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51 Abstract:

52 Identifying animal species that are susceptible to the plethora of existing and emerging
53  viruses is critical for predicting and containing disease outbreaks. Current efforts to assess
54  vira tropism largely rely on experimental infection models, but such experiments are
55 logistically and ethically infeasible for many wildlife species. To tackle this challenge, we
56 developed a panel of airway organoids from ten taxonomically diverse wildlife and livestock
57  species and evaluated their susceptibility to influenza viruses of mammalian (pH1N1) and
58 avian (H5N1) origin. Our analyses revealed large species-specific differences in infection rate
59 and cytopathogenicity that aligned with known in vivo data and field observations.
60 Furthermore, we demonstrated that this organoid panel can serve as a powerful tool to
61 elucidate receptor-binding mechanisms, viral dynamics, and early host adaptation in poorly
62 characterized animal species. In summary, this work provides a robust and ethically viable
63  approach for evaluating viral tropism and adaptation in wildlife species, and fills a critical
64 gap in current pandemic preparedness, zoonotic disease surveillance, and wildlife
65  conservation efforts.

66 Keywords: Influenza virus, Airway Organoids, Wildlife species, host tropism, H5N1
67 HPAIV, HIN1(pdm09)
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68 Introduction

69 Emerging and re-emerging infectious diseases represent a persistent threat to both humans
70 and animals and impose substantial hedlth, ecological, and economic burdens™?. The
71 increasing interconnection of human and animal populations, exacerbated by globalization
72  and climate change, raises the chances of zoonotic spillover and limits outbreak control®.
73  Therefore, there is a critical need to identify both susceptible populations and potential

74 animal reservoirs for infectious agents”.

75  Traditionaly, experimental infections in animals are considered the gold standard for
76  evauating host susceptibility, providing direct insights into pathogenicity and transmission
77  dynamics®® However, this approach is unfeasible for many wildlife species, particularly for
78 endangered ones, due to ethical constraints, logistica and technical challenges, and
79  conservation efforts. These limitations have motivated the development of alternative in vitro

80  approaches, such as the use of species-specific cell cultures™°

or engineered cells expressing
81  host receptors from different animals™, which enable controlled studies of viral dynamics
82 under laboratory conditions. However, the availability of such in vitro models remains
83 limited for many wildlife species. Moreover, many existing culture models —which often rely
84  on immortalized cell lines— lack the cellular heterogeneity and interactions found in tissues,

85 leading to discrepancies between in vitro findings and in vivo outcomes'?°,

86 Inthiswork, we aimed to explore the use of organoids as an alternative approach for studying
87  wildlife species’ susceptibility to infectious pathogens. These self-organizing, tissue-derived
88  systems mimic the multicellular organization and function of their tissue of origin, thus
89  bridging the gap between conventional cell cultures and in vivo models'’. While organoids
90 have proven their worth in human and murine models'®*°, and are increasingly being used to
91 study infectious diseases in livestock’®?, their application to wildlife remains largely
92  unexplored. Recent efforts, such as bat-derived organoids to explore zoontic reservoirs®?,
93 highlight the potential of organoids for studying viral infections in closely related wildlife
94  species. However, whether such approaches also serve to directly compare viral tropism in
95 more distantly related wildlife species is currently unclear, and efforts towards this end are

96  hampered by difficulties in tissue access and protocol standardization.

97  To overcome these challenges, we developed a standardized procedure for generating and

98 characterizing respiratory organoids from wildlife specimens. Using this approach, we
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99  successfully established airway organoids from ten taxonomically diverse wildlife and
100 livestock species. As a case study, we infected these organoids with two influenza A virus
101  dtrains: the 2009 pandemic HIN1 (pH1N1) and a clade 2.3.4.4b H5N1 high-pathogenicity
102 avian influenza virus (HPAIV) strain. These infections revealed large differences in
103  susceptibility to both viruses across species, especially when assessing infection rate and
104  cytopathogenicity, which parallelled existing in vivo data and field observations.
105 Nevertheless, we found that all tested organoid cultures were able to produce infective viral
106 particles, and sequence analysis identified several instances of species-specific vird
107  adaptation. Overall, this study offers a valuable and ethically viable approach for assessing
108  host susceptibility to viral infection and viral adaptation in wildlife species, and contributes to
109 broader efforts in pandemic preparedness, wildlife conservation, and zoonotic disease

110  research.

111
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112 Results

113  Section 1: Generation and mor phological characterization of airway organoids from
114  wildlifeand livestock species
115 We first assessed whether a single and standardized protocol could reliably generate airway

116  organoids from tissue samples obtained from taxonomicaly diverse animal species. We
117  collected airway tissue samples from adult animals that were euthanized for welfare reasons.
118  All samples were sourced from facilities in Catalonia housing both exotic and endemic
119  wildlife species. We further included two livestock species (domestic pig and chicken) with
120  well-characterized susceptibility patterns to various influenza A virus strains® > as
121  reference. In total, our organoid panel encompassed ten species (8 mammalian and 2 avian),
122  including endangered ones. Notably, for many of these species, organoid models (airway or
123  otherwise) had not been previously reported (Table 1).

124  Table 1. Overview of animal species used for airway organoid gener ation. The table includes both
125 wildlife and livestock species included in the study, detailing sample origin, sex, tissue type, and
126  conservation status (IUCN Red List, January 2025).

Animal species Scientific name Age Tissue Source IUCN Prior lung
origin institution status* organoids
Eurasian Buteo buteo M Adult NT Torreferrussa LC NO
buzzard (N.D.)
American mink Neogale vison N.D. Adult L Torreferrussa LC NO
(N.D.)
Dama gazelle Nanger dama mhorr F Adult L Barcelona CR NO
(13 years) Z0o
Iberian wolf Canis lupus signatus M Adult L Barcelona LC NO
(11 years) Z00
Red panda Ailurus fulgens F Adult L Barcelona EN NO
fulgens (9 years) Zoo
Goeldi's Callimico godldii M Adult L Barcelona VU NO
monkey (27 years) Zoo
Alpaca Vicugna pacos M Adult T Previous N/A 52
(N.D.) study®
Roe deer Capreolus capreolus M Adult NT SEFaS LC NO
(3 years)
Pig (Landrace)  Sus scrofa domesticus F Juvenile L Farm N/A <o
(4 weeks) (livestock)
Chicken Gallusgallus F Adult L Farm N/A £
domesticus (N.D.) (livestock)

127  *IUCN Red List, as of January 2025; Abbreviations: M, male; F, femae; N.D., not determined; L, Lung; NT, Nasal
128 turbinate; T, trachea; CR, critically endangered; EN, endangered; LC, least concern; VU, vulnerable; N/A, not applicable.

129 To generate organoids from these airway tissue samples, we followed a generalized protocol

130  originally optimized for human tissue™*

, involving tissue dissociation, cell isolation,
131  embedding in extracellular matrix (ECM), and subsequent organoid expansion in 3D culture

132  (Figure 1A). Using this approach, we successfully established airway organoids from al ten
6
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133  gpecies. All species yielded viable organoids within a few weeks (Figure 1B), which could
134  be expanded over multiple passages. Brightfield microscopy revealed that organoids from all
135 species exhibited characteristic spherical and cystic structures (Figure 1B). Although
136 organoid size and density varied between species, the observed morphology was consistent

137  with apical-in airway-derived epithelial structures™®*.

138 The apical-in polarity of 3D organoid cultures represents a technical challenge in organoid-
139 Dbased infection models. That is, the apical side of the cells - which is the primary entry site
140 for respiratory viruses such as influenza viruses — faces the inaccessible internal lumen (see
141 example in Supplementary video 1), and current approaches to make this apical side

142  available, such as organoid disruption ** or apical-out organoids**?

, are not yet optimized for
143  wildlife-derived organoids. To circumvent this issue, we followed previous efforts and
144  generated 2D monolayers from each 3D organoid culture in a 96-well plate format that ensure

145  direct access to the apical surface®*.

146  To assess whether these organoid-derived 2D monolayers have the expected molecular
147  features of airway epithelial tissues, we performed immunofluorescence staining of key
148  epithelial markers*“" (Figure 1C). Across all tested species, we observed robust expression
149  of E-cadherin (epithelial cell-cell adhesion marker, E-Cad), ZO-1 (tight junctions), Keratin 5
150 (basal cells, KRT5), and Ki67-positive nuclei (proliferative cells). Moreover, live imaging of
151 the 2D-monolayers revealed the active cilia movement of ciliated cells (see example in
152  Supplementary video 2). Thus, these findings confirm that the organoid-derived 2D
153 monolayers we established from various animal species do retain key cell types and

154  molecular features of the native airway epithelium.

155  Section 2: Host-dependent differences in susceptibility to pH1N1 and H5N1

156 To investigate species-specific susceptibility to influenza infection, we exposed airway
157  organoid monolayers derived from diverse animal species to two Influenza A viruses: the
158 HIN1 strain responsible for the 2009 pandemics (mammalian origin, from now on pH1N1),
159 and aH5N1 HPAIV strain (clade 2.3.4.4b, avian origin, from now on H5N1). These viruses
160 were selected due to their wide and distinct host ranges, as well as the availability of in vivo
161 infection rate data for some of the species included in this study”>**®“°. For both pH1IN1
162  and H5N1, we used the same experimental protocol (Figure 2A). We infected near-confluent
163  2D-monolayers with either pHIN1 or H5N1 at a multiplicity of infection between 0.01 and
164 0.05 and fixed replicate plates at 1-, 2-, and 3-days post-infection (dpi). We then used

7
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165 immunofluorescence staining of cell nuclei and influenza nucleoprotein combined with
166 confocal imaging to quantify relative cell viability and the fraction of infected cells (see
167  schematic of analytical approach in Supplementary Figure 1).

168  First, we focused on cell viability as a primary readout of viral cytopathogenicity. Cell
169 viability varied dramatically across animal species and between viruses (Figure 2B-C). For
170 example, Goeldi’s monkey and apaca cultures showed no apparent changes in cell viability
171 inpresence of either virus, whereas Iberian wolf culture viability dropped below 10% at 3 dpi
172  for both viruses. Importantly, the data also recapitulated previously reported in vivo viral
173  susceptibility for the two livestock species tested here: chicken culture viability was much
174  more strongly affected by H5N1 infection®, whereas pig culture viability was similarly
175  affected by both viruses (Figure 2C), as demonstrated before”?°.

176  Second, we focused on the fraction of infected cells (termed here infection rate), as
177  determined by immunofluorescence staining of influenza nucleoprotein (Figure 2D-E). In
178 line with the established influenza replication cycle, the viral antigen staining was in all cases
179 largely restricted to the nucleus (Supplementary Figure 2), suggesting the absence of
180 atypica infection routes among the tested species. Moreover, and smilarly to the cell
181 viability data mentioned above, the fraction of infected cells varied dramatically across
182 animal species and viruses (Figure 2D-E), especialy at the early stages (i.e. 1 dpi) of
183 infection (Figure 2E). For example, upon exposure to pH1N1, several (but notably not all)
184 mammal species exhibited substantial viral antigen presence aready at 1 dpi, whereas other
185  gpecies (i.e. chicken and apaca) showed minimal infection.

186  Direct comparison of infection rate and cytopathogenicity revealed a variety of distinct viral
187  susceptibility patterns in these organoid cultures (Figure 3). Some species showed both low
188 infection rate and cytopathogenicity (most prominently alpaca and chicken during pHIN1
189 infections), suggesting an overall low vulnerability to the respective virus. Other species
190 showed high infection rate and cytopathogenicity (e.g. Iberian wolf infected with either virus,
191 chicken and American mink during H5N1 infections), suggesting high vulnerability to the
192  respective virus. A third subset of species showed low cytopathogenicity despite high rates of
193 infection during the experiment (e.g. Goeldi’s monkey infected with either virus), suggesting
194  an elevated tolerance to infection. Importantly, these patterns were highly virus-specific (i.e.
195 the same anima species could show distinct infection rate/cytopathogenicity patterns

196 depending on the virus). Thus, these results demonstrated that by infecting a panel of airway

8
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197  organoids from diverse animal species, we can unveil distinct modes of viral susceptibility

198 that match available in vivo information.

199  Section 3: Host-dependent differencesin influenza A receptor presence

200 The infection experiments described above revealed substantial interspecies variation in
201  susceptibility to pHIN1 and H5N1 among airway organoids derived from ten different
202 animal species. To investigate potential mechanisms underlying these differences, we next
203 examined the expression of viral entry receptors. Influenza A viruses rely on siadic acid
204  residues on host cell surface glycoproteins for binding and internalization. However, receptor
205  gpecificity differs between strains: pHIN1 preferentialy binds to a2,6-linked sialic acids,
206  while H5N1 prefers 02,3-linked sialic acids™. To quantify receptor presence, we performed
207 lectin staining on organoid-derived cells using three lectins: MAA-I and MAA-II, which
208 detect 02,3-linked gadic acids (San2-3Gapl-4GIcNac and Sian2-3Galpl-3GalNac,
209  respectively); and SNA, which detects 02,6-linked sialic acids (NeuSAca2-6Gal). We then
210 quantified lectin staining intensities by flow cytometry.

211 The data revealed substantial interspecies variation in sialic acid expression (Figure 4A and
212  Supplementary Figure 3). MAA-I staining indicated high levels of 02,3-linked sialic acids,
213  particularly in the avian species tested (buzzard, chicken) and in the Iberian wolf. Conversely,
214  SNA staining was prominent in several mammalian species (e.g. American mink, red panda,
215 Iberian wolf, Goeldi’s monkey, pig), suggesting a strong presence of a2,6-linked receptors.
216  Control experiments using organoids derived from other chickens and pigs confirmed that
217 these sidlic acid patterns were highly conserved across individual animals from the same
218  species (Supplementary Figure 4) and were consistent with known in vivo siaic acid

219  expression patterns™.

220 To quantitatively compare receptor sialic acid signals with previously described Influenza A
221 infection data (Section 2), we next correlated sialic acid staining signal with the maximal
222 infection rate (i.e. maximal % of infected cells throughout the experiment) across all animal
223  species (Figure 4B). This analysis revealed some expected qualitative trends: species with
224 high SNA signal tended to be most susceptible to pH1IN1 (Figure 4B, top row). Conversely,
225  gpecies with the highest MAA-I signal, such as buzzard, chicken, Iberian wolf, tended to
226  show the strongest infection rate upon H5N1 infection (Figure 4B, bottom row). However,
227  evenin those cases there was substantial variability across animals, suggesting that additional

228  host-specific factors play an important role. Similarly low correlations were observed for

9
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229 infection rate at 1 dpi and cytopathogenicity (Supplementary Figure 5). Thus, these results
230  suggest that while siaic acid presence is informative, it is insufficient on its own to explain

231 thedifferent viral patterns observed across the airway organoid panel.

232  Section 4: Examining viral adaptation acr oss host species

233  Given these large differences in influenza A virus susceptibility across this panel of animal-
234  derived airway organoids, we next examined whether infection in these different host species
235  could aso lead to distinct patterns of viral adaptation. Our starting point towards this end was
236  the observation that despite differences in susceptibility, none of the organoid cultures were
237  entirely free of infected cells, particularly at later stages of infection (Figure 2D). In line with
238  this observation, all cultures produced infectious viral particles during the experiments,
239 pointing towards successful viral replication across species, abeit to different degrees

240  (Supplementary Figure6).

241  To assess whether this replication was accompanied by viral adaptation, we sequenced the
242  vira populations at 3 dpi and compared the sequences to the original inoculum. Across both
243 pHIN1 and H5N1 viral populations, we identified several mutations that consistently
244  emerged in two independent replicate experiments (Figure 5A for pHIN1 and
245  Supplementary Figure 7 for H5N1). Adaptation was more pronounced in pHIN1 (Figure
246  5A), where multiple mutations were detected in the HA segment, critical for host receptor
247  binding. Notably, a C>A substitution at position HA-644 became the dominant sequence
248  variant (allele frequency > 75%) in both replicates of the Goeldi’s monkey cultures.

249  Next, we examined the mutations found in the pH1N1-infected organoid cultures in more
250 detail. Specifically, we focused on five mutations in the HA segment (440G—>T, 464C>A,
251 570A->G 630C~>T, 644C—>A) with low allele frequencies in the inoculum and moderate to
252  high alele frequencies in at least one of the organoid cultures. To assess the potential
253 functiona relevance of these mutations, we mapped them to the HA protein structure. We
254  found that all five mutations lead to amino acid substitutions in the host receptor binding
255 domain of HA (Figure 5B), suggesting a potential role in receptor binding specificity. To
256  elucidate this role, we first checked the prevalence of these mutations by examining nearly
257 10,000 pHIN1 hemagglutinin sequences from diverse host origins retrieved from the NCBI
258 influenza virus resourcesl. We detected all five mutations in the database (suggesting that
259  these mutations are not unique to the in vitro conditions tested here), but generaly they

260 tended to have low dlele frequencies (Figure 5C). Nevertheless, three of these mutations

10
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261  were highly enriched in virus isolates from avian sources (Figure 5D). Consistently, our
262  structural analyses of pH1IN1 HA-sidic acid complexes suggested that the mutation D190E
263 (i.e. 644C—>A a the genomic level) can enable the formation of two additional hydrogen
264  bonds with a2,3-linked sialic acids. One of these bonds is formed directly between Glu190
265 and thesialic acid, while the other is established between Try98 and a water molecule, which
266 in turn also interacts with the sialic acid (Figure 5E), suggesting a potential enhanced
267  compatibility with ¢2,3-linked glycans. Taken together, these data suggest that in this
268 organoid panel, pH1IN1 undergoes rapid adaptation that can lead to highly species-dependent
269 changesinitsreceptor binding specificity.

11
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270 Discussion

271 Inthis study, we aimed to develop an organoid-based approach to study the susceptibility of
272  wildlife species to vira infections in vitro. To this end, we generated a panel of airway
273  organoids from ten diverse animal species, including critically endangered ones (Table 1).
274  We characterized the organoids and, as proof of concept, we tested their susceptibility to two
275 influenza viruses, pH1IN1 and H5N1, using three key infection metrics. cytopathogenicity,
276  infection rate, and viral adaptation. These efforts yielded three key insights.

277  First, we found that asingle, generalized protocol was sufficient to generate airway organoids
278 from a diverse panel of animal species, including both mammals and birds. This isin line
279  with previous studies that successfully applied human-optimized protocols to generate
280  organoids in other species®***. |mportantly, our organoid panel recapitulated known in vivo
281 patterns of sialic acid receptor expression —indicating that species-specific molecular
282  features of airway tissues are retained— and were conserved within the same species in those
283  cases we could examine (Supplementary Figure 4). Future studies could leverage this
284  resource to examine whether other tissue features of interest, such as developmental
285  programming™, are similarly conserved across species. One caveat to this study is that while
286  the selection of animal species tested here is diverse, it is by no means exhaustive, and it is
287  conceivable that more distantly related animal species, such as reptiles, amphibians, or fish,
288  may require customized protocols for organoid generation®. Therefore, future efforts will
289  be needed to examine the broader applicability and limitations of the approach presented
290  here.

291 Second, we observed significant interspecies differences in susceptibility to influenza
292  infection. These differences largely recapitulate known in vivo data for species such as pig
293  and chicken, whose in vitro susceptibility was consistent with reported in vivo data®’ .
294  However, susceptibility was only moderately correlated with sialic acid receptor abundance
295  (Figure 4), highlighting the importance of further identifying host-specific factors that
296 modulate vira infection. Notably, we identified several wildlife species with high in vitro
297  susceptibility to either HSN1, pH1N1, or both, for which corresponding in vivo data are not
298 available. For example, organoid cultures derived from the dama gazelle and Iberian wolf
299  were highly susceptible to both viruses, while those from the red panda showed strong
300  susceptibility to pHINL. Interestingly, recent epidemiological data have shown that wild
301 carnivore species are highly susceptible to influenza A infection>>°. To our knowledge, this

302 is the first in vitro examination of influenza susceptibility in these species, and the
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303 information presented could support pandemic preparedness and conservation efforts by

304  assessing therisk of future influenza outbreaks in wild or captive animal populations.

305  Our third insight is that none of the tested species appear to be fully resistant to influenza
306 infection. For example, even the species with the lowest cytopathogenicity to both influenza
307  viruses, such as alpaca and Goeldi’s monkey, produced substantial amounts of infectious
308 viral particles within 3 dpi (Supplementary Figure 6). Thisfinding is consistent with recent
309 work demonstrating that viral entry is a weak barrier to zoonosis in vitro®, but it aso
310 provides the virus with more opportunities for adapting to a new host. In fact, in follow-up
311 experiments, we did identify several mutations in the receptor binding domain of pH1N1 that
312  emerge within the first 3 days of infection in a highly species-dependent manner (Figure 5).
313 The most striking of these was the D190E mutation in HA segment, which became the
314 dominant allele in Goeldi’'s monkey organoid cultures in two independent infection
315 experiments. Seminal work has shown that residue 190 is a key determinant of receptor-
316 binding specificity in H1 hemagglutinin, and that the D190E substitution can enhance
317  compatibility with 02,3-linked sialic acid conformations or contribute to shifts toward more
318 avian-like receptor usage ®, causing a shift in host affinity towards avian species.
319 Consistently, our structural modelling indicates that the D190E variant can form additional
320  hydrogen bonds with a2,3-linked glycans (Figur e 5E). Notably, our sialic acid quantification
321 (Figure 4) showed that Goeldi’'s monkey organoid cultures also had substantially higher
322 02,3-linked sialic acid signal than the other tested mammal species (with exception of the
323  Iberian walf). It is tempting to speculate that Goeldi’s monkey (and perhaps other, related,
324  species with similar sialic acid expression profiles) could therefore represent a mammal host
325 that serves as a “gateway” for pH1N1 towards avian hosts. Future studies may leverage the
326  organoid panel presented here as a starting point to examine viral adaptation to new host

327  speciesin more detail.

328 This study has several limitations. First, the opportunistic nature of our animal tissue
329 sampling (i.e., we received tissue samples from animals that were euthanized for medical
330 reasons) made it difficult to generate a comprehensive panel of animal species representing
331 al important fauna in a particular environment of interest. Moreover, since our organoid
332 pand included only one individual animal per species (due to restrictions in tissue sample
333  access), we were unable to assess how variable influenza susceptibility is across individuals
334  of the same wildlife species. Nevertheless, we note that this organoid panel can be readily

335 expanded as more tissue samples become available. For example, since completing this
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336 study, we have successfully generated airway organoids from >20 additional species,
337  including macropods (wallaby), sea mammals (sea lion), reptiles (iguana), big cats (Sumatran
338 tiger), and elephants (African elephant), enabling future studies to examine viral host tropism
339  across an even broader range of species. Similarly, as more samples from the same animal
340  species become available, future efforts may aso examine intra-species differences in viral

341  susceptibility using the approaches developed here.

342  Second, to enable the rapid testing of viral susceptibility at high throughput, the infection
343  experiments in this study used 2D monolayers derived from each anima’s 3D organoid
344  cultures. Recent studies have shown that the cultivation system can have a dramatic impact
345 on viral infection dynamics in some viruses. For example, experiments comparing the
346 infection rate of human lung organoids by severe acute respiratory syndrome coronavirus 2
347 (SARSCoV-2) and Middle East respiratory syndrome coronavirus (MERS-CoV)
348  demonstrated differences between organoid-derived 2D monolayers (minimal infection) and
349  Air-Liquid-Interface (ALI) cultures (highly susceptible)®®. In line with these results, we
350 similarly observed minimal infection of animal organoid-derived 2D monolayers to SARS
351 CoV-2, even in species known to be susceptible to the virus in vivo (Supplementary Figure
352  8). Therefore, it is conceivable that the approach we used in this study may underestimate
353  susceptibility to infection also for other viruses that rely heavily on the cultivation system.
354  Nevertheless, it isimportant to note that generating organoid-derived ALI cultures is complex
355  (requiring additional differentiation steps that can take several weeks®®) and poorly developed
356 for most animal species. To our knowledge, beyond humans, ALI-cultures have only been
357  successfully established for a few species (e.g., camelids®, pig®, cow®). Future studies will
358 be needed to develop more efficient and robust protocols to establish ALI-cultures from

359  diverse animal species.

360 In conclusion, we developed a panel of airway organoids from various wildlife species,
361 including highly endangered ones. This novel resource enabled us, for the first time, to
362 examine the in vitro susceptibility of these species to influenza infection, revealing large
363 differences in infection rates, cytopathogenicity, and viral adaptation. This work provides an
364  important new tool for studying the susceptibility of wildlife species to viral infections, and
365  contributes to broader efforts in pandemic preparedness, wildlife conservation, and zoonotic

366 disease research.

367
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368 Materialsand Methods
369 Reagents

370 Media and reagents used for airway organoid generation and subcultivation are provided in
371 Supplementary Table 1. All probes used for immunodetection are provided in
372  Supplementary Table 2, with the corresponding concentration at which they were used.

373  Animal Tissue Collection and Sample Preservation

374  Airway and lung tissue samples were collected from various wildlife and livestock species.
375 Wildlife samples were obtained from animals that were euthanized for welfare reasons
376  unrelated with infections in the Barcelona Zoo, which included a dama gazelle (Nanger dama
377 mhorr), red panda (Ailurus fulgens), Iberian wolf (Canis lupus signatus), and Goeldi’s
378 monkey (Callimico goeldii). Additional wildlife samples were collected from the
379 Torreferrussa Wildlife Recovery Centre, namely an American mink (Neogale vison), and
380  buzzard (Buteo buteo). Roe deer (Capreolus capreolus) tissue was collected by the Wildlife
381  Ecopathology Service at Universitat Autonoma de Barcelona from a corpse involved in a car
382  accident.

383 In addition to wildlife samples, tissues from livestock species were collected from control
384  animals that were euthanized at experimental endpoints for other procedures. These included
385 lung tissue from pig (Sus scorfa domesticus) and chicken (Gallus gallus domesticus), and
386 tracheal samples from alpaca (Vicugna pacos). All tissue samples were preserved in cold
387 AdDF++(+++) medium until further processing to ensure optimal preservation. Detailed

388 information about each animal sample used hereis provided in Table 1.
389  Virusesused in this study

390 Two A influenza viruses were used in this study: pH1N1, a pandemic swine-origin A/HIN1
391 (A/Catalonia/l63/2009) strain isolated in 2009 from a patient at Hospital Clinic in Barcelona
392 (GenBank GQ464405-GQ464411 and GQ168897)%; and H5N1 HPAIV (A/Larus
393  ridibundus/Spain/CR4062/2023) isolated from a black-headed gull (Chroicocephalus
394  ridibundus) in 2023 via a passive surveillance program near the Segre river in Lleida, Spain
395 (EPI_ISL_18983379). Both viruses were propagated at 37 °C in the allantoid fluid of 11-day-
396 old embryonated chicken eggs from a specific-pathogen-free flock, and the infectious virus
397 titer was determined in Madin-Darby Canine Kidney (MDCK, ATCC CCL-34) cells and
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398 measured as tissue culture infectious doses 50% (TCID50) by following the Reed and
399  Muench method®.

400 3D Organoid generation and subcultivation

401 The organoid generation procedure was standardized for all species and adapted from
402  previously established protocols for human organoid production®*!. Briefly, lung fragments
403  were minced and/or mucosa samples from the airways were scrapped with a scalpel at 4 °C.
404  The disaggregated tissue was then washed and enzymatically digested following a two-step
405  procedure. In the first step, the tissue was incubated in ADDF++(+++), supplemented with 1
406 mg/mL Collagenase A (C9407-25MG, Vidrafoc), for 1h at 37 °C with orbital shaking at 200
407  rpm. In the second step, the tissue was further digested using TrypLE (12605-028, Gibco) for
408 10 min at 37 °C in a water bath. After digestion, the reaction was stopped by adding chilled
409 AdDF++(+++), and the suspension was filtered through a 70 pum cell strainer (PLC9370,
410 Labclinics). The resulting cell suspension was pelleted by centrifugation 300 rcf for 5 min at
411 4 °C. The cell pellet was resuspended with 100-150 pl of ice-cold Matrigel® (45356231,
412  Corning) and plated in 10 pl drops (4-5 droplets per well) on a 24-well plate, which were
413 incubated as hanging droplets for 30 min at 37 °C to allow jellification. After jellification,
414 500 pl of antibiotic- and antimycotic-supplemented lung medium ** was added to each well,
415  andthe plate was incubated at 37 °C, 5% CO2 and 95% relative humidity.

416  Organoids were subcultured every 7 days, with media being replaced 3-4 days after seeding.
417  Antibiotic and antimycotic supplements were removed after the second passage, and
418 fibroblast contamination was removed by diluting them out. For subculturing, Matrigel®
419 domes were gently scraped and sheared with a P1000 micropipette, followed by
420  centrifugation, and enzymatic digestion with TrypLE for 2 minutes at 37 °C. Digestion was
421  stopped with chilled ADDF++, and the organoids were pelleted for reseeding in Matrigel®
422  droplets. Low-passage organoids were cryopreserved in Cryostor® CS10 (100-1061,
423  STEMCELL) for long-term storage in liquid nitrogen.

424  Generation of organoid-derived 2D-monolayers

425 Organoid derived 2D-monolayers were seeded in PhenoPlate™ 96-well microplates
426 (6055302, Rewvity) pre-coated with 0.5% Matrigel® as follows: 3D organoids were
427  trypsinised with TrypLE for 7 mins until reaching a single cell suspension, washed, and
428  resuspended with Lung medium. Cells were counted with a Corning® automatic cell counter
429  and organoids were seeded in 100 pL at a density of 20,000 cells/well for all animals except
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430  roe deer (which was seeded at 30,000 cells/well), and incubated at 37 °C, 5% CO, and 95%
431  relative humidity. After three days, 75 pL of lung medium was added to each well. Upon
432  reaching confluence 3 days later, and 1 day before infection, media was replaced with 90 pL
433  of fresh lung medium.

434  Detection of sialic acid residues on the surface of organoid-derived cells by lectin staining

435 Sidlic acid residues on the surface of organoid-derived cells were quantified by flow
436  cytometry using fluorescently labelled lectins (VectorLabs): FITC-conjugated MAA-I (FL-
437  1311-2) for Sian2-3Galfl-4GIcNAc, biotin-conjugated MAA-II (B-1265) coupled with
438  dreptavidin-BV515 (STAR210SBV515, BioRad) for Sian2-3Galpfl-3GalNAc, and Cy5-
439 conjugated SNA (CL-1305-1) for Neu5Aco2-6. For each animal species, a single-cell
440  suspension was prepared from 3D organoid cultures by incubation with TrypLE at 37 °C for
441  at least 10 min. Digestion was stopped with chilled FACS buffer (PBS + 1% FBS) and cells
442  were washed with PBS. Afterwards, cells were counted with Corning® automated cell
443  counter, and 250.000 cells/well were plated in a U-bottom 96 well-plate (650101, Greiner
444  Bio-One). Viability staining was performed with the LIVE/DEAD Fixable Violet Dead Cell
445  Stain (L34955, ThermoFisher Scientific) at 1/8000 dilution in PBS for 15 min a room
446  temperature in the dark. Cells were washed twice with PBS and incubated with all lectins at a
447  concentration of 1 pg/mL in FACS Buffer for 1 hour at room temperature in the dark. Then,
448  cells were washed twice again and incubated with the streptavidin-SBV515 secondary probe
449  for 20 minonicein the dark. Finaly, cells were washed twice again with PBS and fixed with
450 1% paraformaldehyde (PFA) and run in a MACSQuant® Analyzer (Miltenyi Biotec). The
451  analysis was performed using FlowJo v10.10.0 (Tree Star) using a gating strategy as shown
452  in Supplementary Figure 3.

453  Viral infection of organoid-derived 2D-monolayers

454  Organoid infection with the aforementioned Influenza A virus strains was performed in BSL-
455 3 facilities under the approval of IRTA-CReSA's Biosafety Committee (CBS 159-2024) as
456  follows: organoid-derived 2D monolayers that were seeded in 96-well plate format 1 week
457  prior (see above), and whose media was replaced with 90 pL/well Lung medium one day
458  before infection, were infected with either pHIN1 or aH5N1. Infections were performed by
459  addition of 10 pL of the vira preparation (5714 TCIDso, corresponding to a multiplicity of
460 infection of 0.01-0.05) to each culture. Cells were incubated for up to 3 days at 37 °C, 5%
461 CO, and 95% relative humidity. On days 1, 2, and 3 post-infection (dpi), supernatants were
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462  recovered for vira quantification (RT-gPCR and titration), and cells were fixed as described

463  in the section “Immunofluorescence staining of organoid-derived 2D monolayers’.
464
465  Immunofluorescence staining of organoid-derived 2D monolayers

466  Cultures in 96-well plate format were fixed for immunofluorescence staining as follows: the
467 medium of each well was aspirated, and the monolayers were fixed with 4% PFA in PBS
468  (50uL/well) for 10 minutes a RT (30 min in the case of samples infected with viruses). PFA
469  was aspirated, and the wells were washed 3 times with PBS (5 minutes at RT each wash).
470  The plates were sealed with parafilm and stored at 4 °C until use.

471  For the immunostaining of the fixed samples, the PBS was aspirated, and the samples were
472  permeabilized with 1% Triton™ X-100 in PBS for 1h at RT (50pL/well). The samples were
473  then washed 3 times with 0.1% Tween® 20 in PBS (5 minutes at RT each wash, 100pL/well)
474  and incubated with Blocking buffer (PBS supplemented with 10% FBS and 0.5% Triton™ X-
475 100, filtered 0.2um) for 1h at RT (30 pL/well). The blocking buffer was aspirated, and the
476  samples were incubated for 24h at 4 °C with the primary antibodies (30 pL/well) diluted in
477 Dako REAL antibody diluent (52022, Agilent) at the concentrations specified in
478  Supplementary Table 2. The samples were then washed 5 times with wash buffer (5
479  minutes a RT each wash, 100uL/well) and incubated for 24h at 4 °C with the secondary
480 antibodies (30 pL/well) diluted 1/400 in Dako REAL antibody diluent at the concentrations
481  specified in the key resources table. Hoechst 33342 (4ug/mL) or Phalloidin Atto 488 (1/500)
482  were added together with the secondary antibodies. The samples were washed 3 times with
483 0.1% Tween® 20 in PBS and 2 twice with PBS alone (5 minutes at RT each wash,
484  100pL/well). Finaly, 150uL of 0.02% Sodium azyde in PBS was added per well and the
485 plates were stored a 4 °C sealed with parafilm until imaging. All the incubations steps
486  starting from permeabilization were performed under mild agitation (50 rpm) in a humidified
487  chamber.

488 Image acquisition

489 3D organoidsinside Matrigel domes (Figure 1B) and videos of cilia movement in 3D and 2D
490 (Supplementary videos 1 and 2) were imaged with an Olympus CKX53 microscope with a
491 4x objective model UPLFLN4XIPC-2 (Figure 1B) or a 20x objective model
492 LCACHN20XIPC (Supplementary video 1) or a 10x objective model CACHN10XIPC
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493  (Supplementary video 2, left) or a 40x objective model LCACHN20XIPC (Supplementary
494  video 2, right zoom).

495  Immunostained organoid-derived monolayers were imaged with a Leica Stellaris 8 confocal
496  microscope with a HC PL APO 10x/0,40 CS2 dry objective (#11506424) (Supplementary
497  Figuresland 2) or aHC PL APO 40x/1.30 OIL CS2 objective (#11506428) (Figure 1C). For
498 each image, amultidimensiona stack was acquired at 2048x2048 pixel resolution (pixel size
499 = 0.57 um for 10x and 0.14 um for 40x). Stacks comprised multiple z-planes covering the
500 full height of the monolayer with atotal z-range of 40um, with 5 planes spaced 10pum and 80
501 planes spaced 0.5um for 10x and 40x objectives, respectively, including multiple
502 fluorescence channels for each dye. To image the full area of each well of the 96 well plates
503 (Supplementary Figure 1), overlapping tiles were acquired at 10% overlapping area with
504  the 10x objective. The overlapping tiles were then merged with the Leica Application Suite X
505 software (v4.8.0.8989) into a single image stack. For presentation purposes, representative
506 images were further processed in Imagel®®. This processing included maximum intensity

507  projection, contrast adjustment, pseudo-coloring, cropping or scalebar addition.
508 Quantification of the relative viability of influenza-infected organoid cultures

509 To quantify the relative viability of influenza-infected organoid-derived monolayers, we used
510 the merged multidimensional stacks covering the full wells of the 96-well plates and a
511 custom-made image analysis pipeline coded in python (see Supplementary Figure 1A). For
512  each well, amaximum intensity projection (MIP) of the nuclear staining was performed. The
513 MIP was then percentile-normalized. This normalization was based on the distribution of
514 signal intensity within the original image and resulted in a normalized image with pixel
515 values in the range 0-1, where pixels with values below the percentile 0.001 in the original
516 image were set to 0 and pixels with values above the percentile 99.999 in the original image
517 weresetto 1.

518 The nuclei in the normalized MIP were then segmented using Cellpose3®’. First, the image
519 restoration model “deblur_nuclei” was applied to the normalized MIP. Then, the
520 segmentation model “nuclei” was applied to the restored image with the following settings:
521 diameter= 12, normalize = False, flow_threshold= 0, cellprob_threshold = -3.

522  To eliminate spurious segmentation artifacts (small segmented objects that are not nuclei),
523 the nuclear masks were filtered out based on their size. For each animal species, the

524  distribution of nuclear mask sizes of all the control wells were combined into a single
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525 distribution. Then, the percentile 1 of this control distribution was calculated and used as a
526  threshold to filter out the nuclear masks of al the wells of the same animal species (both
527  control and infected wells). For each well, the nuclear masks with a size lower than the
528 calculated threshold were filtered out. Once filtered, the number of nuclear masks in each
529  well was determined, and the relative viability was calculated for each infected well of each

530 animal species following the formula:

) o Number of nuclei in the infected well
Relative viability = — x 100
Mean number of nuclei in the control wells

531
532  Quantification of the percentage of infected cells in influenza-infected organoids

533  The percentage of infected cells was determined with a custom-made image analysis pipeline
534  coded in python, by using the segmented and filtered nuclel segmentation masks and the
535 signal of the nucleoprotein staining (see Supplementary Figure 1B). For each well, a
536 maximum intensity projection (MIP) of the influenza nucleoprotein staining was performed.
537  Then, the nuclear masks of the same well (detected and filtered as explained in the section
538 “Quantification of the relative viability of influenza-infected organoids’) were used to
539 quantify the integrated signal intensity of the nucleoprotein staining inside each nucleus. For
540 each animal species, the distribution of integrated nucleoprotein intensity inside the nuclei of
541  al the control wells were combined into a single distribution. Then, the percentile 99.99 of
542  this control distribution was calculated and used as a threshold to detect the influenza-
543 positive nucle of all the wells of the same animal species (both control and infected wells).
544  Those nuclei whose integrated density for influenza nucleoprotein was higher than the
545  threshold were classified as positive (infected).

546  Closer examination revealed instances of non-infected cells with a moderate integrated
547  density of the influenza nucleoprotein (above the threshold) that was caused by neighboring
548 infected cells with a very bright nucleoprotein signal. In these false-positive cells, the
549  nucleoprotein signal was not homogeneous within the nucleus, with higher intensity values
550 near the true-positive neighboring cells. To filter out such false-positive cells, the nuclear
551 centroid and the weighted nuclear centroid (centroid of the nuclear mask weighted by the
552  distribution of the nucleoprotein intensity within the mask) were calculated with the function
553  “regionprops table’ of the scikit-image python package®. The Euclidean distance between

554  the centroid and the weighted centroid of each nucleus was calculated. Then, the nuclei
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555  showing a Euclidean distance higher than 3.5 were filtered out and classified as negative
556  (non-infected). Finally, the percentage of infected cells in each well was calculated following
557  theformula

p ; _ ted cells = Number of infected cells in the well 100
ercentage of infected cells = Total number of cells in the well x

558

559  Quantification of replicative viral particles

560 Quantification of replicative vira particles in the supernatants of infected organoid-derived
561 2D-monolayers was performed in MDCK cells. Briefly, MDCK cells were seeded at 30.000
562 cells/well in a 96-well plate the day before titration and incubated at 37 °C, 5% CO2, and
563 95% relative humidity. After 24 h, the medium was aspirated, the cells were washed with
564 PBS (for pHIN1) and 50 pL of serialy diluted supernatants (1/10) from 10 to 10™ in
565 titration medium (See supplementary Table 1) —with or without TPCK-trypsin (T8802,
566  Merck), for pH1N1 or H5N1, respectively— were added to the respective wells (8 replicas per
567 dilution, 16 cell controls). One hour after, 100 uL of titration medium - with or without
568 TPCK-trypsin as indicated before- was added per well. Three days after, cytopathic effect
569  was assessed, and viral titers were calculated in TCID50/mL .

570 Influenza A RT-PCR

571 Virad RNA extraction from the supernatants of organoid monolayers was performed using a
572 MagAttract 96 Cador Pathogen Kit (509947457, Indical Biosciences) in a QIAGEN
573 BioSprint 96 Purification system (QIAGEN), following producer’'s specifications. First,
574  supernatants were inactivated with VXL buffer, followed by automated RNA purification as
575  gspecified by manufacturers. RT-gPCR was performed with 3 pL of extracted RNA using an
576 AgPath-ID™ One-Step RT-PCR Reagent (4387391, Invitrogen) targeting gene M of
577 influenza viruses (M+ 64: FAM-5- TCAGGCCCCCTCAAAGCCGA-3-TAMRA). The
578 amplification protocol consisted of a pre-amplification cycle of 10 min at 48 °C and 10 min
579 at 95 °C, followed by 40 cycles of 2 seconds (s) at 97 °C and 30 s at 61 °C in an Applied
580 Biosystems™ 7500 Fast Real Time PCR thermocycler.

581 Influenza A whole-genome sequencing and analysis

582  Whole-genome sequencing (WGS) of supernatants collected from organoid cultures infected
583  with Influenza A (either HIN1 or H5N1) was performed as follows. Briefly, viral RNA was
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584  extracted from the organoid culture supernatants using the QlAamp Vira RNA Mini Kit
585 (52904, Qiagen), followed by RNA quantification and purity assessment using a 2100
586  Bioanalyzer (Agilent). After confirming RNA quality, sequencing libraries were prepared
587  using the Illumina Microbial Amplicon Prep Influenza A/B protocol (20106305, Illumina,
588  San Diego, CA) according to the manufacturer’s instructions. Sequencing was carried out on
589 a NextSeg 1000 platform (lllumina) with a P1 flow cell, employing 2x150 bp paired-end
590 reads. Paired-end Illumina reads were preprocessed with fastp® using fixed parameters to
591  ensure uniform quality across samples: the first 25 bases of both R1 and R2 were trimmed (--
592  trim_frontl 25 --trim_front2 25), bases were required to meet a minimum Phred quality of 20
593 (--qualified_quality_phred 20), and reads shorter than 50 nt after trimming were discarded (--
594  length_required 50).

595 Influenza genome analysis was performed with the nf-flu (3.1.10) workflow in Illumina mode
596 (--platform illumina), which encompasses read mapping, small-variant calling, depth-aware
597 masking, and per-segment consensus generation. Because the default nf-flu behavior is to
598  select the best-match reference independently for each sample and segment, we implemented
599 a two-stage strategy to enforce fixed references and thereby improve comparability across
600 samples. First, we ran nf-flu only on the two baseline controls (H5N1 and pH1N1) to obtain
601 high-quality, depth-masked consensus sequences for all eight segments of each virus. These
602 baseline consensuses were then used as the sole references in a second set of runs that
603 processed al remaining samples. In these fixed-reference runs we explicitly overrode
604 reference selection by providing the baseline consensus FASTA to the pipeline (--ref_db
605 <baseline_consensus.fasta>). To satisfy nf-flu's inputs while preventing the retrieval or
606 selection of alternative references, we also supplied a minimal FASTA (the same baseline
607  consensus, optionally compressed) and a small metadata file via --ncbi_influenza fastaand --
608 nchi_influenza metadata. Samples were processed in two cohorts (H5N1 and HIN1), each
609 against its corresponding baseline reference set. This double-run approach ensured that read
610 mapping, variant calling, and consensus derivation for a given virus were performed against
611 anidentical per-segment reference across species and replicates, enabling direct cross-sample

612 comparisons.

613 Variant calls produced by the nf-flu workflow were post-processed from VCF to retain only
614  high-confidence sites before classifying within-host alleles. We restricted analyses to records
615 marked PASS, which required a defined aternate-allele frequency (AF), and excluded

616 positions with a masked reference base (REF = N). To avoid complexities of multi-allelic
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617 loci, we kept sites with a single aternate alledle (NUMALT = 1). Depth and support
618 thresholds were imposed to ensure robust evidence for the alternate allele: total depth (DP)
619 had to be> 500 reads and alternate observations (AO) > 20 reads. We further required strong
620 mapping quality for ALT-supporting reads (mean mapping quality, MQM > 40), strand
621 balance (ALT evidence present on both strands; SAF > 0 and SAR > 0), and positional
622  balance within reads (ALT supported on both left and right sides of the variant; RPL > 1 and
623 RPR > 1). Only variants with high model support were retained, using an odds threshold of
624 ODDS> 1000.

625 After this genera filtering, intra-host single-nucleotide variants (iISNVs) were defined as
626 aleles with AF >= 0.02, site depth (DP > 1000) and AO > 20. Moreover, only iSNVs that
627  passed these filters in the samples from both independent experiments were considered. The
628  sole exception was the H5N1 pig infection experiment, for which only one sample passed

629 QC; inthat caseavariant was retained if detected in the single available sample.
630  Analysis of mutation prevalence in influenza sequences

631 To determine the prevalence of the identified HA mutations in pH1N1 strains, we retrieved
632  hemagglutinin sequences from the NCBI Influenza Virus Resource™. Protein sequences were
633 filtered by influenza virus type (A), protein (HA), and subtype (H1N1), with no restrictions
634 on host or geographic origin, and a minimum seguence length of 400 amino acids. Identical
635  sequences were removed to eliminate redundancy. As of 17 November 2025, this yielded
636 9,802 unique sequences from diverse host origins. A multiple sequence alignment was
637 generated using MAFFT v7.525” with the "Auto" setting, and the resulting alignment was
638  used to calculate the alele frequency of each mutation of interest, both overall and stratified
639 by host species.

640  Sructural analysis of pH1N1 HA segment (D190 and D190E variants)

641 Experimentally resolved glycan-bound structures of HA were combined with AlphaFold2
642 models™ as follows: Crystal structures of the 2009 pandemic H1 hemagglutinin bound to
643 02,6-linked (LSTc; PDB 3UBE) and a2,3-linked (LSTa; PDB 3UBJ) glycans were used as
644  dructura templates. AlphaFold2 models of the HA consensus sequence, with and without the
645 DI190E substitution, were generated and superimposed onto the glycan-bound structures to
646  position the modeled proteins within an experimentally validated receptor-binding context.
647 This approach was necessary because AlphaFold models do not include bound water

648 molecules, which are critical for accurately depicting HA—glycan interactions. Hydrogen
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649 bonds and ligand contacts were identified and visualized in ChimeraX™, alowing direct
650 comparison of how the D190E mutation influences the local interaction network for each

651 glycantype.

652 SARS-CoV-2infection and viral replication assays

653 Vero E6 cells (ATCC CRL-1586) were cultured in Dulbecco’'s modified Eagle medium,
654 (DMEM; Invitrogen) supplemented with 5% fetal bovine serum (FBS; Invitrogen), 100 U/mL
655  penicillin and 100 pg/mL streptomycin (all ThermoFisher Scientific). Nanoluciferase SARS-
656 CoV-2 clone (icSARS-CoV-2-nLuc; NR-54003) was obtained from BEI resources (NIAID;
657  NIH; contribution from Dr. Ralph S. Baric). Viral stocks were titrated in Vero E6 cells, and
658  TCIDsy/mL were calculated using the Reed & Muench method.

659 The Biosafety committee of the Research Ingtitute Germans Triasi Pujol approved this study
660  with reference approva CSB-25-007 performed at the BSL3 laboratory of the Centre for
661 Comparative Medicine and Bioimage (CMCiB). Vero E6 and/or organoid derived 2D
662 monolayers (1- 4x10” cells per well) were seeded in white 96-well plates. After 24h, cells
663  were inoculated with nanoluciferase SARS-CoV-2 (MOI 0.1 to 10.0) and treated or not with
664 Remdesivir [25uM]. Non-inoculated cells and inoculated wells without cells were used as
665 negative and background controls of infection, respectively. Viral-associated cytopathic
666  effect was daily revised by light microscopy. Nanoluciferase expression was assessed 72h
667 after SARS-CoV-2 inoculation using a Nano-Glo Luciferase Assay (Promega; #N1110) and
668  measured with a Fluoroskan FL Plate Reader (Thermo Fisher).

669 Dataavailability

670 Raw influenza sequencing data were deposited at the European Nucleotide Archive
671  (https://www.ebi.ac.uk/ena/lbrowser/home, accession number PRJEB104894). The
672  corresponding processed variant data are provided as data set 1.

673  Supportinginformation
674  Supplementary information is provided as:

675 - Single Sl document containing Supplementary Table 1, Supplementary Table 2, the
676 captions of Supplementary videos 1-2, and Supplementary Figures 1-8

677 - Supplementary video 1

678 - Supplementary video 2
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881 Main Figures

882 Figure 1. Establishing a panel of airway organoids from diverse wildlife and livestock
883  species. A) Schematic approach. B) Example brightfield microscopy images of 3D airway
884  organoids derived from each animal species. Silhouettes represent the corresponding species,
885  with wildlife species in black and livestock speciesin gray. Scale bar: 400 um (same scale in
886  dl images). C) Example immunofluorescence images of airway epithelia tissue markers in
887  organoid monolayers. Gray boxes. Missing data due to technical reasons. Gray staining in
888 KRTS5: phalloidin. Scale bar: 40 um (same scale in all images).

889  Figure 2. In vitro infection of airway organoids from wildlife and livestock species with
890 two Influenza A viruses. A) Schematic of the experimental approach. B) Cell viability
891 (relative to uninfected controls) during HIN1 (top) or H5N1 (bottom) infection. Large circles
892  denote the mean across all replicates. Error bars denote standard deviation (n = 2-6). Small
893 circles denote individual replicates. Note that some animal-timepoint combinations could not
894  be performed due to limiting cell material during seeding. C) Direct comparison of relative
895  viability between pH1N1 and H5N1 infections at 3 dpi, plotted for each animal species to
896 illustrate differential responses across models. D) Fraction of infected cells during pHIN1
897  (top) or H5N1 (bottom) infection, as determined by IF staining of viral antigen in the cell
898 nucleus. Large circles denote the mean across all replicates. Error bars denote standard
899 deviation (n = 2-6). Small circles denote individua replicates. Note that some animal-
900 timepoint combinations could not be performed due to limiting cell material during seeding.
901 Continuous horizontal lines: detection limit at 0.1% infected cells. Dashed horizontal line:
902 visual aid to denote threshold for low infection rate, set to <1% infected cells. E) Comparison
903  of infection rates between pHIN1 and H5N1 at 1 dpi, plotted for each animal species to
904 highlight interspecies differences in susceptibility. Note that for B. buteo data are shown for 3
905  dpi because the limiting cell material prevented seeding for 1dpi and 2dpi replicates.

906 Figure 3. Comparative analysis of maximal infection rate and cytopathogenicity acr oss
907 animal organoids infected with pH1IN1 (left) or H5N1 (right). Cytopathogenicity was
908 caculated as lrelative cell viability at 3 dpi from the data in Figure 2, while maximal
909 infection rate was determined as the maximal % of infected cells throughout the experiment.
910 Note that for B. buteo, the infection rate data are shown a 3 dpi due to technical issues
911  because the limiting cell material prevented seeding for 1 dpi and 2 dpi replicates. Error bars
912  denote standard deviation (n = 2-6 infected wells).
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913 Figure 4. Correlation of sialic acid expression and maximal infection rate across
914 organoids derived from different animal species. A) Quantification of Influenza receptor
915 ggnal across animals staining for Sian2-3Galfl-4GIcNAc using Maackia amurensis
916  agglutinin-l (MAA-I, blue), Sian2-3Galf1-3GalNAc using Maackia amurensis agglutinin-I|
917 (MAA-II, yellow), and Neu5Aca2-6 using Sambucus nigra agglutinin (SNA, red). Data
918 shownissigna intensity as determined by flow cytometry (see methods) relative to unstained
919 controls. Circles denote individual replicates, bars denote the mean. B) Same data as in A),
920 but plotted against the maximal infection rate (calculated as the maximal % of infected cells
921 throughout the experiment, see Figure 2) in organoid cultures infected with pH1N1 (top) or
922  HS5N1 (bottom). In each comparison, R denotes the Spearman correlation coefficient (with
923  the respective p-value). Significant correlation coefficients (p-value < 0.05) are shown in
924  bold. Each circle denotes an animal (designated with a two-letter code from its Latin name).
925  Error bars denote standard deviation (n = 2-6 infected wells).

926 Figure 5. Examining viral adaptation of different organoid cultures infected with
927 pHIN1. A) Anaysis of mutations with changes in alele frequency in pHIN1. Only
928 mutations identified as intra-host single-nuclectide variants (iISVNs) in two independent
929 replicate experiments with a >2-fold difference in allele frequency compared to the inoculum
930 are shown. Rows denote animal species, columns denote mutations (sorted based on segment
931 and position). Continuous black line: allele frequency in inoculum. Gray bars: mutations with
932 >2-fold difference in mean allele frequency compared to the inoculum in both replicates.
933  Black circles: corresponding individual replicates. Mutations in bold: hotspot mutations used
934 in subsequent panels. B) Protein structure of pHIN1 HA segment (PDB ID: 3UBE),
935  visualized with ChimeraX®%. The HA trimer is displayed in ribbon representation in blue, and
936 the glycan ligand is shown as sticks. Mutated positions examined in the study are rendered as
937  spheres, and labels follow the H3 numbering standard®. The inset table shows the mapping
938 of genomic position (panel A) and protein position for each mutation. C) Prevalence of
939  hotspot mutations in the HIN1 HA segment among organoid infection samples compared to
940 9,802 virus isolates from the NCBI influenza virus resource™. White bars: wildtype allele
941  (wt). Black bars: mutant allele identified (see B). D) Same data as in panel A, stratified by
942  host origin (human, swine, and avian only). E) Superimposition of experimentally resolved
943 glycan-bound HA structure (here: alpha2,3-sialic acid) with AlphaFold2 models without
944  (left) or with (right) the D190E substitution (see methods). Hydrogen bonds and ligand

945  contacts were identified and visualized in ChimeraX, allowing direct comparison of how the
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946  D190E mutation influences the local interaction network for each glycan type. Black circles:
947  visual aid showing two hydrogen bonds between HA and alpha2,3-sialic acid, one of which is
948  water-mediated, present only with the mutated Glu190 HA.
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