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Article summary line: An A(H5N1) influenza virus associated with human infection in Chile caused
severe disease and displayed a capacity for.close contact transmission in a mammalian model.
Running title: Pathogenicity and transmissibility of A(H5N1) influenza virus isolated from a severe
human case.
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Abstract

Clade 2.3.4.4b highly. pathogenic avian influenza A(H5N1) viruses have caused large outbreaks within
avian populations on five continents, with concurrent spillover into a variety of mammalian species.
Mutations-associated with mammalian adaptation have been sporadically identified in avian isolates, and
more frequently among mammalian isolates following infection. Reports of human infection with A(H5N1)
viruses following contact with infected wildlife have been reported on multiple continents, highlighting the
need for pandemic risk assessment of these viruses. In this study, the pathogenicity and transmissibility of

A/Chile/25945/2023 HPAI A(H5N1) virus, a novel reassortment with four gene segments (PB1, PB2, NP,
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MP) from North America lineage, isolated from a severe human case in Chile, was evaluated in vitro and
using the ferret model. This virus possessed a high capacity to cause fatal disease, characterized by high
morbidity and extrapulmonary spread in virus-inoculated ferrets. The virus was capable of transmission to
naive contacts in a direct contact setting, with contact animals similarly exhibiting severe disease, but did
not exhibit productive transmission in respiratory droplet or fomite transmission models. Our. results
indicate that the virus would need to acquire an airborne transmissible phenotype in mammals to potentially
cause a pandemic. Nonetheless, this work warrants continuous monitoring of mammalian adaptations in

avian viruses, especially in strains isolated from humans, to aid pandemic preparedness efforts.

Introduction

Highly pathogenic avian influenza (HPAI) viruses of clade 2.3.4.4 first gained attention in 2014 due to their
extensive capacity for reassortment and spread, giving rise to-A(H5NX) viruses, notably A(H5N2),
A(H5N5), A(H5N6), and A(H5N8), bearing a variety of gene constellations and causing large outbreaks
on multiple continents [1]. While A(H5Nx) outbreaks to date have been mainly restricted to wild and
domestic birds, clade 2.3.4.4b A(H5N1) viruses have-recently displayed an increased capability to infect
mammalian species. The widespread detection of A(H5N1) viruses in birds across five continents, and
spillover to mammalian species (including humans) represent a global public health concern [2]. Reports
of outbreaks in farmed mink in-Spain [3], New England harbor and gray seals in the United States of
America [4], sea lions.in'Peruand Chile [5], and cats in France and Poland [6-8] suggest that clade 2.3.4.4b
A(H5N1) viruses could be evolving towards more efficient mammalian transmission, a capacity previously
not associated with A(H5N1) viruses. This has been supported by reports of human cases following
exposure to contaminated environments or animals infected with clade 2.3.4.4b A(H5N1) viruses [9]. While
frequent human infections and sustained human-to-human transmission have not been reported, the
increased adaptability of clade 2.3.4.4b avian H5 viruses to mammalian species, as well as detection of
mammalian adaptation markers in sequences of many of the viruses isolated from mammals, necessitates

heightened surveillance systems to closely monitor the genetic and pathobiological characteristics of these



influenza viruses in order to detect possible changes that could lead to efficient replication in the human

respiratory tract and onward transmission leading to a pandemic.

The use of the ferret model has been instrumental in assessing the relative pathogenicity and transmissibility
of HPAI A(H5NX) viruses circulating in avian populations over the last decade. Reassortant clade 2.3.4.4
A(H5N2) and A(H5NS8) viruses from the 2014-2015 outbreaks displayed generally mild. disease. in
mammalian models and lacked the ability to transmit between ferrets [10-13]. However, some clade 2.3.4.4
A(H5NG) viruses that crossed the species barrier and infected humans had the ability to cause severe disease
in ferrets and exhibited limited transmissibility between co-housed ferrets [14,15]. Early 2.3.4.4b virus
isolates detected in North America at the end of 2021 also displayed a low. pathogenicity phenotype in
ferrets. However, following reassortment with viruses circulating.in wild birds in North America and the
acquisition of different combinations of ribonucleoprotein and NP-genes, a virus capable of increased
pathogenicity and neurologic involvement in ferrets was recently identified; this virus did not possess the
ability to transmit between ferrets [16,17]. These studies highlight the heterogeneity of currently circulating
viruses and support the need for in vivo assessments of novel reassortant viruses, including human isolates,

for pandemic risk assessment purposes.

Between January 2022 and September 2023, there have been at least 12 reported human
infections with clade 2:3.4.4b A(H5N1) viruses [9]. HPAI A(H5N1) A/Chile/25945/2023 (Chile/25945)
virus was isolated in Chile from a 53-year-old man with no comorbidities. The patient initially presented
mild signs.ofinfection including cough and sore throat, followed by admission to the hospital due to
severe pneumonia necessitating mechanical ventilation [18]. Analysis of the Chile/25945 A(H5N1) virus
sequence revealed that this virus acquired four genes (PB2, PB1, NP, MP) of North American lineages
and possessed several mammalian adaptation markers [19]. Two amino acid substitutions found in PB2,
Q591K and D701N, have been previously associated with increased polymerase activity in mammalian
cell lines and increased virulence in mammalian models [20]. These observations suggested that the

reassortant Chile/25945 H5N1 virus may have an increased ability to replicate in mammalian cells and



have an increased pathogenicity in the mammalian animal model. While assessments of viruses isolated
from avian and mammalian species infected by clade 2.3.4.4b A(H5N1) viruses have been conducted,
human isolates have yet to be similarly studied. To address this gap in knowledge, we evaluated the
replication efficacy of the Chile/25945 virus in human bronchial epithelial cells (Calu-3) and assessed the
pathogenesis and transmissibility of this virus using the ferret model. We found that the viruses replicated
very efficiently in mammalian cells and possessed a high capacity to cause fatal disease in the ferret
model. Importantly, the virus was transmitted to naive contacts in a direct contact setting, with contact

animals similarly exhibiting severe and fatal disease.

Results

HPAI A(H5N1) virus replication in a human respiratory tract cell line. Clade 2.3.4.4 HPAI A(H5N1)
viruses have demonstrated a capacity to replicate to high-titer in multiple in vitro systems emulative of
and/or derived from the human respiratory tract [10,16], but a side-by-side comparison of relative
replication capacity between human-isolate and zoonotic-isolate 2.3.4.4b isolates has not been conducted.
We assessed the ability of Chile/25945 virus to replicate in Calu-3 cells grown under air-liquid interface
conditions as compared with a panel of four zoonotic A(H5N1) viruses, inclusive of both avian (A/bald
eagle/Florida/22-006544-004/2022) and ‘wild mammalian (A/harbor seal/Maine/22-020983-002/2022,
A/Virginia opossum/lowa/22-016780-001/2022, and A/fox/Wisconsin/22-013774-002/2022) isolates

representative of multiple genotypes of recently detected viruses in North America.

A(H5N1) viruses isolated from avian, human, or zoonotic mammalian species were all capable of
high-titer replication in Calu-3 cells, reaching peak mean titers >8.5 logio PFU or >7.5 logio PFU/mI when
cultured at 37°C or 33°C, respectively. Peak mean titers for all 2.3.4.4b viruses were higher than those
reached by a representative A(HLIN1)pdmO09 human isolate (A/Michigan/15/2015) at either culture
temperature, further supporting the replicative ability of A(HS5N1) viruses isolated from diverse hosts to
reach high viral titers in cells emulative of the human airways. However, the human isolate Chile/25945

nonetheless reached higher titers early after infection, with the difference in titers reaching statistical



significance compared with all other A(H5N1) viruses tested at 48 and 72 hrs p.i. at 37°C (p 0.0016-<0.0001
by two-way ANOVA with Tukey’s pos-test). Generally comparable peak viral titers among all A(H5N1)
viruses at temperatures emulative of the human upper (33°C) and lower (37°C) airways, and the enhanced
capacity for Chile/25945 virus to replicate efficiently early after infection relative to other zoonotic isolates,
support the capacity of clade 2.3.4.4b viruses to replicate efficiently in the mammalian upper respiratory

tract, prompting subsequent in vivo evaluation of Chile/25945 virus.

Pathogenesis of HPAI A(H5N1) human isolate in ferrets. To assess the capacity of the Chile/25945
A(H5N1) virus to cause severe disease in ferrets, animals were inoculated with 6-logis EIDso of virus and
observed daily for clinical signs of infection. Ferrets displayed increased body temperature (mean max
1.9°C over baseline) and rapid weight loss post-inoculation (p.i.) (Figure-2 A and B). In addition, other
signs of disease, including nasal discharge, diarrhea, and ocular discharge, were observed. Increasing
lethargy and severe and sustained clinical signs of. infection,-including labored breathing, necessitated
humane euthanasia of all the inoculated animals-between days 5-8 p.i. (Figure 2 C and Table 1). Serially
collected nasal washes (NW) revealed the capacity for high titer replication of virus throughout the acute
period of infection. NW titers peaked between days 2-3 p.i. with a mean titer of 7.5 logio EIDso/ml and
lasted through day 7 p.i. Detection of infectious virus in rectal swab (RS) specimens was observed in
samples from 4/6 of the inoculated animals at a maximum mean titer of 2.9 logio EIDso/ml, and from a
conjunctival wash(CW) specimen from one of the six inoculated animals (2.5 logio EIDso/ml), supporting

the capacity of this virus to spread beyond the respiratory tract.

Systemic spread of HPAI A(H5N1) in ferrets. To assess systemic spread of the virus, three additional
ferrets were inoculated with Chile/25945 A(H5N1) virus and euthanized on day 3 p.i. for tissue collection.
The mean NW titer from these ferrets (6.8 logio EIDso/ml) was comparable to animals followed daily for
clinical signs of infection. The virus replicated efficiently throughout the respiratory tract of all animals,
with the highest titers detected in nasal turbinates, ethmoid turbinates, lungs, and trachea (6.1-8.5 logio

EIDso/ml or gram). Virus was also present in 3/3 soft palate, intestine, and liver samples, 2/3 olfactory bulb,



brain, and blood samples, and 1/3 kidney samples. Two out of three RS samples had virus at 1.98 logio

EIDso/ml, while no virus was detected in ocular tissues or specimens collected day 3 p.i. (Figure 3A).

To determine if ferrets sustained high titers in respiratory and extrapulmonary tissues beyond day 3 p.i., all
ferrets that were euthanized between days 5-8 p.i. due to reaching humane endpoints were subjected to
standard necropsy. All animals had infectious virus detected throughout the respiratory tract (NW samples;
nasal turbinates, trachea, and lung tissues). Five out of six ferrets had detectable virus in brain tissues, with
sporadic detection in other extrapulmonary tissues (Figure 3B). These observations are consistent with
other HPAI A(H5N1) viruses capable of replicating systemically in this model [16]. Collectively, these data
support the capacity for Chile/25945 A(H5N1) virus to rapidly reach elevated viral titers throughout the
respiratory tract and spread to extrapulmonary tissues, with titers sustained-for-the duration of the infection

until euthanasia.

Transmissibility of HPAI A(H5N1) human isolate in ferrets. The ability of an avian virus to transmit
between mammalian species represents an opportunity for.the virus to adapt to humans and cause a
pandemic. To address this concern, the capacity of Chile/25945 A(H5N1) virus to transmit to naive
ferrets was assessed in multiple settings. First, naive ferrets were cohoused with virus-inoculated ferrets
(at a 1:1 ratio) to ascertain the capacity for virus to transmit in the presence of direct contact. In this
setting, 2/3 of the contact animals had infectious virus detected in NWs (Figure 4A). Both animals from
which infectious«virus was recovered developed severe disease symptoms, including fever, rapid weight
loss, labored breathing, nasal discharge, diarrhea, and lethargy, and were humanely euthanized on days 9
and 10 post-contact (p.c.) (Table 1). The third contact ferret did not have a detectable virus in NW
specimens and did not display clinical signs of infection; however, seroconversion to homologous virus
was detected 22 days p.c. (hemagglutination inhibition titer = 80), indicating that transmission occurred

but did not result in a detectable disease outcome.

We next assessed the capacity of Chile/25945 A(H5N1) virus to transmit under more restrictive

conditions. The capacity of this virus to transmit by the airborne route was tested by placing a naive ferret



in a cage adjacent to one housing an inoculated ferret, separated by perforated side walls, thus eliminating
the potential for transmission by direct or indirect contact. In addition, to assess the extent to which virus-
inoculated ferrets were releasing A(H5N1) virus into the air and the role this airborne release might
contribute to onward transmission, we collected aerosol samples from 6 inoculated ferrets (3 donors.in
direct contact transmission and 3 donors in the airborne transmission model) once daily on days 1-3 p.i.
and analyzed the load of viral RNA in the air. Consistent with previous report [21], most of the viral RNA
was collected in the >4 um aerosol fraction, at a mean maximum of 5.7 £ 0.7 logio RNA copies/hour of
collection at 3.5 liters of air/min. Despite the presence of viral RNA detected from exhaled air of
inoculated animals, no infectious virus was recovered from NW samples:collected from contact animals,
the animals did not present any clinical signs of infection, and no seroconversion to A(H5N1) virus was

observed (Figure 4B).

Transmission via fomites was evaluated by exposing naive contact animals to cages housing virus-
inoculated animals without direct contact with inoculated animals. In other words, a naive contact animal
was placed into a cage that had previously held an inoculated ferret, 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 via respiratory secretions, feces, and virus-laden
aerosols (Figure 4D). Cage swaps were performed daily for the first three consecutive days between each
of the three ferret pairs, such that contact animals were continuously housed in a cage that accommodated
an inoculated ferret for the 24-hour period preceding the swap. Concurrently, prior to cage swap, cages
housing inoculated ferrets were swabbed (one continuous swab across all 4 cage walls, floor, and water
bottle sipper tube). Viral RNA from environmental swabs was detected at an average of 4.9 +0.6 logzo
EIDso/ml; infectious virus was only found in 2 cages on day 1 p.i. (1.98 logio EIDso/ml) (Figure 4E).
Although some infectious virus was recovered from contaminated cage walls, NW specimens collected
from contact animals did not contain detectable infectious virus. Furthermore, seroconversion was not

observed at 22 days p.c., indicating that exposure of naive contacts to contaminated cages for 3 days did



not result in transmission of Chile/25945 A(H5N1) virus. Collectively, we found that the human case
A(H5N1) virus was capable of transmission to contact animals, but only in the most permissive model

encapsulating the widest range of transmission modes.

Discussion

Extensive geographic expansion of clade 2.3.4.4b HPAI A(H5N1) viruses among wild birds and
domestic poultry across Asia, Europe, Africa, North America, and South America in recentyears has
resulted in a great diversity of genotypically and phenotypically distinct viruses, including strains that
have the ability to cross species barriers [22]. Mammalian infections with avian’/A(H5N1) are concerning
as they create an opportunity for the virus to adapt to new hosts [6,7]. While.it.appears that the clade
2.3.4.4b HPAI A(H5N1) viruses maintain an avian receptor binding. preference [9], the presence of amino
acid substitutions in polymerase basic 2 protein (PB2) sequence of some mammalian isolates (available
through GISAID) is suggestive of evolution towards more efficient replication in mammalian hosts,
which often correlates with increased pathogenesis in. mammalian models [23]. In example, viruses that
caused outbreaks in mink in Spain possessed the PB2-T271A substitution, which enhances viral
polymerase activity in mammalian.cells, a substitution that has also been reported for 2009 swine-origin
pandemic influenza viruses [3,24]. When evaluated in mammalian models, two clade 2.3.4.4b
recombinant mink viruses were shown to be highly virulent in mice and ferrets [25]. A severe disease
outcome with neurological involvement was also reported in a study of 40 clade 2.3.4.4b A(H5N1)
viruses, encompassing-four different genotypes, isolated from free-living mesocarnivore species including
red foxes, striped skunks, and mink in Canada. Some of these viruses also possessed mammalian adaptive
mutations in PB2 (E627K, E627V and D701N) in addition to other known mammalian adaptation
markers present in other proteins [26]. Similarly, PB2-E627K and D701N substitutions were also reported
among viruses isolated from New England harbor and gray seals [4]. Viruses that caused outbreak in cats
in Poland possessed two amino acid substitutions in the PB2 protein, Q526R and E627K; this

combination of mutations was shown to mediate increased replication efficacy in mammalian cells and



increased pathogenesis in mice [6,7,27]. The PB2 sequence of the human isolate studied here,
Chile/25945 A(H5N1) virus, possessed Q591K and D701N substitutions, which were also present in
some PB2 sequences obtained from outbreaks in sea lions in Peru and Chile in 2023 [5]. While we found
that Chile/25945 virus exhibited more rapid growth in Calu-3 cells early after infection relative to other
wild terrestrial mammalian isolates examined, the ability for all of these viruses to reach high titers
[exceeding those of a 2009 pandemic-derived A(H1IN1)pdmQ9 virus] supports the high level of
mammalian adaptation already present among zoonotic A(H5N1) viruses associated with avian-to-wild
mammalian transmission, underscoring the need for continued investigation and evaluation of viruses

with which humans may come into contact.

Sporadic human infections with clade 2.3.4.4b A(H5N1) viruses have been reported between
2021-2023 [9]; however, prior to this study, no evaluation has been done in mammalian models of any of
the human isolates. The ferret is the most frequently used mammalian model for evaluating pathogenesis
and transmissibility of newly emerging viruses[28]. Clade 2.3.4.4b A(H5N1) isolates have been shown to
efficiently infect ferrets, causing illness ranging from mild to fatal depending on virus strain and genotype
[16,17,25]. In this study, the Chile/25945 A(H5N1) virus displayed high pathogenicity in ferrets. The
virus replicated efficiently in the ferret respiratory tissues, as evidenced by high virus titers in nasal
turbinates, trachea, and lungs, resulting in nasal discharge and labored breathing. Extensive
extrapulmonary involvement was observed with some blood samples also testing positive for virus and
further confirming. systemic spread. The virus was detected in intestinal tissues and rectal swabs, and each
of the inoculated ferrets experienced sustained diarrhea. Although obvious neurological signs were not
observed within the short time course before humane euthanasia, the virus was also detected in brain
tissues, indicating neurotropism. Two ferrets had heavy ocular discharge with one of the two ferrets
having virus in conjunctival wash sample, in agreement with infectious virus recovered from eye and
conjunctival tissue from virus-inoculated ferrets reaching humane endpoints. These results highlight the

ability of Chile/25945 A(H5N1) viruses to efficiently replicate in pulmonary and extra pulmonary tissues



of mammalian host leading to fatal disease. A future study is warranted to examine the role of known
mammalian adaptation markers in the sequence of PB2 (such as Q591K and D701N) which may have
contributed to the increased pathogenesis of this virus in ferrets, in addition to continued monitoring of

clade 2.3.4.4b viruses for evolution and acquisition of novel mammalian adaptation markers.

Previously analyzed clade 2.3.4.4b A(H5N1) strains were not transmissible between ferrets
[16,25]. Here we show that the Chile/25945 A(H5N1) was able to transmit between co-housed ferrets.
Two out of the three contacts tested positive for virus in their nasal washes and tissues, indicating
productive transmission. The third contact had no detectable virus in any of the samples-collected, but the
sera showed evidence of exposure to the challenge virus as seroconversion was-observed. When ferrets
are co-housed, transmission can occur by direct contact between the infected and naive ferret, by indirect
contact via contaminated fomites (cage walls, bedding, etc.), or by inhalation of virus-laden particles. As
supported by results from our fomite transmission and respiratory droplet transmission experiments, our
data suggest that Chile/25945 A(H5N1) virus transmission likely occurred via close, direct ferret-to-ferret
contact, rather than through contact with contaminated surfaces or inhalation. Despite the presence of
Chile/25945 A(H5N1) viral RNA inthe air, the transmission experiment results show that infectious load
of virus in the air was not sufficient for the virus to transmit to ferrets housed in adjacent cages.
Measurements of infectious virusin NW (mean maximum titers of 7.5 £1.1 logio EIDso/ml) as compared
to RNA copy titers (mean maximum titers of 9.2 £0.7 logio RNA copies/ml) suggest that levels of
infectious virus in.the air were at least 1.7 orders of magnitude lower than the detected RNA levels,
though-this remains to be experimentally confirmed. Despite the logistical challenges associated with this
work; our findings support the need for additional efforts to quantify both infectious virus and viral RNA
in air samples from inoculated ferrets [29]. Furthermore, studies such as this, which include assessments
of multiple transmission modes, improve our understanding the factors contributing to onward

transmission of virus.



Collectively, the clade 2.3.4.4b Chile/25945 A(H5N1) virus studied here displayed enhanced
replicative ability in human respiratory tract cells and heightened transmissibility between ferrets in
comparison to previously tested strains of the same clade isolated from avian and wild mammals [16,25].
However, our results indicate the virus would require further adaptation to mammals to acquire an
airborne transmissible phenotype and potentially become a pandemic virus. Nonetheless, this work
warrants continuous monitoring of human adaptations in avian viruses, especially in strains-isolated from

humans, to aid pandemic preparedness efforts.
Materials and methods

Viruses. Stocks of HPAI A/Chile/25945/2023 A(H5N1) (Chile/25945) virus 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, clarified by centrifugation, aliquoted and frozen at -80°C. To determine stock titer, samples
were serially diluted and the 50% egg infectious dose (EIDso) was calculated using the Reed and Muench
method [30]. Each stock virus was sequenced and tested for exclusivity to rule out the presence of other
subtypes of influenza virus. All research with HPAI viruses was conducted under biosafety level 3
containment, including enhancements required by the US Department of Agriculture and the Select Agent

Program outlined in Biosafety in-Microbiological and Biomedical Laboratories [31].

Replication in Calu-3 cells. Calu-3 cells (ATCC, Manassas, VA, USA) were grown to confluence
under air-liquid interface conditions in 12-mm-diameter transwell inserts (Corning, Corning, NY,
USA). The cells were infected apically in triplicate at a multiplicity of infection of 0.01 for 1 hr,
and then washed and incubated at 37°C or 33°C as previously described [32]. Timepoints were
collected by adding 200 ul infection media to the apical side for 20 minutes prior to collection and
subsequent storage at -80°C until titration. Virus titers in cell-supernatant samples were
determined by a standard plaque assay in MDCK cells [33]. The limit of virus detection was 1

l0g10 PFUso/ml.



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, Sayre, PA) 6-months of age were used for this study. Each animal was confirmed
serologically negative for currently circulating influenza A and B viruses by a standard hemagglutination
inhibition assay. During experimentation, ferrets were housed in Duo-Flo Bioclean mobile units (Lab
Products Incorporated, Seaford, DE). Nine ferrets were inoculated intranasally (1ml) with 6 logio EIDso of
Chile/25945 A(HS5N1) virus diluted in PBS. Twenty-four hours p.i. naive ferrets were paired with
inoculated ferrets to evaluate transmissibility of the virus via three transmission’ modes (three ferret
pairs/transmission mode). In the direct contact transmission model, a naive ferret was placed in the same
cage as each inoculated ferret. In the respiratory droplet transmission model, a naive ferret was placed ina
cage adjacent to one housing an inoculated ferret allowing for.air exchange between cages through
perforated side cage walls (31). In the fomite transmission model, a naive ferret was exposed to a
contaminated cage by swapping cages with an inoculated ferret once daily for three consecutive days. Prior
to the swap, the cage housing an inoculated ferret was swabbed to test for the presence of virus on stainless-
steel surfaces. Two cotton swabs were pre-moistened in PBS and the cage was swabbed in one continuous
movement across all four-stainless-steel cage walls, cage floor, and stainless-steel water bottle tube. The
swabs were stored in PBS containing nasal wash solution and stored at -80°C until RNA extraction to
evaluate viral RNA copy titers and titration in eggs for infectious virus titer evaluation. Inoculated and
contact ferrets were observed daily for clinical signs of infection, and nasal washes, rectal swabs, and
conjunctival washes were collected every 1-2 days for virus titer determination. Lethargy was measured
based on a scoring system of 0 to 3 which was used to calculate a relative inactivity index as previously
described [34,35]. Three inoculated ferrets, which served as donors in the fomite transmission experiment,
were euthanized on day 3 p.i. for the assessment of virus replication and systemic spread of the virus [36].
Animals that exhibited labored breathing in addition to severe weight loss, lethargy, and diarrhea were

humanely euthanized, and tissues were collected for titration.



Aerosol collection. Air sampling was performed using a National Institute for Occupational Safety and
Health (NIOSH) BC 251 two-stage cyclone aerosol sampler as previously described [37,38]. Briefly, six
alert ferrets (donors in the direct contact and respiratory droplet transmission experiments) were
individually held in disinfected, vented transport containers (23.9 L in size) with a perforated lid for 1"hour
while air was collected at 3.5 L/min (210 L total collection volume) at the same time each day for 3 days.
The samplers were attached to the outside of a container holding a single ferret with the sampler inlet
protruding 3-4 cm into the container. The samplers collected three particle fractions: >4 um, 1-4 um, and
<1pm aerodynamic diameter. Following collection, the samples were inactivated in AVL buffer (Qiagen)
according to the manufacturer’s protocol. Samples were stored at -80°C before subsequent RNA extraction
and quantification. Samplers were soaked in 70% ethanol, soaked, rinsed with distilled water, and air-dried
after each sampling day. Transport containers were thoroughly decontaminated with 70% ethanol after each

use.

Statistical analysis. Experimental results were analyzed by two-way analysis of variance (ANOVA)

followed by Tukey’s post-test. Analyses were performed using GraphPad Prism 7.0 software.
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Table-1l. Summary results of pathogenesis and transmission of A/Chile/25945/2023 A(H5N1) virus

in ferrets.
. Temp

Ferrsy NW titer ® RS titer ® Weight increase Leth ¢ ’\.‘asalf O_cular Diarrh.! | Mortality? Seroh
group ? loss (%) © (C°) ¢ disch. disch conv:
Inoculated | 7.5+11,6/6 | 2.0+04(4/6) | 18.2(6/6) | 1.9 (6/6) | 2.2 5/6 206 6/6 6/6 (5-8) NT*
DC 54 +22; 23 NT 151 (2/3) | 1.8 (2/3) 17 1/3 0/3 1/3 2/3 (9,10) 1/1*

RDC 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3

FC 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3

2 Ferret groups: inoculated — ferrets intranasally inoculated with 6 log;o EIDso/ml; DC- direct contact ferrets; RDC-respiratory droplet contact
ferrets; FC-fomite contact ferrets.

® Average maximum nasal wash (NW) and rectal swab (RS) titers expressed as logse EI1Dse/ml- £ SD among ferrets with detectable titer. The
number of ferrets with detectable virus over the total number of ferrets is in parenthesis.

¢ Average weight loss on the day of euthanasia. Number of ferrets that displayed weight loss over the total number of animals is in parenthesis.
4 Average maximum temperature increase over the baseline (37.8-38.6°C).


https://stacks.cdc.gov/view/cdc/97733

¢ Relative inactivity index for the inoculated ferrets and for ferrets in the DC group.

fNumber of ferrets with nasal discharge, ocular discharge, or diarrhea over the total number of animals.

9Number of animals euthanized during the experiment due to severe signs of illness over the total number of animals. Days of euthanasia are
shown in parenthesis.

" Number of contact ferrets with antibodies to homologous virus in serum (seroconversion) over the total number of ferrets from which sera was
collected. *All ferrets with detectable A/Chile/25945/2023 A(H5N1) virus in NW did not survive the time course of infection; seroconversion
was only tested in surviving animals.

NT-not tested.

Figure 1. Replication kinetics of clade 2.3.4.4b viruses in Calu-3 cells. Replication Kinetics of
A(H5N1) viruses A/bald eagle/Florida/22-006544-004/2022, A/harbor seal/Maine/22-020983-
002/2022, A/Virginia opossum/lowa/22-016780-001/2022,  A/fox/Wisconsin/22-013774-
002/2022, and A/Chile/25945/2023 were evaluated in human respiratory tract cells-and.compared
with the A(HIN1)pdmO09 strain A/Michigan/45/2015 (MI/45). Calu-3 cells-were grown to
confluence under air-liquid interface conditions in 12-mm-—diameter transwell inserts. The cells
were infected apically at a multiplicity of infection of 0.01 for 1 hr, and then washed with media
and incubated at 37°C (A) or 33°C (B). Samples were collected at indicated times post-infection
and titrated in MDCK cells by a standard plaque assay. The limit of virus detection was 1 logio
PFU/mI. Error bars indicate standard deviation. Statistical significance between the titers of the
Chile/25945 virus compared to other viruses at each time point was analyzed by two-way analysis

of variance (ANOVA) with Tukey’s post-test; * p<0.05, ** p<0.01, *** p<0.001.
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Figure 2. Changes in body weight, temperature, and lethargy in ferrets inoculated with HPAI
A/Chile/25945/2023 A(H5N1) virus. Percent weight loss from pre-inoculation baseline body weight (A).
Body temperature change from pre-inoculation baseline temperature (B). Lethargy was evaluated based on
a scoring system of 0 to 3, which was used to calculate a relative inactivity index (C). Time courses for

individual ferrets are shown up to the day of euthanasia (days 5-8).
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Figure 3. Detection of A/Chile/25945/2023 A(H5N1) virus in ferret tissues. Ferrets were inoculated with
6 log1o EIDsg of virus; 3 ferrets were euthanized on day 3 post inoculation (A), and 6 ferrets were euthanized
between days 5-8 due to severe clinical signs (B). Blood, soft palate (soft pal), nasal turbinate (nasal tur),
ethmoid turbinate (ethmoid tur), eyes, conjunctiva, nasal wash, rectal swab, conjunctival wash (conj wash)
viral titers are presented as logio EIDse/ml, and kidney, spleen, liver, intestines (pooled duodenum, jejuno-
ileal loop, and descending colon), olfactory bulb (BnOB), brain (pooled anterior and posterior brain), lungs
(each lobe sampled and pooled),“and trachea are presented as logio EIDso/g of tissue. Bars represent

individual ferrets. The limit of detection is 1.5 logio EIDso per ml or g.



=

day 3

loga EIDso/g or mi
R R R

FASELILEL IS EELSE
ooax-io (»ov RN &
'O\°Q\\\0°‘¢° Qo\a\ﬂ ~x‘

51'}6\
\° L

& ;PM“

oo

W day 5
O day §
o day 6
W day 7
O day 7
day 8

log1o ElDso/g or ml

B T 1

nr i ] ﬂﬁm

& e? \4'° ﬁ’
N K &
& 0 6‘ &

& & ¢ & &
S &L

!

Lo iLbER

¢ f & & u?
\00 \5° \az & \(' Q,°° y \~>° \& &

& &
Figure 4. Transmissibility of A/Chile/25945/2023 A(H5N1) virus in ferrets. Six ferrets inoculated with
6.0 logio EIDs of virus were used to test transmission in the presence of direct contact (A) or via respiratory
droplets (B). Nasal wash samples were collected from both the inoculated (left side of each panel) and
contact ferrets (right side of each panel) every other day post-inoculation or post-contact for titration in
eggs. Bars represent individual ferrets. * Indicates the day when the animal was euthanized due to severe
clinical signs of infection; viral titers.in-tissues for euthanized ferrets are shown in Figure 3B. Air samples
were collected from each of the six inoculated ferrets for 1 hour on days 1-3 post-inoculation and evaluated
for the presence of viral RNA copies/hour of collection at 3.5 L/min. Grey circles represent viral RNA
detected in particles of 4 um, navy blue squares represent viral RNA detected in particles of <4 um, green
triangles representviral RNA detected in nasal washes collected after aerosol sampling and are expressed
as RNAcopies/ml-(C). Three additional inoculated ferrets were used to test for fomite transmission. The
transmission experiment was conducted for 3 days, after which the inoculated ferrets were euthanized to
test for virus tissue distribution (Figure 3A). Prior to swapping cages between inoculated and naive ferret
pairs, duplicate cage swabs were collected and subsequently assessed for the presence of infectious virus

and viral RNA (E). The limit of detection was 1.5 logio EIDso/ml (dashed line) and 210 RNA copies/hour

of air collection at 3.5 L/min.
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