collected 651 

until 14 dpi. EDTA blood samples were taken at 1, 3, 7, 10 and 17 dpi (Fig. 1A). Serum samples 652 

were generated before inoculation, 7, 14 dpi, and at the day of euthanasia (Fig. 1A).  653 

Kansas State University: RNA extraction and RT-qPCR analysis for calf experiment  654 

To document the presence of H5N1 infection, clinical samples (swabs, EDTA  blood) and 655 

clarified 10% (weight:volume) tissue homogenates were combined with equal volumes of RLT 656 

lysis buffer (Qiagen, Germantown, MD, USA) prior to total nucleic acid extraction using an 657 

automated magnetic bead-based extraction system (Taco Mini™, GeneReach, Taichung City, 658 

Taiwan; BioSprint 96, Qiagen, Germantown, MD, USA) in combination with associated 659 

reagents (GeneReach, Taichung City, Taiwan), according to previously established protocols26. 660 

Subsequently, samples were run in duplicate reactions using a one-step RT-qPCR assay 661 

targeting the matrix gene segment of IAV employing a modified M + 64 probe and qScript XLT 662 

1-Step RT-qPCR ToughMix (QuantaBio, Beverly, MA, USA) to determine the quantity of IAV 663 

RNA, with thermocycling conditions as described previously26
. A positive Cq cut-off of 38 664 

cycles was established for samples where both wells were positive.  665 

FLI Riems: Sample collection, RNA extraction and RT-qPCR analysis for lactating dairy 666 

cattle study 667 

Raw milk samples were collected individually per quarter and directly used for RNA extraction. 668 

In addition, bulk milk samples generated via milking machine were also collected and analyzed. 669 

Swabs were taken using rayon swabs (DRYSWABTM Standard Tips, MWE) and were 670 

immediately transferred into 2 mL of cell culture medium containing 1% Baytril (Bayer), 0.5% 671 

Lincomycin (WDT) and 0.2% Amphotericin/Gentamycin (Fisher Scientific Waltham). Blood 672 

samples were taken using the Kabevette® G system and disposable needles. Organ samples 673 

with 2x2x2 mm in size were transferred into a 2 mL collection tube containing 1 mL of cell 674 

culture medium containing 1% penicillin-streptomycin (Biochrome) and one stainless steel 675 

bead per sample. Homogenization was established by rough shaking of the samples in a 676 

TissueLyser II instrument (Qiagen) for 2 min. at 300 Hz. Viral RNA of all samples was 677 

extracted using 100 µl of raw milk or sample medium or supernatant in the NucleoMag Vet-kit 678 

(Macherey-Nagel) on a BioSprint 96 platform (Qiagen). Detection of H5N1 B3.13 and H5N1 679 

euDG via RT-qPCR was established as recommended and described in the SOP VIR 018 – ed. 680 
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02 – 09/23 by the “European Union Reference Laboratory for Avian Influenza and Newcastle 681 

Disease“ in Italy32,33. 682 

Kansas State University: Virus isolation and virus titration from calve study 683 

Clinical samples and tissue homogenates with Ct values <36 were subjected to virus isolation 684 

and virus titration. Viral titration and immunofluorescence assays (IFA) were performed as 685 

described previously31. Briefly, ten-fold serial dilutions of syringe filtered (0.45µm) samples, 686 

tested in four replicates, were transferred onto 96-well plates containing confluent monolayers 687 

of MDCK cells. After infecting cells, 96-well plates were incubated at 37 °C and observed daily 688 

(light microscope) to monitor the conditions of the cellular monolayer and cytopathic 689 

effects/cell morphology. After 48-hours, plates were washed with PBS prior to fixation with 690 

ice-cold 100% methanol for 10-minutes at -20°C; then cells were washed with 1x PBS and 691 

incubated for 1 hour with influenza A-specific HB65 primary antibody (HB-65; ATCC, 692 

Manassas, VA34 at room temperature. Subsequent washes with PBS containing 0.05% Tween-693 

20 (PBS-T) were conducted prior to incubation with goat anti-mouse IgG (H+L) secondary 694 

antibody (Alexa-488, Fisher Scientific, Waltham, MA) and incubation at room temperature for 695 

30 minutes. Plates were washed and dried prior to observation of fluorescent signal using an 696 

EVOS microscope. Viral titers were calculated using the Reed-Muench method35 with a limit 697 

of detect at 46 TCID50/mL.  698 

In parallel, attempts for virus isolation were conducted utilizing 25 cm2 flasks (T-25) of 699 

confluent MDCK cells. Cells were first washed with 1x PBS to remove any residual FBS and 700 

subsequently incubated with 500 µL of diluted (1:10) sample and 2 mL of infection media for 701 

2 hours, gently rocked every 15 minutes, prior to addition of 2.5 mL of infection media. After 702 

two-three days of incubation at 37 °C, supernatants were collected from T-25 flasks. Flasks 703 

were then subjected to IFA protocols as described above and reported as positive or negative 704 

for viral presence based on fluorescent signal. 705 

Virus isolation and virus titration from cattle study 706 

Virus titers of selected milk and udder organ samples were determined by a TCID50 endpoint 707 

dilution assay on MDCKII-cells. Briefly, 10-fold serial dilutions of respective samples were 708 

prepared and transferred onto 96-well plates containing confluent monolayers of MDCKII-cells 709 

(duplicates). Plates were incubated for 72 hours at 37 °C. Virus titer was evaluated by the 710 
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presence of a specific cytopathic effect (CPE) and was calculated according to the “Measure of 711 

Infectious Dose in Specific Infections (midSIN)”-method36. 712 

FLI Riems: Serology of the cattle study 713 

Serological analysis of blood samples or milk samples from all animals was performed by using 714 

a commercial IAV-specific enzyme-linked immunosorbent assay (ELISA) detecting NP- and 715 

H5-specific antibodies (ID-Vet, Montpellier, France) according to the manufacturer’s 716 

instructions. 717 

Virus neutralizing antibodies were investigated via a virus neutralization test (VNT100) on 718 

MDCK II cells. In brief, serum samples of respective timepoints were serially diluted in DMEM 719 

on a 96-well plate (log2 steps) and mixed with 100 TCID50 of H5N1 B3.13 or H5N1 euDG 720 

followed by incubation for 1h at 37 °C. Subsequently, 100 µl of MDCK II cells were added to 721 

each well, followed by another incubation period for 72h at 37 °C. Neutralizing antibodies were 722 

evaluated and recognized by light microscopy in the absence of a CPE. The last serum dilution 723 

with intact cells and no visible CPE was considered as neutralization titer against the respective 724 

virus.  725 

Kansas State University: Serology and host immune responses 726 

Serum, collected from all calves upon arrival (-8 dpi), prior to infection (-1 dpi), and at defined 727 

time points (7, 10, 14, 17, 20/21 dpi) throughout the study, were evaluated for the presence of 728 

influenza A specific antibodies using several methods.  729 

Neutralizing antibody titers were determined according to previously established protocols37  730 

with slight modifications. Briefly, heat-inactivated serum was combined with an equal volume 731 

of H5N1 B3.13 stock virus (propagated additionally once on MDCK cells), diluted to 100 732 

TCID50/50 µL, in duplicate wells on 96-well plates and incubated at 37°C for 1 hour. 733 

Subsequently, the serum/virus mixture was transferred to 96-well plates containing confluent 734 

monolayers of MDCK cells. After 48 hours of incubation, IFA was preformed (similar to 735 

described above for virus titration/isolation) and neutralizing antibody titers were recorded as 736 

50% inhibition of virus growth per well. 737 

Additionally, commercially available enzyme-linked immunosorbent assay (ELISA) kits, 738 

validated for application with bovine-origin serum, targeting: (i) the conserved IAV 739 

nucleoprotein (NP-ELISA; ID Screen® Influenza A Antibody Competition Multi-species, 740 
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Innovative Diagnostics, France) and (ii) the H5-specific hemagglutinin protein (H5-ELISA; ID 741 

Screen® Influenza H5 multi-species competitive ELISA V3, Innovative Diagnostics, France) 742 

were used according to manufacturer’s instructions. 743 

Kansas State University: Macroscopic and microscopic pathology  744 

Post-mortem examinations were conducted at 7, 14 and 20/21 dpi. Macroscopic pathology was 745 

determined and scored in toto and the percentage of lung lesions were reported, based on 746 

previously published protocols31. Tissue samples were fixed in 10% neutral buffered formalin 747 

for a minimum of 7 days and subsequently transferred to 70% ethanol and processed using 748 

standard histological techniques, and stained with hematoxylin and eosin (H&E). Collections 749 

included paired collections (fresh tissue and formalin fixed) of representative sections (and 750 

lesions) obtained from respiratory, gastrointestinal, and reproductive tract, lymphoid tissue 751 

including spleen, various lymph nodes and musical associated lymphoid tissue, brain, eyes and, 752 

eye lids, and other tissues including adrenal gland, heart, and pancreas. Bronchoalveolar lavage 753 

fluid (BALF) was collected from the right side of the lung. Fluids collected included aqueous 754 

humor, cerebral spinal fluid, and bile. Transudates from the pericardial sac, thoracic cavity and 755 

abdominal cavity and urine were also collected when present Conjunctival swabs and swabs 756 

from the reproductive tract also collected at necropsy. Selection of animals for necropsy was 757 

based on sex to ensure representative samples from each gender, as well as on data that was 758 

available regarding viral RNA shedding in nasal and oral swabs. Four-micron sections from the 759 

lower respiratory tract tissues were stained with routine hematoxylin and eosin after standard 760 

automated processing and paraffin embedding. Tissues were subsequently examined 761 

microscopically by a board-certified veterinary pathologist. 762 

 763 

Kansas State University: Influenza A virus-specific immunohistochemistry (IHC) 764 

Immunohistochemistry (IHC) for detection of IAV H5N1 nucleoprotein (NP) antigen was 765 

performed on the automated BOND RXm platform and the Polymer Refine Red Detection kit 766 

(Leica Biosystems, Buffalo Grove, IL). Following automated deparaffinization, four-micron 767 

formalin-fixed, paraffin-embedded tissue sections on positively charged Superfrost® Plus 768 

slides (VWR, Radnor, PA) were subjected to automated heat-induced epitope retrieval (HIER) 769 

using a ready-to-use EDTA-based retrieval solution (pH 9.0, Leica Biosystems) at 100°C for 770 

20 min. Subsequently, tissue sections were incubated with the primary antibody (rabbit 771 
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polyclonal anti-Influenza A virus NP (Cell Signaling Technology, #99797/F8L6X) diluted 772 

1:1,200 in Primary Antibody diluent [Leica Biosystems]) for 30 min at ambient temperature 773 

followed by a polymer-labeled goat anti-rabbit IgG coupled with alkaline phosphatase (30 min). 774 

Fast Red was used as the chromogen (15 min), and counterstaining was performed with 775 

hematoxylin for 5 min. Slides were dried in a 60°C oven for 30 min and mounted with a 776 

permanent mounting medium (Micromount®, Leica Biosystems). Lung sections from a pig 777 

experimentally infected with swine influenza virus A/swine/Texas/4199-2/1998 H3N2 and 778 

mink-derived clade 2.3.4.4b H5N1 isolate, A/Mink/Spain/3691-8_22VIR10586-10/2022 were 779 

used as positive assay controls (Extended Data Fig. 9).  780 

FLI Riems: Pathology 781 

Full autopsy was performed on all animals under BSL3 conditions and macroscopic diagnoses 782 

were recorded. In total, 45 samples (Extended Data Table 5) were fixed in 10% neutral buffered 783 

formalin. Tissues were paraffin-embedded and 2-4-μm-thick sections were stained with 784 

hematoxylin and eosin (HE). Consecutive slides were processed for immunohistochemistry 785 

according to standardized procedures of avidin-biotin-peroxidase complex-method as 786 

described38. The primary antibody against the IAV nucleoprotein was applied overnight at 4°C 787 

(ATCC clone HB-64, 1:200), the secondary biotinylated goat anti-mouse antibody was applied 788 

for 30 minutes at room temperature (Vector Laboratories, Burlingame, CA, USA, 1:200). Color 789 

was developed by incubating the slides with avidin-biotin-peroxidase complex solution 790 

(Vectastain Elite ABC Kit; Vector Laboratories), followed by exposure to 3-amino-9-791 

ethylcarbazole substrate (AEC, Dako, Carpinteria, CA, USA). The sections were counterstained 792 

with Mayer’s hematoxylin and coverslipped.  As negative control, the non-infected cow was 793 

tested with the primary antibody, and consecutive sections of infected animals were labelled 794 

with an irrelevant antibody (anti Sars clone 4F3C4, 1:45)39.  A positive control slide from an 795 

IAV infected chicken was included in each run (details included in Extended Data Fig. 8F-H). 796 

All sides were scanned using a Hamamatsu S60 scanner, evaluation was done using the 797 

NDPview.2 plus software (Version 2.8.24, Hamamatsu Photonics, K.K. Japan) by a trained 798 

pathologist (TB) and a board-certified pathologist (AB, DiplECVP).  HE stained sections were 799 

evaluated and described. Following IHC the distribution of virus antigen was graded on an 800 

ordinal scale with scores 0 = no antigen, 1 = focal, affected cells/tissue <5% or up to 3 foci per 801 

tissue; 2 = multifocal, 6%–40% affected; 3 = coalescing, 41%–80% affected; 4 = diffuse, >80% 802 

affected. The target cell was identified based on the morphology. 803 
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Kansas State University: Next-generation sequencing (NGS) 804 

Samples with high quality RNA extracts were subjected to previously established next-805 

generation sequencing (NGS) methods31 in order to evaluate the presence/frequency of genomic 806 

variants and their potential relation to host-adaptation (in reference to/changes compared to 807 

inoculum). The whole genome sequence of the cattle -derived clade 2.3.4.4b H5N1 virus was 808 

determined using the Illumina NextSeq sequencing platform (Illumina, San Diego, CA, USA). 809 

Briefly, viral RNA was extracted from the infection inoculum and VI-positive clinical samples 810 

(inactivated in RLT lysis buffer; Qiagen, Germantown, MD, USA) using the QIAamp viral 811 

RNA mini kit (Qiagen, Germantown, MD, USA). Viral gene segments for infection inoculum 812 

and clinical samples were amplified using SuperScript™ III One-Step RT-PCR System with 813 

Platinum™ Taq DNA Polymerase (Thermo Fisher Scientific, Waltham, WA, USA) with a 814 

universal influenza primer set40,41. All samples were normalized to 20 ng/µl (100-300ng) prior 815 

to library preparations. Sequencing libraries were prepared using the Illumina DNA Prep kit 816 

(Illumina, San Diego, CA). Libraries were sequenced using pair-end chemistry on the Illumina 817 

NextSeq platform with the NextSeq 500/550 Mid Output Kit v2.5 (300 cycles). Sequencing 818 

reads were demultiplexed and parsed into individual FASTQ files and imported into CLC 819 

Genomics Workbench version 23.0.5 (Qiagen, Germantown, MD, USA) for analysis. Reads 820 

were trimmed to remove primer sequences and filtered to remove low quality and short reads. 821 

The trimmed reads were mapped to the reference sequence (A/Cattle/Texas/063224-24-1/2024; 822 

GISAID: EPI_ISL_19155861). Following read mapping, all samples were run through the low 823 

frequency variant caller module within CLC Genomic Workbench with a frequency cutoff 824 

greater than 2%. 825 

MinION sequencing 826 

MinION-based sequencing of avian influenza positive samples with Cq values < 28 was carried 827 

out as described before42,43. Briefly, the RNA was transcribed into DNA using Superscript 60 828 

III One-Step and Platinum Taq (#12574026, Thermo Fisher Scientific, USA) Kit with 829 

influenza-specific primers (Pan-IVA-1F_BsmF (26mer wobbel) 830 

TATTCGTCTCAGGGAGCRAAAGCAGG; Pan-IVA-1R_BsmR (26mer wobbel) 831 

ATATCGTCTCGTATTAGTAGAAACAAGG). DNA amplificants were purified with 832 

Agencourt AMPure XP beads (#A63881, Beckmann Coulter, Krefeld, Germany) magnetic 833 

beads using DNA LoBind® Tubes (#0030108051, Eppendorf, Wesseling-Berzdorf, Germany). 834 

Approximately 200 ng of DNA per sample was used for sequencing by a transposase-based 835 
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library preparation approach with Rapid Barcoding (SQK-RBK114.24, Oxford Nanopore 836 

Technologies, Oxford, UK) and a PromethION Flow Cell (FLO-PRO114M) on a PromethION  837 

2 solo device with MinKNOW Software Core (v5.9.12). Live high accuracy base calling of the 838 

raw data with Dorado (v7.3.11, Oxford Nanopore Technologies) was followed by 839 

demultiplexing, a quality check and a trimming step to remove low quality, primer and short 840 

(<20 bp) sequences. For analyzing, the bioinformatic software suite Geneious Prime® 841 

(Biomatters, Version 2024.0.5) was used. The sequences were trimmed, to remove the primer 842 

sequences. Consensus sequences were obtained with an iterative map-to-reference approach 843 

with Minimap2 (vs 2.24). The H5N1 B3.13 or the H5N1 euDG isolate sequence was used as a 844 

reference. Polishing of the final genome sequences and annotation was done manually after 845 

consensus generation (threshold matching 60% of bases of total adjusted quality). A total 846 

amount of n=53 samples from the animal experiment as well as both virus stocks were 847 

sequenced. For the majority (42 samples) only partial assemblies were achieved. The remaining 848 

samples were screened for amino acid exchanges. For major variants A threshold of 55% was 849 

used to search for specific mutations in the consensus sequences within the sequences. For 850 

adaptive mutations (PB2 E627K) also minor variants were determined. 851 

IAV-specific Rapid-Antigen-Test (RAT) evaluation 852 

Milk samples from the animal experiment served as samples for validation of this assay with 853 

application to bovine milk origin samples. Serial samples of infected animals were analyzed in 854 

the HA1-HA16 specific Megacor test. Briefly, the provided swab was dipped into the respective 855 

milk sample and afterwards transferred into the assay buffer and mixed according to the 856 

manufacturer’s protocol. Afterwards, the test strip provided in the kit was dipped into the assay 857 

buffer according to manufacturer’s instructions. Results were read after 15 minutes of 858 

incubation. 859 

 860 
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 1053 

Extended Data Figures 1054 

Extended Data Fig. 1 | Viral genome load in organ samples and survival data of lactating 1055 

cows 1056 

Orange: lactating cows infected with H5N1 B3.13. Blue: Lactating cows infected with H5N1 1057 

euDG. Grey: Uninfected negative control cow. A Viral genome load in udder organ samples of 1058 

lactating cows euthanized at 3 dpi (#72 EU, #47 US, #80 Ctrl.) B Viral RNA load in udder 1059 

organ samples of lactating cows euthanized at 9 dpi (#88 EU) or 13 dpi (#92 US). C Viral 1060 

genome load in organ samples from neuronal tissues. D Viral RNA load in other internal organs 1061 

of lactating cows. E Viral genome load in organ samples of the respiratory tract. F Survival 1062 

curve of lactating cows over the course of the experiment. 1063 

Extended Data Fig. 2 | Exemplary milk consistency and appropriate CMT of H5N1-1064 

infected lactating dairy cows during the animal trial 1065 

A CMT-picture of an H5N1 euDG-infected lactating dairy cow at 2 dpi B Milk consistency of 1066 

H5N1 B3.13 and euDG infected dairy cows during the experiment (4 dpi) 1067 

Extended Data Fig. 3 | California Mastitis Test (CMT) 1068 

A Legend for semi-quantification. Milk samples from individual quarters (front left/right and 1069 

back left/right were gained and collected on appropriate CMT-plates. CMT-reagent was applied 1070 

~ 1:1 to the milk samples and was graded by eye with the help of a defined template. B CMT 1071 

of milk samples from the uninfected control animal (#80) during the course of the experiment 1072 

until its euthanasia timepoint. 1073 

Extended Data Fig. 4 | California Mastitis Test (CMT) of lactating cows infected with 1074 

H5N1 B3.13 (US-group) 1075 

 A – C CMT of milk samples from cattle infected with H5N1 B3.13 during the course of the 1076 

experiment until their respective euthanasia timepoint.  1077 

Extended Data Fig. 5 | California Mastitis Test (CMT) of lactating cows infected with 1078 

H5N1 euDG (EU-group) 1079 

A – C CMT of milk samples from cattle infected with H5N1 euDG during the course of the 1080 

experiment until their respective euthanasia timepoint. 1081 
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Extended Data Fig. 6 | Megacor-RAT from milk samples of H5N1 experimentally infected 1082 

dairy cattle 1083 

A H5-specific Megacor-RAT used for milk samples of H5N1-infected cattle at 1 dpi. Positive 1084 

samples are depicted with a red cross. B H5-specific Megacor-RAT used for milk samples of 1085 

H5N1-infected cattle at 2 dpi. All H5N1-infected lactating dairy cattle have become positive 1086 

via the H5-specific RAT from Megacor already at 2 dpi, irrespective of the H5N1-virus isolate 1087 

used. C H5-specific Megacor-RAT used for milk samples of H5N1-infected cattle at 6 dpi. D 1088 

H5-specific Megacor-RAT used for milk samples of H5N1-infected cattle at 10 dpi. All cows 1089 

have become already negative via the RAT at 10 dpi. 1090 

Extended Data Fig. 7 | Influenza A virus nucleoprotein detection using 1091 

immunohistochemistry in the mammary gland of cattle after intramammary infection 1092 

with H5N1 B3.13 and H5N1 euDG.  1093 

The distribution was graded on an ordinal scale with scores 0 = no antigen, 1 = focal, affected 1094 

cells/tissue <5% or up to 3 foci per tissue; 2 = multifocal, 6%–40% affected; 3 = coalescing, 1095 

41%–80% affected; 4 = diffuse, >80% affected. Representative pictures were taken from the 1096 

most severely affected quarter from each cow. A Score 4, H5N1 B3.13, 3 dpi. B Score 3, H5N1 1097 

euDG, 3 dpi. C Score 1, H5N1 B3.13, 13 dpi. D Score 3, H5N1 euDG, 9 dpi. E Score 1, H5N1 1098 

B3.13, 21 dpi. F Score 0, H5N1 euDG, 21 dpi.  Scale bar 2.5 mm and 50 µm (inlay). 1099 

Extended Data Fig. 8 | Histopathology and Influenza A virus nucleoprotein detection 1100 

(antigen) of cattle after intramammary infection with H5N1 B3.13 and H5N1 euDG 1101 

including tissue controls.  1102 

A Nasal concha: Chronic-active rhinitis (A1) lacking IAV antigen (A2). B: Lung: Chronic 1103 

bronchointerstitial pneumonia in convalescence phase (B1), lacking IAV NP (B2). C 1104 

Genitofemoral nerve: No findings (C1), no IAV antigen (C2). D Spinal cord: No findings (D1), 1105 

no IAV antigen (D2). E Brain, cortex: No findings (E1), no IAV antigen (E2). F Positive control 1106 

slide, HPAIV infected chicken, lung: abundant IAV antigen. G Negative control slide, 1107 

uninfected cow, mammary gland: no IAV antigen. H1 Mammary gland: cow infected with 1108 

H5N1 B3.13, 3 dpi, abundant IAV antigen. H2 Consecutive slide of H1: an irrelevant antibody 1109 

(anti Sars clone 4F3C4) yielded no immunopositive reaction. Hematoxylin and eosin (HE) stain 1110 

(A1, B1, C1, E1) and immunohistochemistry (antigen) on consecutive (A2, B2, C2, E2, H1, 1111 

H2) or independent (F, G) slides. Scale bar 25 µm (A1-2), 50 µm (C1-2, inlay D1, E1, F, G), 1112 

100 µm (D2, E2, H1-2), 250 µm (B1-2), 2.5 mm (D1, E1). 1113 

Extended Data Fig. 9 | Tissue controls used for immunohistochemistry.  1114 

The anti-NP antibody used strongly labels influenza virus A H3N2 and H5N1-infected 1115 

epithelial cells lining bronchioles.  1116 

Extended Data Fig. 10 | Gross lung pathology of calves 1117 

(A) At 7 dpi, multiple well-defined pulmonary lobules were red and slightly depressed on the 1118 

right cranial lobe (congestion and partial atelectasis) affecting approximately 20% of the cranial 1119 
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and caudal portions of the right cranial lobe extending into the right middle and caudal lobe of 1120 

one of the two principal-infected calves (#712). There was a focal area of mild subpleural 1121 

hemorrhage on the ventral surface of the left caudal lung lobe of animal #6760.  (B) At 14 dpi, 1122 

one of the two principal-infected calves (#754) had multifocal to coalescing red and depressed 1123 

foci of congestion and atelectasis on the left and right cranial lobes. Approximately 60% of the 1124 

caudal portion of the left cranial lobe, 55-60% of both the cranial and caudal portions of the 1125 

right cranial lobe and <5% of the accessory lobe were affected. There were also multiple pleural 1126 

adhesions to the thoracic wall. (C) At 20 dpi, the two principal-infected calves #6772 and 1127 

#697) had either few small red and slightly depressed foci of congestion and atelectasis on the 1128 

left cranial lobes (#6772), or a focal, similar area on the apical portion of the right middle lobe 1129 

(#697). (D) Postmortem examinations of the three sentinel animals were performed at 21 dpi 1130 

and revealed scattered red foci of pulmonary congestion/atelectasis. In animal #748, there were 1131 

multiple, small foci of mild consolidation in the left and right cranial lobes (5% of lung affected) 1132 

and few pleural adhesions to the thoracic cavity. For animal #6770, congestion and atelectasis 1133 

were accompanied by mild to moderate edema affecting predominately the right lung lobes. (E) 1134 

One of the three negative control calves (#6767) had a small isolated focus of consolidation of 1135 

the pulmonary parenchyma at the apical margin of the right middle lobe. Gross lesions were 1136 

not appreciated in the remaining negative control animals.   1137 

 1138 

Extended Data Tables 1139 

Extended Data Table 1 | RT-qPCR results of tissues collected from calves 1140 

Tissue homogenates were produced from fresh tissues collected from calves at necropsy and 1141 

evaluated for the presence of influenza A virus RNA. Tissues with Cq-values < 30 are indicated 1142 

in dark green; 31 < Cq < 38 in light green; Cq > 38 were considered negative (grey). Samples 1143 

that were either not collected or not tested are indicated with black.  1144 

Extended Data Table 2 | Viral shedding and isolation in tissues of principal-infected calves 1145 

following challenge with H5N1 B3.13 1146 

Clinical samples (nasal and oral swabs) and tissues collected from calves with Cq-values < 36 1147 

were subjected to both virus isolation and viral titration to confirm/refute and quantify 1148 

infectious viral loads. The number of samples positive for virus isolation out of the total number 1149 

of samples evaluated each day are shown as well as the viral titers of samples when available. 1150 

The limit of detection for virus titration was 4.64x101 TCID50/mL, calculated using the Reed-1151 

Muench algorithm. 1152 
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Extended Data Table 3 | Results of bovine respiratory disease complex RT-qPCR panel 1153 

in calves 1154 

Nasal swabs collected from calves at -8 dpi were submitted to the Kansas State Veterinary 1155 

Diagnostic Laboratory for comprehensive screening of common bovine respiratory disease 1156 

complex (BRDC) pathogens using qPCR/RT-qPCR detection methods. Interpretation of 1157 

results: Positive = Ct values <36; Suspect/Inconclusive = Ct values between 36 and 39; 1158 

Negative = Ct values > 39 or 0.   Clinical samples (nasal and oral swabs ) and RNA from a 1159 

limited set of post mortem samples were  tested for the present of Influenza D PCR as a single-1160 

plex assay and were negative44 . 1161 

 1162 

Extended Data Table 4 | Gross lung scores for calves 1163 

Evaluation of individual lung lobes from calves, reported as the percentage of lung affected 1164 

with gross lesions including congestion with atelectasis or edema, pneumonia, hemorrhage, and 1165 

plural fibrosis when present. Total percentage of lung affected is listed in the final column. LT 1166 

CR= left cranial lung lobe; LT M=left middle lung lobe; LT CD= left caudal lung lobe; RT 1167 

CR= right cranial lung lobe; RT M= right middle lung lobe; RT CD= right caudal lung lobe; 1168 

A= accessory lobe * indicates one calf as hermaphroditic.  1169 

Extended Data Table 5 | Tissue samples from intramammary infected cows and methods 1170 

applied including hematoxylin-eosin stain (HE) and immunohistochemical Influenza 1171 

virus nucleoprotein detection (IHC)  1172 

 1173 
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Fig. 1 | Experimental design and clinical outcomes following infection with HPAIV H5N1 clade 2.3.4.4b 

isolates 

A Experimental study timeline. (Top) Twelve Holstein calves of mixed sex (* indicates one calf was

hermaphroditic) were allocated to three experimental groups: 1 – principal-infected (n=6); 2 – sentinel (n=3); 3 –

negative control (n=3). Negative control calves were euthanized prior to experimental infection and tissues were

collected for baseline comparison. Principal-infected calves were oronasally inoculated with 1x106 TCID50/calf

of H5N1 B3.13. Sentinel calves were introduced 48 hours post-infection. Rectal temperatures and clinical

samples, including whole blood, urine, nasal-, oral-, and rectal swabs, were collected daily for 14 dpi and every 3

days thereafter. Serum was collected at 0, 7, 10, 14, 17, and 20/21 dpi. Post-mortem examinations and extensive

tissue collections were performed on days 7 (n=2, principal-infected), 14 (n=2, principal-infected), and 20/21

(n=2/3, principal-infected/sentinel) post infection. (Bottom) Seven Holstein-Friesian multiparous lactating dairy

cattle were used in this experiment. Three animals were inoculated intramammary with 106.1 TCID50/cattle of

H5N1 B3.13 (A/Cattle/Texas/063224-24-1/2024, US-group, n=3) and three animals were inoculated

intramammary with 105.9 TCID50/cattle of H5N1 euDG (A/wild_goose/Germany-NW/00581/2024, EU-group,

n=3). One cow served as a negative control. Swab samples (nasal, conjunctival, and rectal) were taken daily until

9 dpi. EDTA blood samples were taken from individual cattle at 1, 3, 7 and 10 dpi. Urine was taken regularly

until 14 dpi. Serum samples were obtained from 7, 14 dpi and the day of euthanasia. One cow of each group (#47

US and #72 EU) reached the humane endpoint at 3 dpi, one further cow at 9 dpi (#88 EU) and one additional

cow at 13 dpi (#92 US) and were subsequently subjected to necropsy. Created with BioRender under agreement

number YH275PUF4T. B The mean and standard deviation of rectal temperatures are shown for both principal-

infected and sentinel calves and each group of lactating cattle prior to and following inoculation. C The average

feed intake of each group of calves and cows following H5N1-infection D Individual milk production of lactating

cows prior to and following experimental infection. Milk production of individual cows was tracked daily from -

25 dpi through until the end of the experiment at 21 dpi. The control animal never produced high amounts of

milk, which is why this cow was picked as control. Dark red: Principal-infected calves (n=6). Bright red: Sentinel

calves (n=3). Orange: H5N1 B3.13 infected lactating cows (US-group, n=3, #47, #87, #92) Blue: H5N1 euDG

infected lactating cows (EU-group, n=3, #66, #72, #88) Grey: Uninfected negative control cow (#80).
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Fig. 2 | Viral shedding of influenza A/H5N1 clade 2.3.4.4b virus isolates in experimentally infected calves

and lactating cows

A RT-qPCR was used for the detection of influenza A M gene (left y-axis) in nasal, oral and rectal swabs collected

from H5N1 B3.13 oronasally infected calves post-inoculation an sentinel calves (dark red: principal-infected;

bright red: sentinel). Viral titers of nasal swabs (right y-axis) are represented as the mean and standard deviation of

nasal swabs with 46.4 TCID50/mL on each day. The Cq-value and titer of inoculum are also shown (*) on the

respective y-axis. B RT-qPCR of nasal, oral, rectal and conjunctivital swabs of lactating cows intramammary

infected with H5N1 B3.13 or H5N1 euDG. Orange: Cattle infected with the H5N1 B3.13. Blue: Cattle infected

with H5N1 euDG. Grey: Uninfected negative control C H5N1 viral genome load (left y-axis) and corresponding

H5-specific antibody titers (right y-axis) in milk samples over time. All cattle were milked daily and individual

pooled milk samples were analyzed via RT-qPCR for the detection of H5N1 viral RNA. Detection of H5-specific

antibodies in selected milk samples was achieved using an H5-specific ELISA and reported as sample OD450 /

negative control OD450 percentage (S/N%).
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Fig. 3 | Infectious virus yields in milk and udder tissue of H5N1 infected lactating cows and genetic

adaptations over time

A H5N1 viral titers recovered from milk samples of H5N1 B3.13 (orange) and H5N1 euDG (blue) infected

lactating cows throughout the experiment. B Experimental titration of H5N1 infectious viral particles from

individual udder quarters (FL = front left; BL = back left; FR = front right; BR= back right) of each H5N1-

infected lactating cow harvested at their respective euthanasia timepoints. C Genetic adaptation at position 627

and 631 in the Polymerase Basic Protein 2 (PB2) of H5N1 B3.13 and H5N1 euDG. A sequence logo plot displays

the relative proportion of amino acids (E - ; K- ; N - ; M – ; L - ) present at positions 627 and 631 of polymerase

basic protein 2 (PB2) for H5N1 B3.13 and H5N1 euDG present in milk sampled from cows #88 EU and #87 US

over time.
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Fig. 4 | Histological changes observed in respiratory tissues of calves.

Histological changes in calves oronasally infected with H5N1 B3.13. Calves at 7 (A-D) and 14 dpi (E-F) are depicted

in the figure. (A and B) H&E staining showing there was a segmental region of suppurative tracheitis at 7 dpi

(#6760). Degenerate neutrophils filled the tracheal lumina (arrows). No viral antigen was detected by IHC (B). (C and

D) In animal #712 (7 dpi), there were multiple small and discrete foci of interstitial pneumonia (C) with fibrin filling

regional alveolar spaces (asterisks) and mild numbers of neutrophils, macrophages and lymphocytes expanding

alveolar septa. No viral antigen was detected (D). (E and F) In animal #754 (14 dpi), bronchioles were frequently

lined by hyperplastic epithelium, filled with degenerate neutrophils, and partially occluded by papillary projections

composed of a core of fibrous connective tissue with few inflammatory cells and lined by bronchiolar epithelium

(bronchiolitis obliterans, asterisk). Bronchioles were also frequently delimited by prominent lymphoid aggregates

(BALT hyperplasia). No viral antigen was detected (F).
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Fig. 5 | Histopathology and Influenza A virus (IAV) nucleoprotein (NP) detection in the mammary gland and

teat of multiparous cattle after intramammary infection with H5N1 B3.13 and H5N1 euDG.

(A) Abundant IAV NP detection 3 days post infection (dpi), inlay showing juxtaposition of intact, lactating alveoli

lacking antigen (black asterisk) and affected areas (green asterisk) in a lobular pattern. Immunohistochemistry, IHC,

using AEC chromogen and Mayer’s hematoxylin counterstain. H5N1 B3.13. Scale bar 2.5 mm and 100 µm (inlay).

(B1) Full necrosis of the alveolar epithelium with cellular debris filling the lumen and (B2) intralesional detection of

IAV antigen (green asterisk) on a consecutive slide. Some adjacent alveoli remain unaffected (black asterisk), 3 dpi,

H5N1 B3.13. HE (B1) and IHC (B2). Scale bar 50µm. (C) Alveoli affected by necrosis with mostly intact basal lamina

lined by basal/myoepithelial cells (blue arrow), indicative for regenerative capacity, 3 dpi, H5N1 euDG. HE. Scale bar

25µm. (D) Target cells identified based on morphology following IHC included alveolar secretory epithelium, 3 dpi,

H5N1 B3.13. IHC. Sale bar 50µm. (E) Teat with diffuse degeneration and necrosis of the lining epithelium,

subepithelial edema and mainly neutrophilic infiltrates (inlay), 3 dpi, H5N1 B3.13. HE. Scale bar 100 µm. (F) Target

cells identified based on morphology following IHC included teat canal epithelium (inlay), 3 dpi, H5N1 B3.13. IHC.

Scale bar 100 µm. (G) Necrotic alveoli filled with cellular debris admixed with degenerate neutrophils (blue arrow) in

acute lesions and many lymphocytes, fewer macrophages, neutrophils and plasma cells in the interstitium (green

arrow), H5N1 euDG, 9 dpi. HE. Scale bar 50 µm. (H) Abundant intralesional IAV NP detection in secretory alveoli,

mainly within cellular debris (inlay), 9 dpi, H5N1 euDG. IHC. Scale bar 50 µm. (I) Simultaneous occurrence of either

intact, lactating alveoli (black asterisk), disruption of alveolar epithelium by necrosis (green asterisk) and beginning

regeneration (blue asterisk), 13 dpi H5N1 B3.13. HE. Scale bar 50 µm. (J) Late stage IAV NP detection restricted to

cellular debris, found scattered at 13 dpi, H5N1 B3.13. IHC. Scale bar 25 µm. (K1) Mammary alveolus with

intraluminal sloughed epithelium and cellular debris (green asterisk), and (K2) intralesional detection of IAV antigen

on a consecutive slide (green asterisk), 21 dpi, H5N1 B3.13. HE (K1) and IHC (K2). Scale bar 50µm. (L)

Regenerating alveoli (blue asterisk) with lack of IAV antigen labeling (not shown). Interstitial immune cell infiltrates

constitute many lymphocytes and plasma cells (inlay), 21 dpi, H5N1 euDG. HE. Scale bar 50 µm.
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Table 1. IAV-specific serological response in sera of calves and lactating cattle including milk samples

follow inoculation with HPAIV H5N1 2.3.4.4b

DPI DPI

Group Calf ID Probe Test -1 7 10 14 17 20 21 Group Cow ID Probe Test -1 0 1 3 5 6 7 8 9 10 11 13 14 15 17 19 21
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S

-i
so

la
te
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a
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s
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l-
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e
d

 

697 serum

NP-cELISA - - + + + +

U
S
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la
te

  
  
  
  
 l
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c
ta
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n

g
 c

o
w

s

87

serum

NP-cELISA - + + +

H5-V3-cELISA - - - + -/+ -/+ H5-cELISA - - + +

VNT50 <5 <5 20 80 80 40 VNT100 (vs H5N1 B3.13) <16 <16 406 323

712 serum

NP-cELISA - - VNT100 (vs H5N1 euDG) <16 <16 645 323

H5-V3-cELISA - -

milk

H5-cELISA - - - - - - -/+ -/+ + + + + + + +

VNT50 <5 <5 VNT100 (vs H5N1 B3.13) <16 <16 <16 <16 <16 <16 <16 256 512 406 323 203

754 serum

NP-cELISA - - + + VNT100 (vs H5N1 euDG) <16 <16 <16 <16 <16 <16 128 256 323 406 323 256

H5-V3-cELISA - - -

92

serum

NP-cELISA - + +

VNT50 <5 <5 20 20 H5-cELISA - - +

6760 serum

NP-cELISA - - VNT100 (vs H5N1 B3.13) <16 <16 813

H5-V3-cELISA - - VNT100 (vs H5N1 euDG) <16 <16 813

VNT50 <5 <5

milk

H5-cELISA - - - - - - - -/+ + + +

6768 serum

NP-cELISA - + + + VNT100 (vs H5N1 B3.13) <16 <16 <16 <16 <16 <16 256 203

H5-V3-cELISA - - - - VNT100 (vs H5N1 euDG) <16 <16 <16 <16 <16 81 256 406

VNT50 <5 <5 <5 5

47

serum

NP-cELISA - -

6772 serum

NP-cELISA - - + + + + H5-cELISA - -

H5-V3-cELISA - - - -/+ -/+ -/+ VNT100 (vs H5N1 B3.13) <16 <16

VNT50 <5 <5 10 20 20 20 VNT100 (vs H5N1 euDG) <16 <16

S
e
n

ti
n

e
l 

718 serum

NP-cELISA - - - - - -

milk

H5-cELISA - - -

H5-V3-cELISA - - - - - - VNT100 (vs H5N1 B3.13)

VNT50 <5 <5 <5 <5 <5 <5 VNT100 (vs H5N1 euDG)

748 serum

NP-cELISA - - - - - -

E
U
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so

la
te

  
  
  
  
 l

a
c
ta
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n

g
 c

o
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s

66

serum

NP-cELISA - + + +

H5-V3-cELISA - - - - - - H5-cELISA - - + +

VNT50 <5 <5 <5 <5 <5 <5 VNT100 (vs H5N1 B3.13) <16 <16 406 256

6770 serum

NP-cELISA - - - - - - VNT100 (vs H5N1 euDG) <16 <16 323 406

H5-V3-cELISA - - - - - -

milk

H5-cELISA - - - - - - - -/+ + + + + + + +

VNT50 <5 <5 <5 <5 <5 <5 VNT100 (vs H5N1 B3.13) <16 <16 <16 <16 51 161 256 512 406 323 128 256

N
e
g
a
ti

v
e
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o
n
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o
l 

744 serum

NP-cELISA - VNT100 (vs H5N1 euDG) <16 <16 <16 <16 <16 128 406 322 256 102 128 128

H5-V3-cELISA -

88

serum

NP-cELISA - - +

VNT50 <5 H5-cELISA - - +

6759 serum

NP-cELISA - VNT100 (vs H5N1 B3.13) <16 <16 <16

H5-V3-cELISA - VNT100 (vs H5N1 euDG) <16 <16 25

VNT50 <5

milk

H5-cELISA - - - - - - -

6767 serum

NP-cELISA - VNT100 (vs H5N1 B3.13) <16 <16 <16 <16 <16

H5-V3-cELISA - VNT100 (vs H5N1 euDG) <16 <16 <16 <16 <16

VNT50 <5

72

serum

NP-cELISA - -

H5-cELISA - -

VNT100 (vs H5N1 B3.13) <16 <16

VNT100 (vs H5N1 euDG) <16 <16

-/+

NP-cELISA = "questionable" interpretation (40% < S/N% < 50%)

milk

H5-cELISA - - -

H5-V3 cELISA (calves) = "questionable" interpretation (40% < S/N% < 50%)
VNT100 (vs H5N1 B3.13)

VNT100 (vs H5N1 euDG)

H5-cELISA (cows) = "questionable" interpretation for cows (50% < S/N% < 60%)

N
e
g
a
ti

v
e
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o
n

tr
o
l

la
c
ta

ti
n

g
 c

o
w

80

serum

NP-cELISA - -

H5-cELISA - -

VNT100 (vs H5N1 B3.13) <16 <16

positive VNT100 (vs H5N1 euDG) <16 <16

negative

milk

H5-cELISA - - -

VNT100 (vs H5N1 B3.13) <16

VNT100 (vs H5N1 euDG) <16

Serum collected from oronasally inoculated calves (left) and intramammary inoculated lactating cows (right) was 

evaluated using commercially available competitive ELISA (cELISA) kits targeting the influenza A virus 

nucleoprotein (NP) and H5 subtype hemagglutinin protein as well as virus neutralization tests (VNT) in serum 

samples from calves against H5N1 B3.13 and serum and milk samples from cows against H5N1 B3.13 (and H5N1 

euDG. Results of cELISA are calculated as sample OD450/negative control OD450 percentage (S/N%) represented 

here as positive (+; NP, S/N% ≤ 45%; H5, S/N% ≤ 50%; H5-V3, S/N% ≤ 40%), doubtful (striped positive +; NP, 

45% < S/N% < 50%; H5, 50% < S/N% < 60%; H5-V3, 40% < S/N% < 50%), and negative (–; NP, S/N% ≥ 50%; 

H5, S/N% > 60%; H5-V3, S/N% ≥ 50%), per manufacturer’s instructions. A heatmap is used to visualize the 

relative titers of H5N1-specifc neutralizing antibodies, reported as the reciprocal of the final dilution of 

neutralizing dose 50 (VNT50) or 100 (VNT100) virus neutralization.
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Extended Data Fig. 1 | Viral genome load in organ samples and survival data of lactating cows

Orange: lactating cows infected with H5N1 B3.13. Blue: Lactating cows infected with H5N1 euDG. Grey:

Uninfected negative control cow. A Viral genome load in udder organ samples of lactating cows euthanized at 3

dpi (#72 EU, #47 US, #80 Ctrl.) B Viral RNA load in udder organ samples of lactating cows euthanized at 9 dpi

(#88 EU) or 13 dpi (#92 US). C Viral genome load in organ samples from neuronal tissues. D Viral RNA load in

other internal organs of lactating cows. E Viral genome load in organ samples of the respiratory tract. F Survival

curve of lactating cows over the course of the experiment.
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A

B

92 87 66 88

Extended Data Fig. 2 | Exemplary milk consistency and appropriate CMT of H5N1-infected lactating

dairy cows during the animal trial

A CMT-picture of an H5N1 euDG-infected lactating dairy cow at 2 dpi B Milk consistency of H5N1 B3.13 and

euDG infected dairy cows during the experiment (4 dpi)
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Extended Data Fig. 3 | California Mastitis Test (CMT)

A Legend for semi-quantification. Milk samples from individual quarters (front left/right and back left/right were

gained and collected on appropriate CMT-plates. CMT-reagent was applied ~ 1:1 to the milk samples and was

graded by eye with the help of a defined template. B CMT of milk samples from the uninfected control animal

(#80) during the course of the experiment until its euthanasia timepoint.

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 9, 2024. ; https://doi.org/10.1101/2024.08.09.607272doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607272
http://creativecommons.org/licenses/by-nc-nd/4.0/


+ +

+-

+ ++

-+

nd nd

ndnd

+++ +++

+++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

-1 dpi 0 dpi 1 dpi 2 dpi 3 dpi 4 dpi

6 dpi 7 dpi 8 dpi 9 dpi5 dpi 10 dpi

12 dpi 13 dpi 14 dpi 15 dpi11 dpi 16 dpi

+++ +++

++++++

+++ +++

++++++

17 dpi 18 dpi

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

19 dpi 20 dpi 21 dpi

†
- -

--

- -

--

- -

+-

+++ +++

+++++

+++ +++

++++++

-1 dpi 0 dpi 1 dpi 2 dpi 3 dpi

+ -

--

+ -

--

++ +

++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

+++ +++

++++++

-1 dpi 0 dpi 1 dpi 2 dpi 3 dpi 4 dpi

6 dpi 7 dpi 8 dpi 9 dpi5 dpi

†

+++ ++

++++++

+++

++++

+++ +++

++++++

++ +++

+++++

10 dpi

12 dpi 13 dpi11 dpi

empty

Cow #87

Cow #47

Cow #92 

A

B

C

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 9, 2024. ; https://doi.org/10.1101/2024.08.09.607272doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607272
http://creativecommons.org/licenses/by-nc-nd/4.0/


Extended Data Fig. 4 | California Mastitis Test (CMT) of lactating cows infected with H5N1 B3.13 (US-group)

A – C CMT of milk samples from cattle infected with H5N1 B3.13 during the course of the experiment until their 

respective euthanasia timepoint. 
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Extended Data Fig. 5
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Extended Data Fig. 5 | California Mastitis Test (CMT) of lactating cows infected with H5N1 euDG (EU-

group)

A – C CMT of milk samples from cattle infected with H5N1 euDG during the course of the experiment until their 

respective euthanasia timepoint.
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Extended Data Fig. 6 | Megacor-RAT from milk samples of H5N1 experimentally infected dairy cattle

A H5-specific Megacor-RAT used for milk samples of H5N1-infected cattle at 1 dpi. Positive samples are depicted

with a red cross. B H5-specific Megacor-RAT used for milk samples of H5N1-infected cattle at 2 dpi. All H5N1-

infected lactating dairy cattle have become positive via the H5-specific RAT from Megacor already at 2 dpi,

irrespective of the H5N1-virus isolate used. C H5-specific Megacor-RAT used for milk samples of H5N1-infected

cattle at 6 dpi. D H5-specific Megacor-RAT used for milk samples of H5N1-infected cattle at 10 dpi. All cows have

become already negative via the RAT at 10 dpi.
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Extended Data Fig. 7 | Influenza A virus nucleoprotein detection using immunohistochemistry in the mammary

gland of cattle after intramammary infection with H5N1 B3.13 and H5N1 euDG.

The distribution was graded on an ordinal scale with scores 0 = no antigen, 1 = focal, affected cells/tissue <5% or up to

3 foci per tissue; 2 = multifocal, 6%–40% affected; 3 = coalescing, 41%–80% affected; 4 = diffuse, >80% affected.

Representative pictures were taken from the most severely affected quarter from each cow. A Score 4, H5N1 B3.13, 3

dpi. B Score 3, H5N1 euDG, 3 dpi. C Score 1, H5N1 B3.13, 13 dpi. D Score 3, H5N1 euDG, 9 dpi. E Score 1, H5N1

B3.13, 21 dpi. F Score 0, H5N1 euDG, 21 dpi. Scale bar 2.5 mm and 50 µm (inlay).
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Extended Data Fig. 8 | Histopathology and Influenza A virus nucleoprotein detection (antigen) of cattle after

intramammary infection with H5N1 B3.13 and H5N1 euDG including tissue controls.

A Nasal concha: Chronic-active rhinitis (A1) lacking IAV antigen (A2). B: Lung: Chronic bronchointerstitial

pneumonia in convalescence phase (B1), lacking IAV NP (B2). C Genitofemoral nerve: No findings (C1), no IAV

antigen (C2). D Spinal cord: No findings (D1), no IAV antigen (D2). E Brain, cortex: No findings (E1), no IAV

antigen (E2). F Positive control slide, HPAIV infected chicken, lung: abundant IAV antigen. G Negative control slide,

uninfected cow, mammary gland: no IAV antigen. H1 Mammary gland: cow infected with H5N1 B3.13, 3 dpi,

abundant IAV antigen. H2 Consecutive slide of H1: an irrelevant antibody (anti Sars clone 4F3C4) yielded no

immunopositive reaction. Hematoxylin and eosin (HE) stain (A1, B1, C1, E1) and immunohistochemistry (antigen) on

consecutive (A2, B2, C2, E2, H1, H2) or independent (F, G) slides. Scale bar 25 µm (A1-2), 50 µm (C1-2, inlay D1,

E1, F, G), 100 µm (D2, E2, H1-2), 250 µm (B1-2), 2.5 mm (D1, E1).
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H3N2 H5N1

Extended Data Fig. 9 | Tissue controls used for immunohistochemistry.

The anti-NP antibody used strongly labels influenza virus A H3N2 and H5N1-infected epithelial cells 

lining bronchioles.
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#6760 7 dpi #712 7 dpi

#754 14 dpi #6768 14 dpi

#6772 20 dpi
#697 20 dpi

#718-CC 21 dpi #748-CC 21 dpi #6770-CC 21 dpi 

7 dpi

14 dpi

20 dpi

21 dpi Sentinels

Non-infected controls

#644 #6767 #6759

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 9, 2024. ; https://doi.org/10.1101/2024.08.09.607272doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607272
http://creativecommons.org/licenses/by-nc-nd/4.0/


Extended Data Fig. 10 | Gross lung pathology of calves

(A) At 7 dpi, multiple well-defined pulmonary lobules were red and slightly depressed on the right cranial lobe

(congestion and partial atelectasis) affecting approximately 20% of the cranial and caudal portions of the right cranial

lobe extending into the right middle and caudal lobe of one of the two principal-infected calves (#712). There was a

focal area of mild subpleural hemorrhage on the ventral surface of the left caudal lung lobe of animal #6760. (B) At 14

dpi, one of the two principal-infected calves (#754) had multifocal to coalescing red and depressed foci of congestion

and atelectasis on the left and right cranial lobes. Approximately 60% of the caudal portion of the left cranial lobe, 55-

60% of both the cranial and caudal portions of the right cranial lobe and <5% of the accessory lobe were affected.

There were also multiple pleural adhesions to the thoracic wall. (C) At 20 dpi, the two principal-infected calves #6772

and #697) had either few small red and slightly depressed foci of congestion and atelectasis on the left cranial lobes

(#6772), or a focal, similar area on the apical portion of the right middle lobe (#697). (D) Postmortem examinations of

the three sentinel animals were performed at 21 dpi and revealed scattered red foci of pulmonary

congestion/atelectasis. In animal #748, there were multiple, small foci of mild consolidation in the left and right cranial

lobes (5% of lung affected) and few pleural adhesions to the thoracic cavity. For animal #6770, congestion and

atelectasis were accompanied by mild to moderate edema affecting predominately the right lung lobes. (E) One of the

three negative control calves (#6767) had a small isolated focus of consolidation of the pulmonary parenchyma at the

apical margin of the right middle lobe. Gross lesions were not appreciated in the remaining negative control animals.
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= Not collected / Not tested

= Ct < 30

= Ct 31 - 38 Ct

= Ct > 38

Extended Data Table 1: RT-qPCR results of tissues collected from calves

 Not collected / Not tested

 Cq > 38

 31 < Cq < 38

 Cq < 30

Negative Control Principal-infected Sentinel
-3 dpi -2 dpi 7 dpi 14 dpi 20 dpi 21 dpi

Tissue 744 (F) 6759 (M) 6767 (M) 712 (F*) 6760 (M) 754 (F) 6768 (M) 697 (F) 6772 (M) 718 (F) 748 (F) 6770 (M)

Nasal concha

Ethmoturbinates

Brain

Olfactory bulb

Rostral treachea 

Middle treachea 

Proximal treachea 

Bronchi

Lung 

Right cranial lung

Heart

Liver

Kidney

Spleen

Pancreas

Small intestine pool

Ileocecal junction

Large intestine pool

Rumen

Thymus

Palantine tonsil

Nasopharyngeal tonsil

Tonsil suppuration

Parotid salivary gland

Adrenal gland

Mammary gland

Uterus

Vagina

Ovaries

Penis

Scrotum

Prepuce

Seminal Vesical

Testical

Epidediumus

Bone marrow

Prefemoral LN

Retroperitoneal LN 

Retropharyngeal LN (RPLN)

Mandibular  LN 

Cranial mediastinal LN 

Tracheobronchial LN 

Ileo-cecal LN 

Superficial cervical LN 

Mesentaric LN 

Gastrohepatic LN 

Super mammary LN

Pleural LN

Eye lid

Third eye lid

Tissue homogenates were produced from fresh tissues collected from calves at necropsy and evaluated

for the presence of influenza A virus RNA. Tissues with Cq-values < 30 are indicated in dark green; 31

< Cq < 38 in light green; Cq > 38 were considered negative (grey). Samples that were either not

collected or not tested are indicated with black.
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Extended Data Table 2: Viral shedding and isolation in tissues of principal-infected calves following 

challenge with H5N1 B3.13

Method

Days post infection (dpi) 1 2 3 4 5 6 7 8 9-21

Nasal swab
Virus isolation 1/1 1/2 N/A N/A 1/1 0/1 3/3 0/1 N/A

Virus titration 1.70x10
3

4.64x10
1

1.00x10
2

<4.64x10
1

4.64x10
1

to 1.00x10
2

<4.64x10
1

Oral swab
Virus isolation N/A N/A N/A 0/3 N/A N/A 0/1 N/A N/A

Virus titration <4.64x10
1

<4.64x10
1

Mucus
Virus isolation 1/1

Virus titration 1.00x10
2

Palantine tonsil
Virus isolation 0/1

Virus titration <4.64x10
1

Nasopharyngea

l tonsil

Virus isolation 0/1

Virus titration <4.64x10
1

Retropharyngea

l LN

Virus isolation 0/1

Virus titration <4.64x10
1

Tonsil 

suppuration 

Virus isolation 1/1 

Virus titration
<4.64x101

Clinical samples (nasal and oral swabs) and tissues collected from calves with Cq-values < 36 were subjected to both virus isolation and viral titration to confirm/refute and 

quantify infectious viral loads. The number of samples positive for virus isolation out of the total number of samples evaluated each day are shown as well as the viral titers of 

samples when available. The limit of detection for virus titration was 4.64x101 TCID50/mL, calculated using the Reed-Muench algorithm.Virus isolation is denoted as 

number of positive samples / total samples evaluated. Viral titers are provided when possible (above titration limit of detection). N/A indicates "not available" as no samples 

were evaluated using these methods.
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ANIMAL ID

Bovine Viral Diarrhea 

Virus Bovine Herpesvirus 1

Bovine Respiratory Syncytial 

Virus Mycobacterium bovis Bovine Corona Virus

P
ri

n
ci

p
al

-i
n

fe
ct

ed
 c

al
ve

s 697 Negative Negative Negative Negative Negative

712 Negative Negative Negative Negative Negative

754 Negative Negative Negative Negative Negative

6760 Negative Negative Negative Negative Negative

6768 Negative Negative Negative Negative Negative

6772 Negative Negative Negative Negative Negative

Se
n

ti
n

el
 

ca
lv

es

718 Negative Negative Negative Negative Negative

748 Negative Negative Negative Negative Negative

6770 Negative Negative Negative Negative Negative

N
eg

at
iv

e 
co

n
tr

o
l 

ca
lv

es

744 Negative Negative Negative Negative Negative

6759 Negative Negative Negative Negative Negative

6767 Negative Negative Negative Negative Negative

ANIMAL ID Influenza D Virus

Mannheimia 

haemolytica Pasteurella multocida Histophilus somni Bibersteinia trehalosi

P
ri

n
ci

p
al

-i
n

fe
ct

ed
 c

al
ve

s 697 Negative Negative 38.4 Negative Negative

712 Negative Negative 31.26 Negative 36.25

754 Negative 33.07 36.18 Negative Negative

6760 Negative Negative Negative Negative Negative

6768 32.96 32.67 34.54 Negative Negative

6772 Negative Negative 36.46 Negative 33.49

Se
n

ti
n

el
 

ca
lv

es

718 Negative Negative Negative Negative 37.27

748 Negative 28.77 34.29 Negative 35.64

6770 38.09 Negative Negative Negative Negative

N
eg

at
iv

e 
co

n
tr

o
l 

ca
lv

es

744 Negative Negative 35.78 Negative 35.58

6759 36.37 Negative 36.43 Negative 38.46

6767 19.7 31.44 31.69 Negative 34.4

Extended Data Table 3: Results of bovine respiratory disease complex RT-qPCR panel in calves

Nasal swabs collected from calves at -8 dpi were submitted to the Kansas State Veterinary

Diagnostic Laboratory for comprehensive screening of common bovine respiratory disease

complex (BRDC) pathogens using qPCR/RT-qPCR detection methods. Interpretation of

results: Positive = Ct values <36; Suspect/Inconclusive = Ct values between 36 and 39;

Negative = Ct values > 39 or 0. Clinical samples (nasal and oral swabs ) and RNA from a

limited set of post mortem samples were tested for the present of Influenza D PCR as a single-

plex assay and were negative44 .
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Percentage of individual lung lobes affected Average percentage

Calf ID Gender dpi LT CR LT M LT CD RT CR RT M RT CD A Left Right Total

P
r
in

c
ip

a
l-

in
fe

ct
ed

 c
a

lv
e
s 6760 Male 7 5 5 5 5 5 10 5 5 6 6

712 Female* 7 5 15 10 30 20 10 20 10 20 16

6768 Male 14 5 5 0 15 10 5 10 3 10 7

754 Female 14 4 60 5 55 60 5 25 23 36 31

6772 Male 20 5 20 0 0 5 0 0 8 1 4

697 Female 20 0 5 5 0 0 0 0 3 0 1

S
e
n

ti
n

e
l 

c
a

lv
e
s

718 Female 21 0 0 0 0 0 0 0 0 0 0

748 Female 21 5 5 0 5 0 0 0 3 1 2

6770 Male 21 20 30 10 10 10 5 5 20 8 13

N
e
g

a
ti

v
e
 

c
o

n
tr

o
l 

c
a

lv
e
s

744 Female -2 5 0 0 5 0 0 0 2 1 1

6759 Male -3 0 0 0 0 0 0 0 0 0 0

6767 Male -3 0 0 0 5 10 0 0 0 4 2

Gross lung scores: Percent of lung affected with gross lesions including congestion with atelectasis or 

edema, pneumonia, hemorrhage, and plural fibrosis when present. Evaluation of individual lung lobes from 

calves, reported as the percentage of lung affected with gross lesions including congestion with atelectasis or 

edema, pneumonia, hemorrhage, and plural fibrosis when present. Total percentage of lung affected is listed in the 

final column. LT CR= left cranial lung lobe; LT M=left middle lung lobe; LT CD= left caudal lung lobe; RT CR= 

right cranial lung lobe; RT M= right middle lung lobe; RT CD= right caudal lung lobe; A= accessory lobe * 

indicates one calf as hermaphroditic. 

Extended Data Table 4: Gross lung scores for calves
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Animal ID# 80 72 47 88 92 87 66

Virus mock EU US EU US US EU

Autopsy dpi 3 3 3 9 13 21 21

Tissues 

Mammary quarter, left, front HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC

Mammary quarter, right, front HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC

Mammary quarter, left, rear HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC

Mammary quarter, right, rear HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC

Teat, left, front HE HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC

Teat, right, front HE HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC

Teat, left, rear HE HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC

Teat, right, rear HE HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC HE&IHC

Nose, vestibulum (squamous mucosa) HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Nasal conchae, respiratory HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Nasal conchae, olfactory HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Trachea HE HE&IHC HE&IHC HE&IHC HE - -

Lung, left, cranial lobe (cranial part) HE HE&IHC HE&IHC HE&IHC HE - -

Lung, left, cranial lobe (caudal part) HE HE&IHC HE&IHC HE&IHC HE - -

Lung, left, caudal lobe HE HE&IHC HE&IHC HE&IHC HE - -

Lung, right, cranial lobe (cranial part) HE HE&IHC HE&IHC HE&IHC HE - -

Lung, right, cranial lobe (caudal part) HE HE&IHC HE&IHC HE&IHC HE - -

Lung, right, mid lobe HE HE&IHC HE&IHC HE&IHC HE - -

Lung, right, caudal lobe HE HE&IHC HE&IHC HE&IHC HE - -

Lung, accessory lobe HE HE&IHC HE&IHC HE&IHC HE - -

Nerve, genitofemoralis HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Brain, olfactory bulb HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Brain, cortex (level of hippocampus) HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Brain, cerebellum HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Brain, brainstem, medulla oblongata HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Spinal cord (cervical) HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Spinal cord (thoracic) HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Spinal cord (lumbar) HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Heart HE HE&IHC HE&IHC HE&IHC HE - -

Liver HE HE&IHC HE&IHC HE&IHC HE - -

Spleen HE HE&IHC HE&IHC HE&IHC HE - -

Lymph node, tracheobronchial HE HE&IHC HE&IHC HE&IHC HE - -

Lymph node, supramammary HE HE&IHC HE&IHC HE&IHC HE - -

Tonsil, pharyngeal HE HE&IHC HE&IHC HE&IHC HE - -

Tonsil, palatine HE HE&IHC HE&IHC HE&IHC HE - -

Kidney HE HE&IHC HE&IHC HE&IHC HE - -

Urinary bladder HE HE&IHC HE&IHC HE&IHC HE&IHC - -

Uterus HE HE&IHC HE&IHC HE&IHC HE - -

Cervix HE HE&IHC HE&IHC HE&IHC HE - -

Vagina (vestibulum) HE HE&IHC HE&IHC HE&IHC HE - -

Skin, inguinal HE HE&IHC HE&IHC HE&IHC HE - -

Duodenum HE HE&IHC HE&IHC HE&IHC HE - -

Rektum HE HE&IHC HE&IHC HE&IHC HE - -

Pancreas HE HE&IHC HE&IHC HE&IHC HE - -

Adrenal gland HE HE&IHC HE&IHC HE&IHC HE - -

Extended Data Table 5: Tissue samples from intramammary infected cows and methods applied 

including hematoxylin-eosin stain (HE) and immunohistochemical Influenza virus nucleoprotein 

detection (IHC)
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Supplementary Data 1: Lactating dairy cows, summary of relevant findings in tissues; interpreted to be 
not associated with IAV-infection  
 
#80, negative control animal 

• Thorax: pleural adhesion, right caudal lung lobe   
• Lung, right, caudal lobe: pleuritis, chronic, focal, moderate, lymphoplasmacytic and fibrosing; 

pneumonia, bronchointerstitial, chronic-active, multifocal to coalescing, moderate, mainly 
interstitial, lymphoplasmacytic with prominent hyperplasia/hypertrophy of bronchial epithelium 
and type II pneumocytes, some areas showing suppurative-necrotizing bronchitis and 
bronchiolitis, with intraluminal cellular debris, mucin, proteinaceous edema, bronchus-associated 
lymphoid tissue (BALT) hyperplasia 

• Spleen: hyperemia, acute, diffuse, severe, moderate number of hemosiderin-laden macrophages 
(intracytoplasmic, pale brown pigment, consistent with hemosiderin); minimally increased 
number of neutrophils within sinuses 

• Heart: atrial appendages, epicarditis and pericarditis, chronic, mild, focal, fibrosing; myocarditis, 
chronic-active, focal, mild, lymphoplasmacytic and eosinophilic 

• Liver: abscess, focal, up to 15 cm in diameter; amyloidosis, periportal and bridging, mild 
• Kidney: nephritis, chronic, interstitial, multifocal, mild, lymphoplasmacytic and histiocytic  
• Small intestine: lamina propria mucosae with high numbers of lymphoplasmacytic infiltrates, 

fewer macrophages and scattered eosinophils, mucosal epithelium intact  
• Spinal cord: perivascular cuffing, lymphocytic, focal, minimal 
• Brain: perivascular macrophages, oligofocal, minimal, with intracytoplasmic, pale brown pigment 

(consistent with hemosiderin) 
• No pathogens, or inclusion bodies, or syncytia found 
• Other tissues: no relevant findings, immunohistochemistry for influenza A virus nucleoprotein 

(IAV NP): all negative 
  

#47, US isolate, 3 dpi 

• Nasal conchae mucosa/pharynx: petechia, multifocal, mild; rhinitis, chronic-active, diffuse, 
moderate, mainly lymphoplasmacytic, some areas with neutrophilic infiltrates, many mucosal 
transmigrating neutrophils; ciliated respiratory epithelium mostly intact, some areas with loss of 
cilia and/or degeneration and single cell necrosis 

• Tonsil, pharyngeal / palatine: tonsillitis, acute, diffuse, moderate, suppurative and hemorrhagic, 
with prominent intraluminal debris, admixed with foreign material, intralesional bacteria 

• Trachea: tracheitis, acute, diffuse, mild, necrotizing and suppurative, with luminal cellular debris 
and proteinaceous material 

• Spleen: hyperemia, acute, diffuse, severe, moderate number of hemosiderin-laden macrophages 
• Lymph node, tracheobronchial: lymphadenitis, acute, diffuse, mild, with increased number of 

neutrophils in sinuses 
• Heart: atrial appendages, epicarditis and pericarditis, chronic, mild, focal, fibrosing 
• Liver: hepatitis, chronic-active, focal, minimal, granulomatous and eosinophilic; increased number 

of neutrophils in hepatic sinuses and blood vessels  
• Kidney: nephritis, chronic, interstitial, multifocal, mild, lymphoplasmacytic and histiocytic 
• Brain: perivascular macrophages, oligofocal, minimal, with intracytoplasmic, pale brown pigment 

(consistent with hemosiderin) 
• Brain, olfactory bulb: perivascular glial cell aggregation, focal, minimal 
• Adrenal: adrenalitis, chronic, multifocal, mild, lymphocytic 
• No further pathogens, or inclusion bodies, or syncytia found 
• Other tissues: no relevant findings, immunohistochemistry for influenza A virus nucleoprotein 

(IAV NP): all negative 
 
#92, US-isolate, 13 dpi 

• Nasal conchae: rhinitis, acute, diffuse, mild, suppurative 
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• Lung, left and right caudal lobe, right cranial lobe (cranial part), accessory lobe: pleuritis, chronic, 
focal, moderate, lymphoplasmacytic and fibrosing  

• Spleen: hyperemia, acute, diffuse, severe, moderate number of hemosiderin-laden macrophages; 
minimally increased number of neutrophils within sinuses; follicular hyperplasia, mild 

• Lymph node, tracheobronchial and iliac: follicular hyperplasia, mild 
• Liver: perihepatitis, chronic, focal, mild, fibrosing 
• Kidney: nephritis, chronic, interstitial, moderate, lymphoplasmacytic, some areas with prominent 

fibrosis and glomerulosclerosis and/or tubular degeneration and regeneration 
• Small intestine: lamina propria mucosae with high numbers of lymphoplasmacytic infiltrates, 

fewer macrophages and scattered eosinophils, mucosal epithelium intact  
• Brain: perivascular macrophages, oligofocal, minimal, with intracytoplasmic, pale brown pigment 

(consistent with hemosiderin) 
• No pathogens, or inclusion bodies, or syncytia found 
• Other tissues: no relevant findings, immunohistochemistry for influenza A virus nucleoprotein 

(IAV NP): all negative 
 
#87, US-isolate, 21 dpi 

• Liver: perihepatitis, chronic, focal, mild, fibrosing 
• Histopathology done for mammary gland and teat only; immunohistochemistry for influenza A 

virus nucleoprotein (IAV NP): negative 
 

#72, EU-Isolate, 3 dpi 
• Thorax: Pleural adhesion, left and right cranial lung lobe  
• Lung left and right cranial lobes, left caudal lobe, accessory lobe: pleuritis, chronic, focal, 

moderate to severe, lymphoplasmacytic and fibrosing; pneumonia, bronchointerstitial, chronic-
active, multifocal to coalescing, moderate to severe, mainly interstitial, lymphoplasmacytic with 
prominent hyperplasia/hypertrophy of bronchial epithelium and type II pneumocytes, some areas 
showing suppurative-necrotizing bronchitis and bronchiolitis, with intraluminal cellular debris, 
mucin, proteinaceous edema, bronchus-associated lymphoid tissue (BALT) hyperplasia 

• Lymph node, tracheobronchial: lymphadenitis, acute, diffuse, moderate, with increased number 
of neutrophils in sinuses, with follicular hyperplasia, mild 

• Spleen: hyperemia, acute, diffuse, severe, moderate number of hemosiderin-laden macrophages; 
minimally increased number of neutrophils within sinuses;  

• Liver: perihepatitis, chronic, focal, mild, fibrosing; amyloidosis, periportal and bridging, moderate; 
minimally increased number of neutrophils in hepatic sinuses and blood vessels; single cell 
necrosis/apoptosis, hepatocellular, multifocal, mild 

• Kidney: amyloidosis, interstitial, moderate 
• Adrenal gland: amyloidosis, moderate 
• Small and large intestine: lamina propria mucosae with high numbers of lymphoplasmacytic 

infiltrates, fewer macrophages and scattered eosinophils, mucosal epithelium intact  
• Brain: perivascular macrophages, oligofocal, minimal, with intracytoplasmic, pale brown pigment 

(consistent with hemosiderin) 
• Brain stem: perivascular cuffing, lymphocytic, focal, minimal 
• No pathogens, or inclusion bodies, or syncytia found 
• Other tissues: no relevant findings, immunohistochemistry for influenza A virus nucleoprotein 

(IAV NP): all negative 
 
#88, EU-isolate, 9 dpi 

• Thorax: Pleural adhesion, left and right cranial lung lobes 
• Lung, all lung lobes: pneumonia, interstitial, chronic, diffuse, moderate, lymphoplasmacytic and 

histiocytic, with moderate BALT hyperplasia and perivascular lymphocytic hyperplasia, moderate 
interstitial/pleural fibrosis, some areas with moderate II pneumocytes hyperplasia 

• Spleen: hyperemia, acute, diffuse, severe, moderate number of hemosiderin-laden macrophages; 
minimally increased number of neutrophils within sinuses 

• Kidney: fibrosis, chronic, interstitial, minimal 
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• Uterus: endometritis, subacute, diffuse, moderate, suppurative, mucosal epithelium intact 
• Rumen and omasum: Erosions, acute, multifocal, mild 
• Brain, cortex: perivascular glial cell aggregation, focal, minimal 
• Brain: perivascular macrophages, oligofocal, minimal, with intracytoplasmic, pale brown pigment 

(consistent with hemosiderin) 
• Small intestine: lamina propria mucosae with high numbers of lymphoplasmacytic infiltrates, 

fewer macrophages and scattered eosinophils, mucosal epithelium intact  
• Large intestine: Proctitis, subacute, multifocal, severe, ulcerative, with early granulation tissue 

formation and focal vascular fibrinoid necrosis 
• No pathogens, or inclusion bodies, or syncytia found 
• Other tissues: no relevant findings, immunohistochemistry for influenza A virus nucleoprotein 

(IAV NP): all negative 
 
#66, EU-isolate, 21 dpi 

• Thorax: Pleural adhesion, left and right cranial lung lobes  
• Heart: atrial appendages, epicarditis and pericarditis, chronic, mild, focal, fibrosing; 
• Histopathology done for mammary gland and teat only; immunohistochemistry for influenza A 

virus nucleoprotein (IAV NP): negative 
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