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Abstract

Since 2020, there has been unprecedented global spread of highly pathogenic avian influenza
A(H5NL1) in wild bird populations with spillover into a variety of mammalian species and
sporadically humans?. In March 2024, clade 2.3.4.4b A(H5N1) virus was first detected in dairy
cattle in the USA, with subsequent detection in numerous states?, leading to more than a dozen
confirmed human cases34. In this study, we used the ferret, a well-characterized animal model
that permits concurrent investigation of viral pathogenicity and transmissibility®, in the evaluation
of A/Texas/37/2024 (TX/37) A(H5N1) virus isolated from a dairy farm worker in Texas. Here
we show that the virus has a remarkable ability for robust systemic infection in ferrets, leading to
high levels of virus shedding and spread to naive contacts. Ferrets inoculated with TX/37 rapidly
exhibited a severe and fatal infection, characterized by viraemia and extrapulmonary spread. The
virus efficiently transmitted in a direct contact setting and was capable of indirect transmission
through fomites. Airborne transmission was corroborated by the detection of infectious virus
shed into the air by infected animals, albeit at lower levels compared to those of the highly
transmissible human seasonal and swine-origin H1 subtype strains. Our results show that despite
maintaining an avian-like receptor-binding specificity, TX/37 exhibits heightened virulence,
transmissibility and airborne shedding relative to other clade 2.3.4.4b virus isolated before the
2024 cattle outbreaks’, underscoring the need for continued public health vigilance.
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In recent years, clade 2.3.4.4b highly pathogenic avian influenza A(H5N1) viruses have
exhibited rapid spread in wild bird populations, with sporadic but sustained detection

in a diverse range of marine and terrestrial mammalian hosts across six continents?8,
Several known human infections with 2.3.4.4b clade viruses have been documented since
2022 (ref. 4), resulting from confirmed or presumed exposure to infected animals or
environments. Laboratory risk assessments of representative viruses have demonstrated the
capacity for these viruses to cause severe mammalian infection, including an ability to
transmit to serologically naive animals placed in close contact’-9-11. For these reasons,
public health risk assessments have been performed on clade 2.3.4.4b A(H5N1) viruses,
and cross-reactive candidate vaccine viruses have been generated as a critical component of
pandemic preparedness®.

In March 2024, clade 2.3.4.4b A(H5N1) virus infection was reported in dairy cattle in the
USA, first in Texas with subsequent spread across several states by means of both interstate
transport of infected animals and cow-to-cow transmission2. Molecular clock analyses
suggest that the virus emerged in cattle following a single avian-to-cattle introduction 3-5
months before its first detection?. Infections with influenza A viruses (IAVs) have been
exceptionally rare in bovine species, and hence bovines were not previously considered to be
susceptible hosts for IAV13.14, Since the first reports in cattle, multiple confirmed cases have
been reported in dairy farm workers with conjunctivitis or mild respiratory illness*®. Virus
isolated in Texas (A/Texas/37/2024 (TX/37)) has high sequence identity to cattle isolates
from geographically proximal areas, with the notable exception of PB2 E627K, a known
molecular marker of host adaptation present in the human case from Texas but not in cattle
isolates or other human cases to date®. Here we assessed the receptor-binding specificity of
TX/37 and used the ferret model to evaluate the pathogenicity, transmissibility and airborne
shedding of this virus.

TX/37 receptor-binding specificity

The switch in receptor specificity from sialic acid (SA) linked to galactose in a2-3 linkages
(avian) to a.2-6 linkages (human) has been shown to be a critical step for avian A(H5N1)
IAV to adapt to mammals'®17. Molecular analysis of the HA sequence of TX/37 showed
that the residues of the receptor-binding site have high homology with other clade 2.3.4.4b
avian and bovine isolates (Extended Data Fig. 1a). One amino acid difference outside the
receptor-binding site was observed between TX/37 and New Mexico A(H5N1) virus (A/
dairy cattle/New Mexico/A240920343-93/2024; cow/NM), which was reported to exhibit
a preference for both avian- and human-like SAs8 (Extended Data Fig. 1b). Here, glycan
microarray analysis consistently confirmed an avian a2-3-linked SA specificity (Fig. 1a—d,
glycans 4-40) for TX/37 and other representative H5 subtype viruses, in contrast to control
human seasonal H3 subtype virus, which exhibited a strict human a2-6-linked SA binding
preference (Fig. 1e, glycans 41-63). The only a.2-6-linked SA-binding signals were from
mixed a2-3- and a.2-6-linked SA on the array (Supplementary Table 1, glycans 64-67).
This lack of detectable binding to a2—6-linked SA was corroborated by an additional

array that focused on the ability of HAs to bind to more representative human- and
avian-type glycans, looking at both length and avidity of binding with glycans spotted

on the array at different concentrations (Supplementary Table 2). Binding to only a2—
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3-linked SA was detected, with shorter and biantennary glycans preferentially bound over
longer and linear glycans (Extended Data Fig. 2a,b). Increased binding breadth could be
attributed to amino acids near the receptor-binding sitel®. The HA of all of the recent
clade 2.3.4.4b viruses showed a signal for an A-glycolylneuraminic acid-linked glycan,
Neu5Gca2-3Galpl-4(Fucal-3)GlcNAc (Fig. 1la—d, glycan 71). Although Neu5Gc-linked
glycans are not believed to be receptors for 1AVs, they are abundant in bovine tissues,
including bovine mammary glands, which were shown to be the preferential site of
replication of the A(H5N1) viruses in cows4:20,

TX/37 pathogenicity in ferrets

Next we assessed the ability of TX/37 to infect and cause disease in the ferret model®.
Following intranasal inoculation with a 6 logig[plaque-forming unit (PFU)] dose of TX/37,
ferrets rapidly developed severe disease, as evidenced by fever, weight loss, sustained
diarrhoea, nasal discharge, laboured breathing and lethargy (Table 1 and Extended Data Fig.
3a—c). All inoculated animals succumbed to infection or necessitated humane euthanasia by
day 2-3 post inoculation (p.i.), a more rapid decline than observed with previous 2.3.4.4b
viruses isolated from animals and humans, which succumbed to infection between days 4
and 10 p.i. (refs. 7,9-11). TX/37 was detectable in ferret nasal wash (NW) and rectal swab
(RS) samples at mean maximum titres of 6.9 and 3.7 log;o[PFUs mlI~1], respectively (Fig.
2a—c and Extended Data Fig. 4a—c). When subjected to post-mortem necropsy on day 3 p.i.,
all ferrets had high virus titres in systemic tissues, including the brain and gastrointestinal
tract (Fig. 2d). Viraemia was observed in inoculated ferrets as early as 1-day p.i. (10-80
PFUs per millilitre of blood), contributing to the rapid systemic spread and accelerated

fatal disease progression observed. The virus was also detected in the eye, conjunctiva and
conjunctival washes collected from infected ferrets; however, overt inflammation of the
conjunctiva was not noted (Fig. 2d and Extended Data Fig. 5).

TX/37 transmissibility in ferrets

Information on the transmissibility of newly emerging 1AV in animal models is an important
component of public health risk assessments?1.22, Here the capacity of TX/37 to transmit to
naive ferrets was evaluated using three experimental set-ups (direct contact, fomite contact
and respiratory droplet contact ferret transmission models). Contact of the naive ferret with
the donor was established 24 h after inoculation of the donor ferrets, resulting in 30-48

h of total contact time. Efficient transmission was detected between all ferret pairs in the
direct contact setting (3/3 contact ferrets). Virus was detected in NWs and RSs collected
from contact ferrets at mean maximum titres of 3.9 and 1.6 log;g[PFUs mlI~1], respectively
(Table 1 and Fig. 2a). These contacts exhibited weight loss, fever, sustained diarrhoea,
lethargy and laboured breathing, necessitating euthanasia by days 3—4 post contact (p.c.).
The similarly rapid disease progression in both the inoculated donor and contact animals
indicated that virus-inoculated animals were shedding high quantities of infectious virus into
the environment, leading to rapid exposure and infection of contact animals.

Recent work has shown that AV can remain infectious in unpasteurized milk and
on milking equipment materials for several hours23:24, suggesting that exposure to
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contaminated surfaces may be contributing to the onward transmission of this virus. To

test this, we used a fomite transmission model in which uninfected ferrets were placed in
cages that had previously housed a virus-inoculated animal, so that the contact animal was
exposed to cage walls, bedding, food and water that had been in direct contact with the
inoculated ferret. The set-up was validated using four human seasonal and swine-origin H1
subtype viruses previously shown to be highly transmissible between ferrets placed in direct
contact?>:26, Whereas the human seasonal virus exhibited efficient transmission following
exposure to fomites, the three swine-origin viruses differed in their ability to transmit in

this setting (Extended Data Fig. 6a—h). By contrast, a recently evaluated clade 2.3.4.4b
A(H5N1) from Chile (A/Chile/25945/2023 (Chile/25945)) did not transmit in this setting’.
When TX/37 was evaluated, transmission mediated by fomites occurred between one out

of the three ferret pairs, as evidenced by the detection of virus in NW and RS samples

and severe illness necessitating euthanasia of this animal on day 9 p.c. (Table 1 and Fig.
2b). The transmission outcome was accompanied by the detection of infectious virus in the
air collected from the cage on the day of the first cage swap and in a cage swab sample
collected on the day of the second cage swap (Extended Data Fig. 7a—c). However, the virus
found on cage surfaces was largely non-infectious, suggesting that high levels of airborne
infectious viral particles originating from the contaminated cage (for example, stirred up
bedding and dander) could have contributed to the observed transmission.

We then assessed transmission mediated by respiratory droplets, a model in which all forms
of direct and indirect contact are eliminated. In this setting, virus transmission was less
efficient than in the presence of direct contact; four out of the six contact ferrets began
exhibiting signs of infection on day 4 p.c., as evidenced by weight loss, fever and lethargy.
Virus was detected in NW and RS samples from contact animals at mean maximum titres of
4.6 logo[PFUs mI~1] and 4.7 logg[PFUs mlI~1], respectively. Although the exposure dose is
typically lower in this more stringent setting, all contacts with detectable virus in NWs met
humane endpoint criteria by day 4-6 p.c. (Table 1 and Fig. 2c). The remaining two contacts
showed no signs of disease and remained seronegative to TX/37 at day 21 p.c., indicating
that productive transmission did not occur.

Irrespective of the transmission mode assessed, all contact animals with detectable virus

in NWs developed severe and fatal disease. Overall, viraemia and high-titre systemic
detection of virus were observed in tissue samples from all contacts (Extended Data Fig.
8a,b). Similar to what was observed in samples from inoculated ferrets, no genetic changes
at known mammalian adaptation markers were detected in samples collected from the
contacts. Detected variants were not consistently enriched in contact animals, suggesting
that transmission was not attributed to changes in TX/37 sequence (Supplementary Table
3). Collectively, these studies support the capacity for TX/37 to transmit to serologically
naive mammals by a variety of modes, including the airborne route, although the relative
efficiency of transmission varied on the basis of the setting.

TX/37 airborne release in ferrets

In addition to its detection in cattle, clade 2.3.4.4b A(H5N1) virus has been reported in
multiple other mammals and gallinaceous poultry on affected farms, including cats, raccoons
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and opossums21227  indicating interspecies transmission. Although our findings and others
support the ability of some wild-type A(H5N1) strains to spread among ferrets in close
contact, airborne transmission as seen here with TX/37, has not been observed’9-11.28.29 Tq
more closely examine the relative ability of this virus to spread through the air, we collected
airborne respiratory particles shed by TX/37-infected ferrets, to quantify infectious virus and
viral RNA present in the air, using both a cyclone-based sampler (BC 251) and a water
condensation sampler (SPOT). The results were compared to a 2023 2.3.4.4b A(H5N1)
virus, Chile/25945, that was isolated from a human and did not transmit by the airborne
route’, as well as human seasonal A(H1N1) and swine-origin A(HIN2)v viruses, previously
shown to be highly transmissible among ferrets?>:30, All of the tested viruses were capable
of robust replication in the ferret model and were detected in NWs at comparable infectious
virus titres (Supplementary Table 4), with high virus levels detected early (days 1-2 p.i.), in
agreement with studies supporting the critical timing of virus transmission in this model31~
34 However, infectious virus levels in the air were significantly higher and detected to day

3 p.i. (up to 246 PFUs h™1) for the H1 subtype viruses as compared to Chile/25945. This
virus was detectable at low levels (1-16 PFUs h™1) only on day 1 p.i., further supporting

its inability to transmit through the airborne route in ferrets’. TX/37 detection peaked later
as compared to that of the well-adapted H1 viruses. The virus was detected in the air on
both day 1 and 2 p.i. with most air samples containing higher titres of infectious virus (1-52
PFUs h™1 on day 1 p.i. and 9-109 PFUs h~1 on day 2 p.i.) relative to the titres observed in
the Chile/25945 samples (Fig. 3a—d). These results suggest that TX/37 is shed in the air at
levels sufficient to support the airborne transmissible phenotype observed.

Discussion

To cause a pandemic, an influenza virus must be immunologically distinct from previous
circulating strains, be able to productively infect humans, and be able to spread efficiently
among humans3®. Like many other animal-origin 1AVs associated with documented zoonotic
human infection, clade 2.3.4.4b A(H5N1) viruses meet two of these criteria at present but
lack the capacity to spread person-to-person. However, transmission of the virus in multiple
mammalian species affords opportunities for the virus to adapt and become capable of
meeting all three pandemic criteria36. Although sustained human-to-human transmission

of A(H5N1) has not been detected so far, epidemiologic reports suggest that interspecies
transmission from infected dairy cattle to other mammals is taking place?.

Here we show that TX/37 was capable of rapidly causing fatal, systemic infection in

naive ferrets, as related clade 2.3.4.4b viruses did in infected cats on dairy farms?’.
However, extrapolation of our findings to the human population at large should proceed
with caution as multiple factors may contribute to disease outcome. As humans lack
widespread immunity to H5 subtype viruses, investigation of pre-existing AV immunity
(especially due to N1 neuraminidase) may shed light on the mild human cases reported

in dairy workers in the USA so far3’. In addition, studies presented here were conducted
with young male ferrets, and high inoculation doses were tested; viral pathogenicity can be
age and sex dependent and modulated by comorbidities, exposure routes and doses38-40,
which all require further evaluation. Unlike other human and bovine isolates associated with
outbreaks on dairy farms, TX/37 possesses a mammalian adaptation marker in PB2, E627K,
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which has been shown to enhance virulence and transmission in ferrets*1. As recent reports
suggest that bovine isolates with sequences highly homologous to TX/37 but lacking that
substitution in PB2 may also have capacity for lethal infection and limited transmission in
ferrets18:37, further investigation of additional bovine and human isolates is needed to better
understand the overall public risk associated with the A(H5N1) viruses that emerged in
cattle. In addition, notable differences in the sequences of bovine outbreak-related viruses
and other clade 2.3.4.4b strains (for example, the presence of Q591K and D701N instead of
E627K in PB2 of Chile/25945; (Supplementary Table 5) require further investigation to fully
appreciate the role of strain-specific variability in airborne virus shedding and transmission
phenotypes among A(H5N1) viruses circulating at present.

Our work reporting the shedding of diverse 1AVs into the air using two distinct

airborne particle collection approaches in the ferret model offers an advancement in our
understanding of the role that infectious virus shed early after infection plays in onward
transmission. The optimization and inclusion of aerobiological sampling in risk assessments
can thus enhance our ability to identify strains with increased airborne transmission
potential. Despite the severe disease and enhanced transmission exhibited by the TX/37
virus studied here in the ferret model, our results indicate that the virus maintains avian-like
receptor-binding specificity and, therefore, would require further adaptation to augment its
pandemic potential. Nonetheless, continued monitoring of the evolution of A(H5N1) viruses,
especially those isolated from humans, and the animals to which humans are frequently
exposed, is a critical component of pandemic preparedness.

Online content

Methods

Viruses

Any methods, additional references, Nature Portfolio reporting summaries, source data,

extended data, supplementary information, acknowledgements, peer review information;
details of author contributions and competing interests; and statements of data and code

availability are available at https://doi.org/10.1038/s41586-024-08246-7.

The stocks of TX/37 A(H5N1), A/Nebraska/14/2019 A(H1N1) (NE/14), A/
Minnesota/45/2016 A(H1IN2)v (MN/45) and A/Ohio/02/2007 A(H1N1) v (OH/02) were
propagated in MDCK cells at 37 °C for 48 h. The stocks of Chile/25945 A(H5N1) and
AJ/Ohio0/09/2015 A(H1N1)v (OH/09) were propagated in the allantoic cavity of 10-day-old
embryonated hens’ eggs at 37 °C for 24-26 h (allantoic fluid was pooled from multiple
eggs). The supernatants were clarified by centrifugation, aliquoted and frozen at —80 °C.
Stock titres were determined using the standard plaque assay and the stocks were sequenced
and tested for exclusivity to rule out the presence of other subtypes of influenza virus. All
research with highly pathogenic avian influenza viruses was conducted under biosafety level
3 containment, including enhancements required by the US Department of Agriculture and
the Select Agent Program outlined in ref. 42,
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Cloning and expression of recombinant HA

Genes encoding the ectodomains of the H5 HAs (residues 1 to 503 in mature protein
numbering) were synthesized as codon-optimized genes (GenScript) for baculovirus
expression in insect cells. HA genes were subcloned into a baculovirus transfer vector
pAcGP67B (BD Biosciences), in frame with an additional carboxy-terminal thrombin site, a
foldon trimerization sequence from bacteriophage T4 fibritin and a His tag*3. Proteins were
expressed and secreted from baculovirus-infected cells, recovered from culture supernatant,
and purified sequentially by metal-affinity and size-exclusion chromatography.

Glycan binding analyses

Glycan microarray printing and recombinant HA analyses have been described
previously#44°, Briefly, HA-antibody precomplexes were prepared by mixing recombinant
HA (10 pg) with mouse anti-penta-His—Alexa Fluor 488 (Qiagen) and anti-mouse 1gG-
Alexa Fluor 488 (Life Technologies) antibodies in a molar ratio of 4:2:1, respectively.
Complexes were allowed to form by incubating mixtures for 60 min on ice and the
samples were then diluted with 500 pl PBS containing 2% (wt/vol) bovine serum albumin
and streptavidin—Alexa Fluor 488 (1:1,000 (vol/vol); Life Technologies). Mixtures were
applied to the microarray slides and incubated on ice for an additional 90 min. The slides
were then washed by successive rinses in PBS with 0.05% Tween 20 (vol/vol), PBS and
deionized water, and were then dried under a stream of nitrogen gas. Slides were scanned
for fluorescence using an Innoscan 100 microarray scanner (Innopsys), and spot intensities
were quantified and analysed using Mapix data acquisition and microarray image analysis
software (Innopsys). Supplementary Table 1 lists the specific glycans present on the array,
as well as a tabulated qualitative assessment of binding for each recombinant HA protein
analysed. A second array containing only a limited set of glycans was also used for
analysing glycan binding to these proteins. These glycans, a mix of linear and biantennary
a2-3- and a2-6-linked sialosides of different lengths (from 1 to 4 LacNAc repeats), were
imprinted on the array at different concentrations (100 uM, 20 uM, 4 uM, 0.8 UM and 0.16
UM) to assess both the specificity and avidity of a.2-3- and a2-6-linked sialoside-binding
proteins. This alternative glycan array slide was processed using the same procedure as
described above. Supplementary Table 2 lists the glycans on the version 2 array.

Ferret experiments

Animal research was conducted under the guidance of the Centers for Disease Control
and Prevention’s Institutional Animal Care and Use Committee in an Association for
Assessment and Accreditation of Laboratory Animal Care International-accredited animal
facility. Male fitch ferrets (Triple F Farms) 7-12 months of age were used for this

study. Individual animals were randomly allocated into experimental groups. No blinding
was performed in any experiment. The sample sizes were consistent with those of

our previously established protocols and published work. Each animal was serologically
negative for influenza A and B viruses circulating at present as confirmed by a standard
haemagglutination inhibition assay. The animals were housed in stainless steel cages (56
cm (length) x 42 cm (width) x 42 cm (height)) lined with soft pellet bedding inside Duo-
Flo Bioclean mobile units (Lab Products Incorporated; 150-180 air changes h™1) during
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experimentation. Twelve ferrets were inoculated intranasally (1 ml) with 6 logg[PFUs] of
TX/37 H5N1 virus diluted in PBS. Transmissibility of the virus was assessed by pairing
naive ferrets with inoculated ferrets (ratio 1:1) 24 h p.i. In the direct contact transmission
model, a naive ferret was placed in the same cage as an inoculated ferret (three ferret

pairs). In the respiratory droplet transmission model, a naive ferret was placed in an adjacent
cage with perforated walls between cages facilitating air exchange but eliminating contact
between the donor and naive ferrets (six ferret pairs)2°. In the fomite transmission model, a
naive ferret and inoculated ferret swapped cages once daily (until euthanasia of the donors;
two cage swaps) so that the contact animal was exposed to stainless steel cage walls,
bedding, food and water that had been in direct contact with an inoculated ferret shedding
virus into that environment through respiratory secretions, faeces and virus-laden aerosols.
Before the swap, the cage housing an inoculated ferret was swabbed using two cotton

swabs pre-moistened with PBS (one continuous movement across all four stainless steel
cage walls, cage floor and stainless steel water bottle tube)’. To detect virus in aerosolized
fomites, air samples were collected from cages for 1 h at 3.5 | min~1 (210 | total air
collection volume) using the National Institute for Occupational Safety and Health BC 251
two-stage cyclone aerosol sampler#847 (the experimental design is shown in Extended Data
Fig. 7a). The cage swab and air samples were split and frozen at —80 °C until titration in
MDCK cells or used for RNA extraction to evaluate viral RNA copy titres in each sample. In
each transmission experiment, all naive contact animals were housed in a separate Duo-Flo
Bioclean unit before establishing contact with the inoculated animals, which took place 24 h
after inoculation. Following inoculation or contact, all of the ferrets were observed daily for
clinical signs of infection. Lethargy was measured on the basis of a scoring system of 0 to 3,
which was used to calculate a relative inactivity index#849. Animals that exhibited sustained
diarrhoea, lethargy and laboured breathing, in addition to other signs of severe disease,

were humanely euthanized. NWs and RSs were collected from all inoculated and contact
ferrets every 1-2 days, and conjunctival washes were collected from six representative virus-
inoculated ferrets on day 1 and 3 p.i. (ref. 50). To determine the kinetics of viraemia, blood
samples were collected from three representative virus-inoculated ferrets on days 1 and 2 p.i.
Four inoculated ferrets were euthanized on day 3 p.i. for the assessment of virus replication
and systemic spread of the virus®. Similarly, all contact animals that developed severe
disease were euthanized (3-9 p.c.) and assessed for systemic spread of virus in tissues. All
of the ferret samples were frozen at —80 °C and titred in MDCK cells. A separate series of
experiments were performed to further validate the fomite transmission model using human
seasonal and swine-origin viruses (NE/14 A(H1N1), MN/45 A(H1IN2)v, OH/09 A(HIN1)v
and OH/02 A(H1N21)v), which were previously shown to transmit efficiently in the direct
contact model?>:52:53, Three ferrets per group were challenged intranasally (1 ml) with 6
logqo[PFUs] of the respective virus diluted in PBS. Three ferret pairs were tested per virus,
cage swaps were performed daily for 5 consecutive days, and cage swabs and NWs were
performed and processed as described above.

Aerosol collection

Three to five ferrets per group were inoculated intranasally (1 ml) with 6 logg[PFUs] of
TX/37, Chile/25945, NE/14 and MN/45 virus diluted in PBS. Alert ferrets were individually
placed in disinfected, vented transport containers (solid walls with perforated lid; 23.9 |
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in size) and air was collected for 1 h using a National Institute for Occupational Safety

and Health BC 251 two-stage cyclone aerosol sampler (at 3.5 | min™1)46:47 and a SPOT
sampler, sequentially (Series 110B, Handix Scientific) (at 1.5 | min~1). The samples were
collected at the same time of the day. BC 251 samplers fractionated air particles into three
fractions on the basis of particle diameter: >4 um, 1-4 ym and <1 um. The SPOT sampler
collected airborne particles into one sample. Following collection, part of each sample was
inactivated in AVL buffer (Qiagen) according to the manufacturer’s protocol to quantify
viral RNA copies (most RNA was recovered in the >4-um fraction of the BC 251 sampler,
as reported previously33, and the presented data represent the sum from the three fractions).
The remaining sample was immediately evaluated for infectious virus titre by plaque assay
(no infectious virus was recovered from the fractions containing particles of 1-4 um or <1
um; therefore, the data represent infectious virus recovered in the >4-um fraction of the BC
251 sampler). To normalize between the samplers, the data are presented as viral titre per
hour of collection. Samplers were decontaminated with 70% ethanol and air-dried after each
sampling day. Transport containers were thoroughly decontaminated with 70% ethanol after
each use.

Next-generation sequencing

Viral RNA was extracted using the QlAamp Viral RNA Mini Kit or RNeasy plus kit
(Qiagen) and processed for influenza genome amplification and next-generation sequencing
as previously described#® with the slight modification of using 100x coverage and a 50-

bp N spacer between TX/37 reference gene segments using Geneious Prime V2020.2.4.
Next-generation sequencing data have been deposited in the Sequence Read Archive of

the National Center for Biotechnology Information, under the BioProject accession number
PRINA1128668.

Statistical analysis

Analyses were conducted in R version 4.4.0. Data were tested for normality using Shapiro—
Wilk test (shapiro.test in R). Upon finding inconsistent validation of normality, a non-
parametric Kruskal-Wallis test (kruskal.test in R) was performed. Results between BC 251
and SPOT samplers were not statistically different, and data were combined for further
analysis. A Kruskal-Wallis test was used to examine the difference between viruses for each
day of sample collection (days 1 and 2; NW and air sample titres). Kruskal-Wallis tests that
showed statistical significance (P < 0.05) were followed up with a Dunn’s post hoc test with
Bonferroni’s correction for multiple pairwise comparisons using the dunnTest function in
the FSA v0.9.5 R package®?.
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Extended Data Fig. 1 |. Comparison of receptor binding site residues in diverse H5 HAs.
(A) Sequence residues that comprise the TX/37 HA receptor binding site (RBS) aligned with

HA sequences from this and a previous study*4, as well as with a recent bovine A(H5N1)
virus sequence that reported both human and avian receptor binding8. Alignments with
amino acid positions (H3 and H5 numbering) are indicated above the alignment. Conserved
residues are indicated as dots. The position of the RBS on the HA is illustrated on the TX/37
structural model. The HA is illustrated as a cartoon, while the receptor binding site residues
listed in the alignment are shown as a surface representation. Figure was generated using
PyMol 2.5.5. *Current data. "THAs with published glycan array binding results. *Isolates
associated with dairy farm outbreaks including dairy cow isolate consensus sequence. (B)
Full alignment of the HA for all viruses associated with dairy farm outbreaks included in A.
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Extended Data Fig. 2 |. Glycan microarray analysis of the TX/37 recHA.
A second glycan array containing only a limited set of linear and biantennary (A) a2-6

and (B) a.2-3 linked sialosides of different lengths (from 1 to 4 LacNAc repeats), printed
onto the array at different concentrations, were used to assess both HA binding specificity
and avidity of the TX/37 recHA. Error bars are standard deviations from six independent
replicates on the array. Each of the glycans’ structures are listed in Supplemental Table 2.
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Extended Data Fig. 3 |. Changes in body weight, temperature, and lethargy in ferrets inoculated
intranasally with 6 logyg[PFUs] of TX/37.

(A) Percent weight loss from pre-inoculation baseline body weight. (B) Body temperature
change from pre-inoculation baseline temperature. Time courses for individual ferrets are
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shown up to the day of euthanasia (days 2-3), n = 12. (C) Lethargy was evaluated based on a
scoring system of 0 to 3.
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Extended Data Fig. 4 |. Viral titers in rectal swabs collected from inoculated and contact ferrets.
Twelve ferrets were inoculated intranasally with 6 logqg [PFUs] of TX/37 virus.

Transmission to naive contacts in (A) direct contact transmission (DC), (B) fomite

transmission (FC), and (C) respiratory droplet transmission (RD) settings were established,
and rectal swabs were collected every other day post-inoculation or contact, or on the day of
euthanasia (day 2 or day 4 indicated on top of the bar). Rectal swab titers for the inoculated
animals are shown on the left side of each graph, and rectal swab titers for contact animals
are shown on the right side of each graph. Red asterisks denote animals that succumbed to
infection prior to sample collection. The limit of detection is 10 PFU/ml, dashed line. Each
bar represents an individual ferret.
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Extended Data Fig. 5 |. Viral titers in conjunctival wash samples from ferrets inoculated with 6

log1g [PFUs] of TX/37 A(H5N1) virus.

Conjunctival washes collected from inoculated ferrets (n = 6). The samples were titered in
MDCK cells. The limit of detection is 10 PFU/mlI, dashed line. Each symbol represents an

individual ferret.
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Extended Data Fig. 6 |. Transmission of H1 subtype viruses in the ferret fomite model.
Three ferrets per group were inoculated with 6 logyg [PFUs] of (A, B) human seasonal

NE/14 A(H1N1), (C, D) swine-origin MN/45 A(H1N2)v, (E, F) swine-origin OH/09
A(H1IN1)v, (G, H) or swine-origin OH/02 A(H1N1)v viruses. The transmission experiment
was conducted for 5 days (5 cage swaps). (A, C, E, G). Titers in nasal washes collected
from inoculated animals (left graph side), and contact (right graph side) are expressed as
logyg [PFU/mI]. The limit of detection is 10 PFU (dashed line). (B, D, F, H) Each cage

was swabbed prior to cage swap. Infectious virus titers and RNA copy number titers in cage
swabs are expressed as logig [PFU or RNA/swab]. Limit of detection is 1 PFU (dashed line),
and 2.9 log1g [RNA copies]. Each bar and symbol represent an individual ferret.
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Extended Data Fig. 7 |. Detection of infectious TX/37 A(H5N1) on fomites.
(A) Experimental design (n = 3). A ferret inoculated with 6 logyq of TX/37 A(H5N1) was

placed in cage 1 (grey), and a naive ferret was placed in cage 2 (blue). Twenty-four hours
post inoculation a cage swab was collected from the cage housing each of the inoculated
ferrets (cage 1). An air sample was collected (1 h using BC 251 samplers) from each cage
housing the naive ferret [cage 2, air sample 1 (AS1)]. Following cage swap, air sample
was collected from cage 1 which now housed the respective contact ferret [air sample 2
(AS2)]. The process was repeated the next day [cage swab 2, air sample 3 (AS3), and air
sample 4 (AS4)]. (B) Infectious virus titers and RNA copy number titers in cage swabs are
expressed as logig [PFU or RNA copies/swab]. Limit of detection is 1 PFU, and 2.9 logyg
[RNA copies]. (C) Infectious virus titers in air samples are expressed as logg [PFU/hour]
(red symbols; limit of detection 1 PFU/hour; the data represents infectious virus recovered
in the >4 um fraction of the BC 251 sampler, no infectious virus was recovered from the
fractions containing particles of 1-4 um, or <1 um). Viral RNA copy titers in air samples are
expressed as log1g RNA copies/ hour (bars; limit of detection 2.5 logyg RNA copies/hour;
data represents the sum from the three sampler fractions). Each ferret is represented by a
different symbol and the order of ferrets corresponds to the order of ferrets in Figure 2b.
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Extended Data Fig. 8 |. Tissue distribution of TX/37 H5N1 in infected contact ferrets.
Virus dissemination to tissues collected from contacts in the (A) direct contact (DC)

and fomite (FC), and (B) respiratory droplet transmission (RDC) set-ups. Viral titers

were obtained using standard plaque assay and are reported at log;¢ [PFU/mI] [blood,

soft palate (soft pal), nasal turbinates (nasal tur), ethmoid turbinates (ethmoid tur), eye,
conjunctiva(conj)] or log1g [PFU/gram of tissue] [kidney, spleen, liver, intestines, olfactory
bulb (olfact bulb), brain, lungs, trachea]. The red asterisk indicate a sample that was not
collected. Days post contact on which the samples were collected are shown in parentheses.
The limit of detection is 10 PFU/ml or g, dashed line. Colors correspond to the contact
ferrets in Figure 2a—c. Each bar represents an individual ferret.
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Fig. 1 |. Glycan microarray analyses of recent clade 2.3.4.4b H5 recombinant HAs.
a—e, Glycan microarray results for HA of clade 2.3.4.4b TX/37 A(H5N1) (a), clade 2.3.4.4b

A/Sichuan/06681/2021 A(H5N1) (b), clade 2.3.4.4b A/Astrakhan/3212/2020 A(H5N1) (c),
clade 1 A/Vietnam/1203/2004 A(H5N1) (d) and seasonal A/Switzerland/9715293/2013
A(H3NZ2) (e). Coloured bars distinguish different glycan structures represented on the array.
Error bars are standard deviations from six independent replicates on the array. RFU, relative
fluorescent units. Each of the numbered glycans’ structures is listed in Supplementary Table

1.
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Fig. 2 |. Transmission and pathogenesis of TX/37 A(H5NL1) in the ferret model.
Ferrets were inoculated with 6 logg[PFUs] of TX/37. Contact was established 24 h after

inoculation of the donor ferrets, resulting in 3048 h of total contact time (until euthanasia
of the inoculated ferrets on day 2-3 p.i.). a—c, Transmission settings: direct contact (one
inoculated and one naive ferret co-housed in one cage; three pairs; a), indirect (fomite)
contact (one inoculated and one naive ferret housed in alternating cages; cage swaps
performed once daily; three pairs; b) and respiratory droplet contact (one inoculated and
one naive ferret housed in adjacent cages; six pairs; ¢). Transmission to naive contacts was
evaluated by the detection of virus in NWs. Samples were collected every other day post
inoculation or contact, or on the day of euthanasia (day 2 or day 4 indicated on top of

the bar). Bars with no colour denote animals that succumbed to infection before sample
collection. d, Virus dissemination in tissues was evaluated in samples from four inoculated
animals (11-4) on day 3 p.i. Viral titres are reported at log;o[PFUs mI~1] (blood, soft palate,
nasal turbinates, ethmoid turbinates, eye, conjunctiva) or log,o[PFUs g™1] (of tissue; kidney,
spleen, liver, intestines, olfactory bulb, brain, lung, trachea). The limit of detection is 10
PFUs mI~1 or g71; dashed line. Each bar represents an individual ferret.
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Fig. 3 |. Detection of airborne influenza virus released from inoculated ferrets.
a—d, Ferrets were inoculated intranasally with 6 log;o[PFUs] of clade 2.3.4.4b

TX/37 A(H5N1) (a), clade 2.3.4.4b Chile/25945 A(H5N1) (b), human seasonal A/
Nebraska/14/2019 A(H1NZ1) (c) and swine-origin A/Minnesota/45/2016 A(H1N2)v (d).
Virus titres in NW samples collected from individual inoculated ferrets are shown on the
left side of each graph. Virus titres in NWs were evaluated using standard plaque assay to
determine infectious virus load (pink circles; limit of detection 10 PFUs mI~1) and real-time
quantitative PCR with reverse transcription to determine viral RNA load (black circles;
limit of detection 2.9 log1g[RNA copies mI~1]). Aerosol samples were collected from each
inoculated animal (/7= 3-5 per virus) daily for 3 days p.i. (or until euthanasia; day 2 (d2)
for TX/37) for 1 h using a BC 251 sampler (3.5 I min~1) and a SPOT sampler (1.5 I min™1),
sequentially. Infectious virus was analysed by plaque assay (limit of detection 1 PFU h™1,
dashed pink line with negative samples shown below the line; the BC 251 data represent
infectious virus recovered in the >4-um sampler fraction, no infectious virus was recovered
from the fractions containing aerosol particles of 1-4 um, or <1 pm) and viral RNA in each
sample was quantified using real-time quantitative PCR with reverse transcription (limit of
detection 2.5 log;o[RNA copies h™1], dashed black line with negative samples shown below
the line; the BC 251 data represent the sum from all three sampler fractions). Statistical

analysis is reported in Supplementary Table 4.
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Table 1|

Summary results of pathogenesis and transmission of TX/37 A(H5N1) virus in ferrets

Ferret NwW RS Weight ~ Temperature Lethargy® Nasal Ocular Diarrhoeaf Mortality9 Seroconversionh
group@ titreb  titreb oSS Increase dischargel  discharge
)¢ (o

Inoculated 6.9 3.7 12.6 2.1 (12/12) 2.3 6/12 0/12 10/12 12/12 (2- NT/

(12112)  (10/12) (12/12) 3)
DC 3.9 16 6.1 1.6 (3/3) 19 0/6 03 33 3334 NT/

@3 (23 (3B)
FC 2.0 15 12.3 2.8 (1/3) 16 13 13 13 1/3 (9) 02/

) W) @W3)
RDC 46 47 9.2 2.0 (4/6) 17 3/6 0/6 206 406 (4-6)  opi

(4/6) (4/6) (4/6)

aFerret groups—inoculated: ferrets intranasally inoculated with 6 log10[PFUs] of TX/37. DC, direct contact ferrets; FC, fomite contact ferrets;
RDC, respiratory droplet contact ferrets.

b . . . . - .
Average maximum NW and RS titres expressed as log1o[PFUs ml 1]; limit of detection 10 PFUs mI~2. The number of ferrets with detectable
virus over the total number of ferrets is in parentheses.

Average weight loss on the day of euthanasia. Number of ferrets that exhibited weight loss over the total number of animals is in parentheses.
d . . .

Average maximum temperature increase over the baseline (36.7-38.8 °C).
e T

Relative inactivity index.
f . . . . .

Number of ferrets with nasal discharge, ocular discharge or diarrhoea over the total number of animals.

gNumber of animals euthanized during the experiment owing to severe signs of illness over the total number of animals. Day of euthanasia is
shown in parentheses.

Number of contact ferrets with antibodies to homologous virus in serum (seroconversion) over the total number of ferrets from which serum was
collected.

"All ferrets with detectable TX/37 A(H5N1) virus in NWs did not survive the time course of infection; seroconversion was tested only in surviving
animals; limit of detection <1:10; NT, not tested.
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