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Letter to the Editor 

Clade 2.3.4.4b H5N1 influenza A virus exhibits 
high infectivity in human respiratory tract 
models

Dear Editor,
We read with great interest the recent letter by Li and colleagues 

reporting the emergence of mammalian-adapted clade 2.3.4.4b 
H5N1 viruses carrying the PB2-E627K mutation in migratory birds at 
Qinghai Lake.1 The identification of this canonical mammalian- 
adaptation marker in avian reservoirs has further intensified con
cerns regarding progressive viral adaptation and the potential for 
increased human-to-human transmission, thereby elevating pan
demic risk.

The expanding host range of clade 2.3.4.4b viruses, now in
cluding poultry, dairy cattle and other mammals since early 2024, 
underscores their dynamic evolution and increasing interface with 
human populations, providing repeated opportunities for cross- 
species transmission and human exposure.2–4 Although most human 
infections have been mild, severe and fatal cases have been re
ported,2 underscoring the need for refined, functionally informed 
risk assessment approaches. In mammalian isolates, adaptive sub
stitutions in the viral polymerase, most prominently PB2-E627K but 
also alternative changes such as PB2-M631L, have been associated 
with enhanced replication efficiency and pathogenicity.5 Experi
mental infection studies in nonhuman primates further demonstrate 
that clade 2.3.4.4b viruses can cause severe and sometimes lethal 
respiratory disease.4 However, whether currently circulating clade 
2.3.4.4b viruses require the acquisition of PB2-E627K to exhibit 
substantial pathogenicity in human respiratory tissues remains un
resolved.

To address this question, we investigated the replication com
petence, cellular tropism, tissue damage, and host transcriptional 
responses of a contemporary bovine clade 2.3.4.4b H5N1 isolate 
(H5N1bov, A/Cattle/Texas/063224-24-1/2024)3 in three physiologi
cally relevant primary human respiratory models representing the 
nasal (nasal air-liquid interface epithelium; nALI), bronchial (orga
noid-derived bronchial epithelium; brEp), and alveolar (ex vivo 
human lung tissue; aHuLu) compartments. Comparative infections 
were performed using a zoonotic clade 1 H5N1/2004 (A/Thailand/ 
1(KAN-1)/2004), a seasonal H3N2/1999 virus (A/Panama/2007/1999) 
and an early clade 2.3.4.4b H5N8/2016-HPAIV (A/tufted duck/AR8/ 
444/2016) known to replicate poorly in aHuLu.6 H5N1bov replicated 
efficiently across all models, at levels comparable to H5N1, whereas 
human-adapted H3N27 showed the highest and H5N8 the lowest 
replication (Fig. 1A). Viral titers were highest in brEp, exceeding 
those in nALI and aHuLu by approximately ∼2 orders of magnitude. 
While aHuLu and brEp supported rapid viral growth, replication in 
nALI was delayed. At 24 h post-infection (hpi), H5N1bov and H5N1 
titers were ∼103-fold lower than H3N2 but increased up to 72 hpi, 

reaching 107 PFU/ml for H5N1bov. These findings warrant attention, 
as efficient replication and shedding from nasal tissue are key de
terminants of IAV transmissibility. The delayed replication may 
provide the host immune system a window to mount an effective 
defense and limit disease progression. However, this advantage 
could be lost if further viral adaptations, particularly polymerase 
mutations, accelerate early replication and transmission in the upper 
respiratory tract, potentially leading to more severe clinical out
comes.8

To determine cellular tropism in the gas-exchanging alveolar 
compartment, we performed microscopic analysis of aHuLu at 24 
hpi and 72 hpi. At 24 hpi, H5N1bov predominantly infected alveolar 
type II (ATII) cells with occasional alveolar macrophages (AM) in
fection and additional involvement of ATI cells at 72 hpi (Fig. 1B, 
upper panel). At this time, progressive epithelial damage, including 
ATII detachment, occludin loss, and increased caspase-3 activation 
(Fig. 1B, lower panel), indicated substantial alveolar injury and a 
potential for severe pneumonia.2 Comparable patterns were ob
served for other strains depending on infection extent (Fig. S1). 
Characterization of the host immune response at 24 hpi by bulk 
RNA-sequencing followed by differential gene expression analysis 
revealed robust innate immune activation in aHuLu and brEp fol
lowing H5N1bov infection, with induction of proinflammatory che
mokines (CXCL9-11, CCL5/RANTES, CCL8), cytokines (IFNB1, IFNL1-3, 
TNFSF13B), and interferon-stimulated effector and regulatory genes 
(e.g., RSAD2, IFIT-, MX-, OAS-genes, USP18, BATF2, AIM2) (Fig. 1C), 
indicating coordinated antiviral and immunoregulatory responses.9

In contrast, H5N8 elicited weak responses, consistent with limited 
replication and zoonotic potential.6 Across strains, brEp showed the 
strongest transcriptional changes, including upregulation of meta
bolic and structural pathways at high replication levels. In contrast 
no significant immune gene induction (log₂ fold change) was de
tected in nALI at 24 hpi, except for H3N2 (Fig. 1C), suggesting that 
early replication did not reach the threshold required for immune 
activation. To confirm this hypothesis, we correlated expression of 
chemokine and cytokine genes with viral titers across all models and 
strains at 24 hpi. All genes exhibited significantly positive Spearman 
correlation coefficients with viral titers, indicating that the magni
tude of immune gene induction is closely linked to individual re
plication levels (Figs. 1D, S2). Accordingly, we observed positive 
correlation between virus titers (infectious virions released) and the 
abundance of virally encoded transcripts (normalized counts per 
million) (Figs. 1D, S3). These findings imply that in nALI, robust 
immune responses may occur at later time points (e.g., 48 or 72 hpi), 
following the delayed replication kinetics.

In conclusion, our data demonstrate that a contemporary bovine 
clade 2.3.4.4b H5N1 virus replicates efficiently in primary human 
respiratory tissues, induces robust antiviral and inflammatory re
sponses, and causes epithelial injury comparable to zoonotic H5N1 
and seasonal H3N2 viruses. These findings extend recent reports of 
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Fig. 1. Replication capacity, tissue tropism, and immune activation of avian and seasonal influenza viruses in human respiratory models. (A) Replication kinetics of H5N1bov (red), 
H5N1 (light blue), H3N2 (black), and H5N8 (light gray) in three human respiratory models: ex vivo human lung alveoli (aHuLu, top, n = 5), organoid-derived 3D bronchial 
epithelium layers (brEp, middle, n = 5), and nasal air-liquid interface layers (nALI, bottom, n = 3). Viral titers were measured at indicated hours post-infection (hpi) and are 
presented as log10 PFU/ml. Dashed line represents the limit of detection (LOD). All values below LOD were set to LOD/2, corresponding to 50 PFU/ml. Data are presented as median 
± interquartile range; whiskers represent the full data range and are shown only if n > 3. 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 compared to the AUCs of the other virus strains using one-way 
ANOVA with Tukey’s post-hoc test. ns = not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (B) Viral tropism and tissue damage in aHuLu upon infection with 
H5N1bov. Upper panels show viral tropism 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. The two left images show 
immunolabeling of tight junction protein occludin (red), and the two right images show immunolabeling of an apoptosis marker active caspase-3 staining (red). In each case, the 
left image represents the uninfected control, while the right image shows ex vivo human lung alveoli infected with H5N1bov. Collagen fibers were visualized via their intrinsic 
autofluorescence, which is shown in gray. Cell nuclei are visualized by 4′,6-diamidino-2-phenylindole (DAPI) stain (blue). Scale bars: 10 µm. (C) Heatmap shows log2 fold change 
(FC) of select host genes comparing infected samples to mock-infected controls at 24 hpi. For gene selection, genes were ranked by mean log2FC across all conditions (aHuLu [n = 
5], brEp [n = 5], and nALI [n = 3] infected with H5N1bov, H5N1, H3N2, or H5N8), with non-significant log2FC set to zero, and the top 100 genes were selected. These genes were 
manually assigned to functional categories for ease of interpretation, which were then used to group the heatmap. Functional categories include Chemokines/Cytokines, Type I/III 
Interferons, ISGs, Immune regulation, Autophagy, Metabolism, Structure, Signal transduction, and Apoptosis. Each column represents a different virus strain. Increased expression 
in infected samples is shown in red, decreased expression in blue. Gray fields indicate adj. p ≥ 0.05 for the condition. (D) Correlation between viral replication (log10 PFU/ml) and 
the summed of counts per million (CPM; bulk RNA-seq) of cytokine and chemokine genes from the functional categories Chemokines/Cytokines and Type I/III Interferons (CXCL10, 
CXCL11, CXCL9, TNFSF13B, CCL5, CCL8, IFNL1, IFNL3, IFNB1, IFNL2; top) and of viral genes (M, NP, NA, NS, PA, PB1, PB2, HA; bottom) at 24 hpi.
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efficient attachment and replication of clade 2.3.4.4b H5N1 viruses 
in human respiratory epithelium and highlight compartment-spe
cific differences along the respiratory tract.10 Importantly, these ef
fects occur in the absence of the canonical mammalian-adapting 
PB2-E627K mutation, indicating that substantial pathogenic poten
tial in human lower respiratory tissues does not strictly depend on 
this substitution. Alternative adaptive changes, including PB2- 
M631L or broader genomic constellation effects, may similarly 
support virulence in the human respiratory tract.5 The attenuated 
replication of H5N1bov and earlier H5N1 viruses in nALI suggests 
that limited human-to-human transmission may reflect insufficient 
early shedding from the upper respiratory tract, despite preserved 
replication competence in bronchial and alveolar compartments.8

The pronounced compartment-specific differences in viral growth, 
immune activation, and tissue damage underscore the importance of 
evaluating emerging H5N1 variants across physiologically relevant 
human respiratory models. As clade 2.3.4.4b viruses continue to 
expand their host range and diversify genetically, integrating func
tional human tissue data with genomic surveillance will be essential 
for accurately assessing zoonotic risk, refining pandemic prepared
ness strategies, and informing evidence-based public health deci
sion-making.
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