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Methods details
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Biosafety 
All infection experiments were performed in a biosafety level 3 containment laboratory with enhanced respiratory personal protection equipment approved by local authorities for work with H5N1 viruses. 

Study approval
The study was approved by the ethics committee of Charité – Universitätsmedizin Berlin. The use of ex vivo human lung tissue obtained from tumor-free areas of lung resections, including the isolation of primary cells and the generation of lung organoids and organoid-derived bronchial epithelial cultures, was approved under project number EA2/079/13. The generation and use of primary nasal epithelial cultures from nasal brushings of healthy donors was approved under project number EA2/161/20. Written informed consent was obtained from all participants prior to inclusion in the study.

Sex as a biological variable
This study included biological material from both female and male human donors (donor characteristics are summarized in Table S1). The study was not specifically powered or designed to detect sex-specific differences in viral replication, tissue tropism, or host immune responses, and sex was therefore not included as an independent biological variable in the statistical analyses. Samples from both sexes were analyzed together to address the primary objective of assessing replication dynamics and pathogenic potential of clade 2.3.4.4b H5N1 viruses in human respiratory tract models. While the use of mixed-sex donor material increases the general relevance of the findings, potential sex-dependent effects cannot be excluded and warrant investigation in future studies specifically designed to address sex as a biological variable.

Cell cultures
Madin-Darby canine kidney II (MDCK II) cells1 were cultured in Minimum Essential Medium (Gibco) supplemented with 10% fetal bovine serum (Sigma), 100 U/ml penicillin und streptomycin (Gibco) and 2 mM L-glutamine (Life Technologies) at 37 °C and 5% CO2 in a humidified atmosphere. For seeding and sub-cultivation, cells were washed with phosphate buffered saline (Gibco) and detached using 0.05% trypsin-EDTA solution (Gibco). 

Ex vivo human lung tissue
Fresh tumor-free peripheral lung tissue, representing the alveolar compartment, was obtained from 10 patients suffering from lung carcinoma and underwent lung resection at local thoracic surgeries in Berlin. Clinical data of donors are included in Table S1. Alveolar human lung tissue from five donors was dissected into small pieces by scalpel (0.5 x 0.5 x 0.5 mm, 1 - 2 mg) and incubated overnight in RPMI 1640 medium (PanBiotech) at 37 °C with 5% CO2 to wash off clinically applied antibiotics as described.2-4 

Lung organoid-derived 3D bronchial epithelial layers
For the generation of adult stem cell-derived lung organoids, human lung tissue from five donors (clinical data are included in Table S1) was processed according to a previously published protocol.5 Briefly, primary cells were isolated from distal lung tissue by first cutting the tissue into small pieces with scissors and placing it in an enzyme mixture of 500 U/ml type I collagenase (Gibco), 5 U/ml dispase II (Gibco), and 1 U/ml DNase (Applichem) in HBSS with magnesium and calcium, supplemented with 10 µM Y-27632 dihydrochloride (Tocris). The minced tissue was incubated for 60 min in a shaking water bath at 37 °C before being vigorously vortexed and passed through a fine-mesh sieve to remove undigested tissue residues. Subsequently, the cells were further filtered through 100 and 70 µm cell strainers. Cells were centrifuged (300 x g, 5 min), resuspended in red blood cell lysis buffer (Invitrogen) and incubated for 5 min at RT. Afterwards, cells were washed with ADF++ (Advanced DMEM/F12 [Invitrogen] supplemented with 10 mM HEPES [Invitrogen], 1x GlutaMax [Invitrogen]), and 5% FCS (Capricorn Scientific). For the generation of bronchial organoids, cells were prepared for FACS sorting. Therefore, cells were resuspended in 500 µl staining buffer (ADF++ with 1x N2 (Invitrogen), 1x B27, 5 mM nicotinamide, 1.25 mM N-acetylcysteine, and 10 μM Y-27632) and labeled using anti-EpCAM-PE (BioLegend, 324206) for 30 min on ice. Upon incubation, cells were washed with 2 ml ADF++ with 5% FCS and resuspended in DPBS (Gibco) supplemented with 10 µM Y-27632 dihydrochloride and 1x B27, before being passed through a 40 µm strainer into FACS tubes. Cell sorting was performed by the FACS Core facility using a BD FACS AriaTM II cell sorter (BD Biosciences). EpCAM+ cells were seeded in Cultrex® Basement Membrane Extract (BME, R&D systems) at a concentration of ~1000 cells/ µL. After solidification of the BME at 37 °C for 25 min, organoid cultures were overlaid with organoid medium consisting of basal medium (Advanced DMEM/F12 [Invitrogen], 10 mM HEPES [Invitrogen], GlutaMax [Invitrogen]) supplemented with 1× B‑27 (Invitrogen), 1× N2 (Invitrogen), 10% R-Spondin 1 conditioned medium (prepared using the 293T HA Rspo1-Fc cell line), 1.25 mM N-acetylcysteine (Sigma), 5 mM nicotinamide (Sigma), 0.5 μM SB202190 (Sigma), 1 μM A83-01 (Merck), 100 ng/ml noggin (Gibco), 100 ng/ml FGF10 (Gibco), and 25 ng/ml FGF7 (Gibco). Y-27632 (10 μM, Tocris) was included during the first three days of culture only. Organoids were maintained at 37 °C, 5% CO₂, and passaged every two weeks by enzymatic dissociation using TrypLE Express (Gibco). Therefore, the cultrex BME dome was destroyed by adding cold ADF++ and pipetting up and down. Subsequently, organoids were centrifuged (300 × g, 5 min), incubated in TrypLE Express Enzyme (Gibco) for ~5-7 min at 37 °C and briefly vortexed. After washing with ADF++, cells were seeded in Cultrex® Basement Membrane Extract (BME, R&D systems) at a concentration of ~1000 cells/µL. After passage 1, the organoid-derived epithelial cells were used to generate 3D bronchial epithelium layers (brEp). For this purpose, the organoids were dissociated into individual cells by incubating them with TrypLE Express (12604013, Gibco) for 15 min at 37 °C, followed by mechanical disruption and centrifugation (300 × g, 5 min, 4 °C). Cells were seeded at a density of 1 x 105 cells/cm2 on type IV collagen (human placenta, Sigma)-coated µ-Slide 8-well (IBIDI) and cultivated for 48 h submerse using organoid medium supplemented with 5 µM Y 27632 (Tocris). Afterwards, medium was changed to organoid medium without Y-27632 and cultivated for additional 24 h before using them for infection studies. 

Nasal air-liquid interface (ALI) layer
Primary nasal epithelial cultures were generated from nasal brushings obtained from healthy donors (clinical data are included in Table S1) as described previously6. Briefly, cells were expanded by the conditionally reprogrammed cell culture method and seeded onto Transwell inserts (Corning #3460) coated with human placental type IV collagen at a density of 2 × 105 cells/cm². Nasal air-liquid interface layers (nALI) were differentiated over 3-4 weeks in PneumaCult-ALI medium (STEMCELL Technologies) until the development of coordinated mucociliary transport. 

Virus strains 
[bookmark: _Hlk205559874]For infection experiments, the following influenza A viruses were used: a highly pathogenic avian influenza (HPAI) virus isolated from cow A/Cattle/Texas/063224-24-1/2024 (H5N1bov, genotype B3.13; GISAID accession number: EPI_ISL_19155861) 7, passaged once in MDCK II cells and once in the allantoic cavity of 11-day-old specific pathogen-free (SPF) embryonated chicken eggs; a HPAI virus isolated from a fatal human case A/Thailand/1(KAN-1)/2004 (H5N1, clade 1) 8, passaged three times in MDCK II cells; human seasonal influenza A/Panama/2007/1999 (H3N2) 8, passaged twice in MDCK II cells, and highly pathogenic avian virus A/tufted duck/AR8/444/2016 (H5N8) 8, propagated twice in the allantoic cavity of 11-day old SPF embryonated chicken eggs, were used. The isolates were propagated using MDCK II cells as described 4, 8, 9.

Infection experiments 
Pieces of ex vivo human lung alveoli were placed in 24-well plates and transported to the BSL-3 facility in an insulated container to maintain temperature. As accurate cell counts could not be determined from the tissue, viral doses were standardized and reported in plaque-forming units per milliliter (PFU/ml). The viral inoculum was prepared in RPMI 1640 medium (PanBiotech) supplemented with 2 mM L‑glutamine (Bio&Sell) and 0.3% bovine serum albumin (BSA; Sigma) at a final concentration of 1 × 106 plaque forming units (PFU)/ml per well. For infection, individual alveolar pieces were transferred onto sterile gauze in a Petri dish using sterile tweezers and gently rotated to remove excess fluid. Tissue pieces were then placed in wells containing the mock or virus inoculum and incubated on a shaker at room temperature for 1.5 h to ensure uniform exposure. After incubation, samples were washed three times with PBS (Gibco) to remove excess virus and transferred to fresh wells containing 1 ml of RPMI 1640 medium with supplements. Cultures were maintained at 37 °C with 5% CO₂. At the indicated time points, 50 µL of supernatant was collected and replaced with fresh medium.
BrEp were first washed with PBS (Gibco) and either mock-infected with ADF++ or infected with influenza strains at an MOI 0.1 (calculated based on cell number). Infections were carried out on a shaker at room temperature for 1.5 h. After incubation time, cells were washed three times with PBS, before fresh organoid medium was added and the layers were cultured at 37 °C, 5% CO2. Samples were taken at the indicated time points by sampling 50 µl supernatant and adding fresh medium. 
nALI were washed apically and baso-laterally with PBS (Gibco). On the day of infection, epithelial cell counts for each donor were determined by enzyme dissociation of a parallel culture. Subsequently, the apical surface (transwell) was either mock-infected with PBS containing magnesium and calcium (PBS++, Gibco) supplemented with 0.3% BSA, or infected with influenza virus at an MOI of 0.1, calculated based on the determined cell number. Infection was performed on a shaker at room temperature for 1.5 h. Following incubation, the apical and basolateral side were washed three times with PBS, and fresh ALI medium was added baso-laterally. Cultures were incubated at 37 °C with 5% CO2. For sampling, 100 µl of PBS was added apically at indicated time points, incubated for 30 min at 37 °C, and the recovered apical fluid was collected. All collected samples were stored at -80 °C until further analysis by plaque assay. 

Infectious particle quantification
Infectious particles were determined by plaque assay on MDCK II cells. MDCK II cells were seeded in 12-well plates to form a monolayer and incubated with serially diluted virus-containing supernatants in PBS++ with 0.2% BSA for 45 min at room temperature on a shaker. After two PBS washes, cells were overlaid with a 1:1 mixture of 2.5% Avicel and 2× MEM (Gibco) supplemented with 0.2% BSA (Sigma), 0.001% Dextran, 0.05% NaHCO3 and 1 µg/ml TPCK-treated trypsin (Sigma) and incubated at 37 °C with 5% CO2. After 48 h (H5N1bov, H5N1, H3N2) or 72 h (H5N8), cells were washed twice with PBS, and plaques were fixed and stained with crystal violet.

Isolation of total RNA
After 24 hours post infection (hpi), total RNA was isolated from human lung alveoli, 3D bronchial epithelial layers, and nasal ALI cultures using the RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. Ex vivo human lung alveoli pieces were stored in RNAlater™ Stabilization Solution (ThermoFisher) at 4 °C until processing, then transferred to Lysing Matrix D tubes (MP Biomedicals) in 500 μl RLT lysis buffer supplemented with β-mercaptoethanol (1:100) and kept on ice. Homogenization was performed using a FastPrep®-24 instrument (MP Biomedicals) at 6 m/s for 4 × 30 s, with 5 min rest intervals during which samples were kept on ice. Homogenates were centrifuged for 1 min at 14,000 x g, and the supernatant was transferred to QIAshredder spin columns (Qiagen) and centrifuged for 2 min at 14,000 x g. The flow-through was transferred to a fresh 1.5 ml Safe-Lock tube (Eppendorf) and centrifuged again for 3 min at 14,000 x g. The clarified supernatant was then used for RNA isolation in a BSL-3 laboratory according to the RNeasy Mini Kit protocol, including on-column DNase digestion. 3D bronchial epithelial layers and nasal ALI layers were washed twice with PBS and directly lysed in 500 µl RLT buffer with β-mercaptoethanol (1:100). RNA was purified according to the same protocol and stored at −80 °C until further use. 

Bulk RNA sequencing and analysis
RNA from either mock-infected or IAV-infected samples was purified as described above. PolyA(+) RNA-sequencing libraries were constructed using the NEBNext Ultra™ II Directional RNA Library Prep Kit for Illumina (New England Biolabs) according to the manufacturer’s instruction, with 9 PCR cycles in the amplification steps, and sequenced on an Illumina Novaseq X plus device using 25B flowcells with 2x151 paired-end sequencing. Reads were mapped using STAR 10 (version 2.7.11b). All samples were mapped against GRCh38 (release 113) combined with viral genomes of H5N1bov, H5N1, H3N2 and H5N8 respectively. To combine genomes, GRCh38 and viral sequences were concatenated and the GRCh38 annotation was extended with custom entries for the IAV gene segments. Mock control samples were aligned to the genome including H5N1bov to estimate the baseline level of spurious viral read assignments. Read counting was performed using Subreads featureCounts11 (version 2.0.8) using the corresponding extended references for each virus. Differential expression analysis was performed in R (version) using DESeq212 (version 1.46.0). For each biological model type (nALI, aHuLu, brEp), a separate model was constructed that included all four viral conditions and the control, adding donor as a covariate. Log fold change shrinkage was applied using the *ashr* method 13. All the code for this analysis as well as the custom annotation files for the different virus clades are available at https://github.com/buchauer-lab/H5N1bRisk. Based on the differential gene expression results, log₂ fold changes (log2FC) relative to mock-infected controls at 24 hpi were calculated, ranked by mean log2FC across conditions, and non-significant values (adjusted p > 0.05) were set to zero. Genes were further grouped into functional categories (Chemokines/Cytokines, Type I/III Interferons, Interferon-stimulated genes [ISGs], Immune regulation, Autophagy, Metabolism, Structure, Signal transduction, Apoptosis), which were manually assigned and visualized as a heatmap. Gene expression values (counts per million, CPM) from bulk RNA-seq were used for correlation analyses with viral titers (PFU/ml) at 24 hpi. For single-gene analyses, genes from the functional categories ‘Chemokines/Cytokines’ and ‘Type I/III Interferons’ (top 100 list), as well as viral genes, were included. For aggregated analyses, CPM values of all genes within a given functional category were summed per sample prior to correlation. Spearman correlation coefficients (ρ) and corresponding p-values were calculated in R (version 4.3.1; RStudio 2024.09.1) using the function cor.test.

Immunohistochemistry
The ex vivo alveolar human lung tissue was fixed in 4% paraformaldehyde for 48 h prior export from the BSL-3. Lungs were embedded in paraffin and routinely processed for histology and immunofluorescence staining as previously described 2, 8, 9, 14. 
For detection of influenza A virus, goat anti-Influenza A H1N1 (5315-0064, Bio-Rad, 5315-0064) antibodies were used. Additional primary antibodies were applied overnight at 4 °C to detect surfactant protein C precursor (pSPC, 1:1000, Merck, AB3786), CD68 (1:50, abcam, ab955), occludin (1:50, Santa cruz, sc-133256), and cleaved (activated) caspase-3 (1:100, Zytomed, RBK009-05). After washing, samples were incubated overnight at 4 °C with the appropriate secondary antibodies (donkey anti-goat IgG (H+L) Alexa Fluor488 [1:2000, Invitrogen, A11055], donkey anti-rabbit IgG (H+L) Alexa Fluor 546 [1:2000, Invitrogen, A10040], donkey anti-mouse IgG (H+L) Alexa Fluor 594 [1:2000, Invitrogen, A21203], rabbit anti-mouse A488 [1:2000, Invitrogen, A11059], rabbit anti-goat A555 [1:2000, Invitrogen, A21431). Cell nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI; Sigma Aldrich) and immunofluorescence was analyzed by spectral confocal microscopy using a LSM 780 ([objectives: Objective LD LCI Plan-Apochromat 25x/0.8 DIC Imm Korr (UV) VIS-IR and Plan Apochromat 40x/1.30 oil DIC M27], Carl-Zeiss, Jena, Germany). For human lung sections, spectral image stacks (lambda mode) were acquired to enable linear unmixing of tissue autofluorescence and overlapping fluorophore emission spectra using ZEN 2012 software (Carl Zeiss). To visualize cellular and structural context, images were partly combined with Differential Interference Contrast (DIC). All images were captured using optimized settings for resolution and signal-to-noise ratio, and processed using ZEN 2012.

Statistics
For replication data analysis, GraphPad Prism 10 software was used for the statistical analysis. Data are presented as median ± interquartile range; whiskers represent the full data range and are shown only if n > 3 (for ex vivo human lung alveoli and 3D bronchial epithelial layers). To assess the increase in viral replication over time for each virus strain, viral titers at each post-infection time point were compared to the baseline at 0 hpi using two-way ANOVA followed by Tukey’s post-hoc test. To compare overall replication kinetics between different virus strains, the area under the curve (AUC) was calculated for each strain. The AUC of H5N1bov was then compared to the AUCs of the other virus strains using one-way ANOVA with Tukey’s post-hoc test, assuming normal distribution (Fig. 1A, ex vivo human lung alveoli and 3D bronchial epithelial layers); otherwise, the non-parametric Friedman test with Dunn’s post-hoc test was applied (Fig. 1A, nasal ALI). Significances are presented as *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant.
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Data availability
[bookmark: _Toc208303274]The bulk RNA-sequencing data generated in this study have been deposited in the Gene Expression Omnibus (GEO) under accession number GSE307315 and will be made publicly available upon publication. All supporting data underlying the findings of this study are available from the corresponding author upon reasonable request. The custom annotation files and all code used for RNA-seq processing, differential expression analysis, and correlation analyses are publicly available at https://github.com/buchauer-lab/H5N1bRisk. 
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Supplementary Figures
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	Figure S1. Viral tropism and tissue damage of avian and seasonal influenza viruses in ex vivo human lung alveoli (aHuLu). (A) Viral tropism in aHuLu infected with H5N1 (left panel), H3N2 (middle panel), and H5N8 (right panel), visualized by immunolabeling of influenza antigen localization (green) at 24 hpi and 72 hpi and cellular markers: alveolar type 2 cells (ATII, pSPC, red) and alveolar macrophages (AM; CD68, red). Images were combined with Differential Interference Contrast (DIC) to reveal lung and cell morphology. (B) Tissue damage in aHuLu infected with H5N1 (left panel), H3N2 (middle panel), and H5N8 (right panel), assessed by immunolabeling of a tight junction protein occludin (red, upper row), and an apoptosis marker active caspase-3 staining (red, lower row). Collagen fibers were visualized via their intrinsic autofluorescence, which is shown in grey. Cell nuclei are visualized by 4′,6-diamidino-2-phenylindole (DAPI) stain (blue). Scale bars: 10 µm.
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	Figure S2. Correlation between immune response and viral replication in human respiratory models. Correlations between viral replication (log10 PFU/ml) and expression levels (CPM) of selected genes (CXCL10, CXCL11, CXCL9, TNFSF13B, CCL5, CCL8, IFNL1, IFNL3, IFNB1, IFNL2) from the functional categories Chemokines/Cytokines and Type I/III Interferons (top 100 genes) at 24 hours post infection (hpi). Data are shown for all three human respiratory models: ex vivo alveolar lung tissue (aHuLu, n = 5), 3D bronchial epithelium layers (brEp, n = 5), and nasal air-liquid interface layers (nALI, n = 3). Each data point represents an individual sample. The black line represents a least-squares linear regression. Spearman correlation coefficients (ρ) and p-values are indicated. 
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	Figure S3. Correlation between viral gene expression and viral replication in human respiratory models. Correlations between viral replication (log10 PFU/ml) and the expression levels (CPM) of individual viral genes (M, NP, NA, NS, PA, PB1, PB2, HA) at 24 hours post infection (hpi). Data are shown for all three human respiratory models: ex vivo alveolar lung tissue (aHuLu, n = 5), 3D bronchial epithelium layers (brEp, n = 5), and nasal air-liquid interface layers (nALI, n = 3). Each data point represents an individual sample. The black line represents a least-squares linear regression. Spearman correlation coefficients (ρ) and p-values are indicated.
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Supplementary Tables
Table S1. Meta-data of all human donors included in this study, comprising lung tissue obtained from tumor resections (uninvolved, histologically normal areas) and nasal brushings from healthy individuals. 
	sex
	age
	smoking
	primary diagnosis
	secondary diagnoses
	concurrent medication

	Ex vivo human lung alveoli

	f
	56
	yes
	NSCLC (AC)
	HTN

	none

	f
	84
	no
	NSCLC
	Third-degree AV block
	ASS, Ezetimib, Simvastatin

	f
	68
	yes
	NSCLC
	Adenosquamous carcinoma in the right lower lobe of the lung
	ASS, ACC, Atorvastain, bisoprolol, Candesartan, Hygroton, Metamizol, Oxycodon, Trimipramim, Pantozol

	m
	76
	yes
	NSCLC
	HChol
	Ezetimib, Foster, GeloMyrtol, 

	m
	59
	yes
	LC
	HTN, diabetes, HChol
	Allopurinol, Hygroton, Nebivolol Simvastatin, Spironolacton, Torasemid, Valsacor, Velmetia 

	Bronchial epithelium layers

	m
	79
	ex-smoker (0.5 years)
	suspected BC 
	organizing pneumonia, cardiac disease
	Donepezil hydrochlorid 

	f
	71
	no
	LC
	HTN, chronic renal insufficiency
	ASS, Ramipril, Rosuvastatin

	m
	75
	yes
	NSCLC
	Suspected bullous pemphigoid, gastric ulcer 20 years ago, status post shoulder surgery
	Paracetamol, Pantozol, Tilidin

	f
	67
	yes
	suspected LC
	COPD stage II according to GOLD (due to chronic nicotine abuse)
	Metamizol, Pantozol, Tramadol

	m
	78
	no
	AC (poorly differentiated, with partially acinar, predominantly lepidic, and focally micropapillary growth pattern) 
	Tricuspid regurgitation grade IV; moderate pulmonary HTN, permanent atrial fibrillation, arterial hypertension
	Allopurinol, Amlodipin, Colecalciferol, Dabigatranetexilat, Eplerenon, Formoterol, Pantoprazol, Valsartan,

	Nasal air–liquid interface layers

	m
	31
	no
	healthy control, no lung disease
	none
	none

	m
	28
	no
	healthy control, no lung disease
	seasonal allergy
	none

	f
	30
	no
	healthy control, no lung disease
	none
	none


Abbreviations: AC, adenocarcinoma; BC, bronchial carcinoma; ASS, aspirin; HChol, hypercholesterolemia; HTN, hypertension; LC, lung carcinoma, NSCLC,  non-small cell lung cancer; RA, rheumatoid arthritis. 
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