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ABSTRACT

The newly emerged avian influenza A H5N1 Clade 2.3.4.4b can infect dairy cows and shed live virus in their milk. Sporadic
cattle-to-human infections have been reported, highlighting the urgent need to understand its pathogenesis in
mammals. Using both non-lactating and lactating BALB/c mice, we examined the viral tissue tropism,
histopathological damages, and host immune responses upon intranasal inoculation with a reverse-genetic virus
constructed based on A/dairy cattle/Texas/24-008749-003/2024 (Cattle-H5N1) and comparing with an older reference
Clade 1 virus, A/Vietnam/1194/2004 virus (VNM1194-H5NT1). Cattle-H5N1 was highly lethal in mice (mLDso = 1.48PFU)
with broad tissue tropism and produced higher titer in respiratory tissue and multiple extrapulmonary organs than
VNM1194-H5NT. In the lungs, Cattle-H5N1 infection of airway epithelium, type Il pneumocytes and CD45* immune
cells were at a higher frequency than those of VNM1194-H5N1-infected mice, resulting in severe epithelial
destruction and diffuse alveolar damage accompanied by elevated lung and serum pro-inflammatory cytokine/
chemokines. Although both H5N1 viruses showed lactating mammary gland tropism, the gland tissue was more
severely damaged after Cattle-H5N1 infection with abundant viral antigens expression in glandular cells, associated
fat and lymphoid tissues. Furthermore, more suckling mice co-housed with Cattle-H5N1 infected lactating mice were
virus-positive (7/30 pups) than VNM1194-H5N1. Brains were heavily infected by Cattle-H5N1, and neurological signs
such as body-rolling/spinning, trembling and/or limb paralysis were seen only in Cattle-H5N1 infected mice. The
spleen was more severely damaged by Cattle-H5N1 infection, which showed massive viral antigen expression
accompanied by severe apoptosis and splenic atrophy, concluding that Cattle-H5N1 is more virulent in mice than
VNM1194-H5N1.
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Introduction . ..
cross-species transmission case of an H5N1 human

For over 20 years, the avian influenza A H5N1 virus has
occasionally jumped host barriers to cause infection in
mammals, including 909 sporadic cases of human infec-
tion from 1997 to April 2024 [1, 2]. Compared to other
avian influenza subtypes (such as H7, H9, and H10), the
H5N1 strain has been the most virulent for humans, with
a case fatality rate of more than 50% [3]. Although the A/
goose/Guangdong/1/96 (Gs/GD) strain, isolated in 1996,
is the ancestor of the highly pathogenic avian influenza
(HPAI) of the H5 subtype [4], the first documented

infection in Hong Kong was in 1997, represented by
A/Hong Kong/156/97 [5]. Following their initial emer-
gence, the HPAI viruses continued to evolve through
reassortment with low-pathogenicity avian influenza
(LPAI) viruses and underwent further adaptive
mutations to generate 10 distinct actively circulating
clades that spread in 23 countries across Asia, Africa,
the Middle East, and Europe [6, 7].

From 2020 to 2021, the genetic subgroup Clade
2.3.4.4b of H5N1, classified under Clade 2, emerged
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and rapidly spread across North and South America
[8, 9]. In addition to infecting wild and domestic
bird populations, viruses from this subgroup have
also caused severe disease in various marine and ter-
restrial mammals [10-12]. However, the infection of
H5N1 Clade 2.3.4.4b raised public health concerns
when the virus was detected for the first time in the
respiratory specimens, mammary gland tissues and
unpasteurized milk samples of dairy cattle in the Uni-
ted States [13] and the first H5N1 cattle-to-human
transmission was confirmed in 2024 [14]. The ongoing
outbreak of H5N1 in cattle continues to affect a grow-
ing number of dairy farm workers who reported con-
junctivitis and eye tearing [2], apart from the typical
flu symptoms of fever, chills, coughing, and sore
throat/runny nose. The reported lesions of mastitis
in cattle [13] and subconjunctival haemorrhage of
infected dairy farm workers [14] suggest that the
H5NI1 Clade 2.3.4.4b virus might have unusual tissue
tropism besides replication in respiratory tissues,
highlighting the need for further research in this area.

Recently, Eisfeld et al. (2024) examined the tissue
tropism of A/dairy cattle/New Mexico/A240920343-
93/2024 virus, an HPAI H5N1 Clade 2.3.4.4b genotype
B3.13 virus isolated from infected cow milk, in female
BALB/c mice and ferrets [15]. By comparing it with a
typical avian H5N1 human isolate, A/Vietnam/1203/
2004 (from Clade 1) [16], the authors found that
both viruses can cause infections in respiratory and
non-respiratory tissues by detecting viral load in the
eye, mammary gland, teat, and brain. Avian H5N1
virus has been shown to cause extrapulmonary infec-
tion in mice, such as the brain [17].

To further elucidate the tissue tropism and histo-
pathological characteristics caused by the newly emer-
ging HS5NI cattle isolates from Clade 2.3.4.4b
genotype B3.13, we infected female BALB/c mice,
including lactating and nonlactating with a reverse
genetically constructed virus, A/dairy cattle/Texas/
24-008749-003/2024. We compared it with another
distantly related H5N1 virus, A/Vietnam/1194/2004
(from Clade 1). We observed significant differences
in replication kinetics and histopathology between
the two viruses in various organs of the infected
mice and the ability of the Cattle-H5N1 virus to disse-
minate to multiple extrapulmonary organs and induce
dysregulated inflammation.

Materials and methods
Virus, cell lines and biosafety

A cattle-derived H5N1 virus from Clade 2.3.4.4b gen-
otype B3.13 were constructed by reverse genetics
based on publicly available genome sequences of A/
dairy cattle/Texas/24-008749-003/2024 [13, 18]. Ethi-
cal approval was obtained for this study (No.

FMBP3-098). The rescued virus (designated as
Cattle-H5N1) was verified by whole genome Sanger
sequencing in our laboratory, with the coding regions
of each viral gene identical to the original isolate. The
viral gene sequences (PB2, PB1, PA, NP, HA, NA, MP,
NS) were submitted to NCBI GenBank with the acces-
sion numbers PQ898029-PQ898036. Concurrently, a
Clade 1 H5N1 virus used in this study, A/Vietnam/
1194/2004 (VNM1194-H5N1), was an old laboratory
strain previously reported [19]. The viruses for
mouse infection experiments were propagated and
titrated on Madin-Darby Canine Kidney cells
(MDCK) (ATCC® CCL-34™) cells for plaque-form-
ing unit (PFU) and 50% tissue culture infectious
dose (TCIDs) as previously described [20]. The
virus stocks were stored at —80°C for later use. The
generation of the H5N1 viruses by reverse genetics
was assessed and approved by the Institutional Bio-
logical Safety Committee. Experiments involving
infectious H5N1 virus were performed following the
approved standard operating procedures of the Biosaf-
ety Level 3 facility at the University of Hong Kong
(HKU).

Animals

Six to eight weeks old female BALB/c mice and lactat-
ing BALB/c mice at 4 days of lactation with three to six
of her pups were obtained from the Centre for Com-
parative Medicine Research (CCMR), HKU. The ani-
mals were housed in specific-pathogen-free (SPF)
facilities with 12-hour light-dark cycles and standard
pellet feed and water ad libitum. All the animal-related
experimental procedures were performed according to
the standard operating procedures as previously
described [19] and were approved by the Committee
on the Use of Live Animals in Teaching and Research
of HKU (CULATR # 24-188).

Virus infection of mice

To determine the 50% mouse infection dose of Cattle-
H5N1 virus, groups of 5 mice were intranasally inocu-
lated with 20 pl of the virus at 500, 100, 20, 4 and 0.8
PFU, and body weight and survival were observed for
14 days after virus inoculation. For this pathogenesis
study, BALB/c mice were randomly divided into
groups for intranasal inoculation with 500 PFU or
20 PFU of Cattle-H5N1 or VNM1194-H5N1 in 20 pl
volume per animal under anaesthesia of ketamine
(150 mg/kg given intraperitoneally) and xylazine
(10 mg/kg given intraperitoneally) as previously
reported [21]. Mock-infection controls were given
the same volume of PBS. The body weight and signs
of diseases were monitored at 1-, 4- or 7-days post-
infection (dpi) when all the animals were sacrificed
at a humane endpoint by euthanising them through



intraperitoneal injection of pentobarbital sodium
(100 mg/kg). Lung tissues, nasal turbinate, trachea,
mammary gland, brain, spleen, intestine, eyes, heart,
and blood serum from the sacrificed mice were col-
lected for virological, histological, and immunological
analyzes. The collected organs were separated into two
sets: one fixed in 10% neutral formalin for histopatho-
logical study and another frozen at —80°C for RNA
extraction.

Histopathological, immunohistochemical, and
immunofluorescence staining of tissue sections
and automated imaging analysis

Tissues collected were immediately fixed in 10% neu-
tral formalin and then processed as paraffin-
embedded blocks. 4um-thick sections were stained
with haematoxylin and eosin (H&E) for histopatholo-
gical examination. Influenza A H5N1 nucleoprotein
(NP) and cellular marker proteins such as surfactant
protein C (SPC), olfactory marker protein (OMP),
ionized calcium binding adaptor molecular 1 (Iba-1)
and leukocyte common antigen (CD45) were detected
by immunohistochemistry (IHC) or immunofluores-
cence (IF) staining using antibodies listed in
Table S1. Lung cell DNA fragmentation was labeled
using a Click-iT® Plus TUNEL assay kit (Invitrogen,
USA) according to the manufacturer’s instructions
previously described [22]. All tissue sections were
examined under light or fluorescence microscopy in
a blinded fashion. The images were captured using
an OLYMPUS BX53 semi-motorized fluorescence or
bright-field microscope with a DP80 camera and pro-
prietary cellSens Standard software (Olympus LS,
Japan). Pathology scores 1, 2, and 3 were given accord-
ing to mild, moderate, and severe pathological change
in terms of alveolar wall oedema, alveolar fluid exuda-
tion, perivascular oedema, peribronchiolar infiltration
and bronchiolar epithelial cell death. NP quantifi-
cation was analyzed by QuPath from 10 random
views of each slide. Co-localization images of double
IF staining were captured by an LSM900 confocal
microscope (Carl Zeiss, Germany).

Determination of viral gene copies and
infectious viral titre in homogenized specimens

The fresh tissue specimens were first homogenized
with RNA extraction buffer. Then, total RNA was
extracted from 350 pl of supernatant of tissue hom-
ogenate using MiniBEST Universal RNA Extraction
Kit (Takara Bio, USA), and reverse transcription was
performed using the PrimeScript™ RT reagent kit
(Takara Bio, USA) using influenza-specific UNI12 pri-
mer (5-AGCAAAAGCAGG-3’). The c¢DNA was
amplified by quantitative PCR (qPCR) using Quanti-
Nova® Probe PCR Kit (Qiagen, Germany) or SYBR®
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Premix Ex Tagq II Kit (Takara Bio, CA, USA) with uni-
versal primer for the influenza A matrix (M) gene
(Table S2) on LightCycler® 480 System (Roche Diag-
nostics, Germany). The pUC57 plasmids containing
the cloned M gene and f-actin (ACTB) gene fragment
were applied as standard. The detection limit of this
assay was 100 copies of the viral M gene per ml of tis-
sue homogenates. The expression of the ACTB house-
keeping gene was determined in parallel for RNA
normalization. A 50% infection
(TCIDsg) assay using MDCK cells was performed to
determine infectious virus titre in homogenized tissue
samples. Briefly, the samples were serially diluted 10-
fold and inoculated into MDCK cells in a 96-well
plate followed by 1-hour incubation at 37°C. The
cells were further incubated for 72 hours, and the
cytopathic effect (CPE) was examined. TCIDs, titres
(which measure or estimate the viral dilutions needed
to infect 50% of wells with cultured cells) were
calculated using the Reed & Munch endpoint method
[23, 24].

tissue culture

Determination of the expression of cytokine,
chemokine, and interferon-stimulated genes in
lung tissue

Total RNA extracted from lung tissue homogenate
was reverse transcribed into ¢cDNA as described
above, and the mRNA expression level of cytokines,
chemokines, and interferon-stimulated genes (ISGs)
was determined by RT-qPCR with gene-specific pri-
mers listed in Table S2. The expression of the ACTB
housekeeping gene was determined in parallel for
RNA normalization. The expression of cytokine/che-
mokine genes was analyzed by the AAC; method
[25], using mock control lung tissue as the baseline
expression level.

Detection of cytokine and chemokine protein
levels in lung tissue and serum by beads-based
multiplex flow cytometry

The cytokine and chemokine protein levels in mouse
serum and lung homogenate were determined by
LEGENDplex™ bead-based immunoassay (BioLe-
gend, USA) according to the manufacturer’s instruc-
tions. Briefly, samples were incubated with a
mixture of capture beads for 13 cytokines and che-
mokines. After washing, the samples were stained
with a biotinylated detection antibody cocktail and
streptavidin-phycoerythrin (SA-PE). The intensity
of signals was detected by flow cytometer BD
LSRFortessa™ X-20 Cell Analyzer (BD Biosciences,
USA), and the amount of each cytokine was deter-
mined according to the individual standard curves
using LEGENDplex™ Data Analysis Software (Bio-
Legend, USA).
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Flow cytometry analysis

Single-cell suspensions from lung or spleen tissue were
freshly prepared and fixed with a 4% paraformalde-
hyde solution. To determine cell composition and
infection rate, cells were permeabilised and then incu-
bated with Fc-receptor blocker antibody (BioLegend,
USA) before staining with monoclonal antibodies
against cell surface markers and influenza nucleopro-
tein (NP) (Table S1). Single cells from lung tissues
were stained with influenza NP-FITC, CD45-PerCP/
Cy5.5, B220-Brilliant Violet 421™, B220-PE,
CD3-FITC, CD3-PE/Cy7, anti-Prosurfactant Protein
C (proSP-C), and Donkey anti-rabbit-PE antibodies.
Single cells from the spleen were stained with
influenza NP-FITC, CD45-PerCP/Cy5.5, B220-Brilli-
ant Violet 421™, and CD3-PE/Cy7 antibodies.
Mouse lung type II pneumocytes were identified as
SPC" cells, leukocytes as CD45" cells, B cells as
CD45" B220" cells, and T cells as CD45" CD3" cells.
Data were acquired using the BD LSRFortessa ™
X-20 Cell Analyzer (BD Biosciences, USA) and ana-
lyzed using FlowJo'™ Software (BD Biosciences,
USA).

In vitro virus infection

To determine the replication kinetics of Cattle-H5N1
or VNMI1194-H5N1, the adenocarcinoma human
alveolar basal epithelial cell line A549 (ATCC® CCL-
185™) and Calu-3 (ATCC® HTB-55™) were infected
by the viruses at a multiplicity of infection (MOI) of 0.1.
The cell culture supernatants and cell lysates were col-
lected at 0-, 6-, 24-, and 48-hours post-infection (hpi).
The TCIDs, assay and the viral M gene RT-qPCR were
performed to determine the viral load in the cell culture
supernatants and lysates. The viral loads at different hpi
were plotted on a logistic growth curve model (y
L

"1 4 e KGox)
X, X, is the sigmoid midpoint, K is the logistic growth
rate, and L is the maximum viral load value). The
model was then used to determine the virus’s growth/
replicate rate based on computing the K value.

, where y is the viral load value at time

Statistical analysis

All data were analyzed with Prism 8.0 (GraphPad Soft-
ware Inc). Statistical comparisons among different
groups were performed using two-tailed Student’s ¢-
test, One-way or Two-way ANOVA, and Tukey’s mul-
tiple comparisons tests. Data were checked for normal
distribution using the D’Agostino, Anderson-Darling,
Shapiro-Wilk, or Kolmogorov-Smirnov test [26]. P-
value (p) < 0.05 was considered statistically significant
and highlighted in all figures.

Results

Cattle-H5N1 and VNM1194-H5N1 viruses differ
genetically and have different replication
kinetics in vitro and in vivo

The Cattle-H5N1 isolated in 2024 was reconstructed
by reverse genetics. A highly pathogenic virus A/Viet-
nam/1194/2004 (VNM1194-H5N1) which was well
studied previously [27, 28], was used as a reference
for better understanding the replication and patho-
genesis of Cattle-H5NT1 in vitro and in vivo. As these
two H5N1 viruses are genetically quite distant from
each other, the average percent identity of the amino
acid sequences between these two viruses is only
93.6%, with the NA (88.9%) and M2 (86.4%) identity,
while the polymerase proteins (PA, PB1, and PB2)
showing more than 97% identity (Figure 1A). Even
with 45 amino acid substitutions between the HA of
Cattle-H5N1 and VNMI1194-H5N1 (Table S3), the
signature motif of the polybasic amino acid cleavage
site remained in the Cattle-H5N1 virus with only
one amino acid deletion. Notably, there are 20
amino acid insertions (“CNQSIIYENNTWVNQ-
TYIN?, position 49-68) in the NA, and 5 amino acid
insertions (“TIASV”; position 80-84) on the NSI
protein of Cattle-H5N1 (Figure 1A), which was not
observed in VNM1194-H5NI1.

We studied the in vitro replication kinetics in
human lung epithelial cell lines A549 and Calu-3. By
measuring the viral load (M gene copy numbers and
TCIDs) in the cell culture supernatant (Figure 1B
and C), we found that Cattle-H5N1 replicated faster
by having a significantly higher growth rate (mean K
value=0.1183 in A549, mean K value=0.1245 in
Calu-3) in both cell lines than VNM1194-H5N1
(mean K value=0.0810 in A549, mean K value=
0.05125 in Calu-3), with statistical significance (p <
0.05) in a logistic growth function (Figure 1B and
S2). The TCIDs, viral load results concurred with
those obtained by measuring the M gene copy number
(Figure 1C). This was further confirmed by measuring
their M gene copy number in infected A549 and Calu-
3 cell lysates (mean K =0.2283 in A549 and 0.2073 in
Calu-3 after Cattle-H5N1 infection vs mean K=
0.1242 in A549 and 0.1529 in Calu-3 after
VNM1194-H5N1 infection, p <0.05). These results
suggested that the Cattle-H5N1 virus has acquired
higher replication efficiency in human lung cell lines.

To study the pathogenicity, we infected groups of
mice with different doses of Cattle-H5N1, 500, 100,
20, 4 and 0.8 PFU. Figure 1D shows the body weight
changes and survival of the infected mice. The 50%
mouse lethal dose (mLDs,) of Cattle-H5N1 was
determined as 1.48 PFU. The mLDs, of VNM1194-
H5N1 was previously determined as 20 PFU [29]. To
further elucidate Cattle-H5N1 and VNM1194-H5N1
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Figure 1. Virological profile of Cattle-H5NT and VNM1194-H5N1. A. Percent identity and amino acid substitutions between Cattle-
H5N1 and VNM1194-H5N1. B. Replication rate (K value) of Cattle-H5N1 and VNM1194-H5N1 in the supernatants and cell lysates
after in vitro infection of A549 and Calu-3 cells with an MOI of 0.1. Data were shown as mean =+ SD from 6 replicates (n = 6), where
** p <0.01, *** p <0.001 were determined by Two-tailed Student’s t-test. C. Viral titer in the supernatants after in vitro infection of
A549 and Calu-3 cells with an MOI of 0.1. Data were shown as mean + SD from 6 replicates (n = 6), where *** p <0.001 were
determined by Two-tailed Student’s t-test. D. The body weight changes and survival rate of Cattle-H5N1 LD50 test. The experimen-
tal layout to determine the pathogenicity of Cattle-H5N1 and VNM1194-H5N1 in BALB/c mice by Figdraw (https://www.figdraw.
com/static/index.html#/). F. Body weight changes of BALB/c mice were monitored daily for 4 days after 500 PFU virus infection.
Data shown were mean + SD of five replicates (n = 5). G. Body weight changes of BALB/c mice were monitored daily for 14 days
after 20 PFU virus infection. Data shown were mean + SD of five replicates (n = 5), where * p < 0.05, **** p < 0.0001 were deter-

mined by Two-tailed Student’s t-test. H. Survival rate after 20 PFU infection of Cattle-H5N1 and VNM1194-H5N1.
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Figure 1. Continued

infection-induced histopathological changes in mice,
the mice were inoculated with the highest lethal dose
of 500 PFU. The animals were sacrificed at 1 or
4 dpi for virological, histological and immunological
analysis (Figure 1E). During this monitoring process,
we observed a more significant reduction in body
weight of Cattle-H5N1-infected mice (18%) at 4 dpi
than ~ VNMI1194-H5N1-infected  mice  (12%)
(Figure 1F). At the same time, both infection groups
exhibited comparable symptoms such as ruftled fur,
hunched posture, and labored breathing without any
signs of neurological damage during the 4-day obser-
vation period.

Since all Cattle-H5N1 infected mice died at 5 dpi
after inoculation with 500 PFU (Figure 1D), we low-
ered the virus dose to 20 PFU to have a complete pic-
ture with a more prolonged course of infection. Three
mice from each infection group (Cattle-H5N1 vs
VNM1194-H5N1) were sacrificed at 4 or 7 dpi for
further analyzes. As shown in Figure 1G on the body
weight changes and Figure 1H on the survival rate,
20 PFU of Cattle-H5N1 caused aggressive weight
loss from 5 to 7 dpi, which was significantly more
compared to VNM1194-H5N1 (p < 0.05). All Cattle-
H5N1 infected mice (5/5) died at 8 dpi, while 2/5

mice in the VNMII194-H5NI1 infection group
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gradually recovered from infection at 14 dpi

(Figure 1H). These results suggested that the Cattle-
H5N1 virus are more virulent than VNM1194-H5N1
in BALB/c mouse model by having a lower mLDs,.

Cattle-H5N1 virus causes more severe damage
to the nasal turbinate and lung tissues than
VNM1194-H5N1

Virus replication in respiratory tissue was determined
by qPCR determination of viral loads in the lung and
nasal turbinate tissues. After 500 PFU inoculation,
Cattle-H5N1 replicated to significantly higher titre in
both nasal turbinate and lung tissues at 1 and 4 dpi
compared to VNM1194-H5N1 (Figure 2A). Specifi-
cally, the TCIDs, titre of Cattle-H5N1 was 3 logs
higher in nasal turbinate and 2 logs higher in the
lungs of infected BALB/c mice at 4 dpi than
VNM1194-H5N1 (p<0.01). In 20 PFU of Cattle-
H5N1 inoculated mouse lung and NT samples, the
virus replicated to a titer as high as that of 500PFU
infection at 4 dpi, and the viral load (TCIDs, and M
gene copy number) did not further increase at 7 dpi
(Figure 2B). In contrast, at 4 dpi, after 20 PFU of
VNM1194-H5N1 inoculation, lung viral load was
about 3 logs lower than 500 PFU infected lung at
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Figure 2. Viral titres in the nasal turbinate (NT) and lung tissues, and histopathological changes in the nasal turbinate (NT) of
BALB/c mice after infection. A. Viral loads in nasal turbinate (NT) and lung tissues at 1 and 4dpi were determined by TCIDsq
assay and viral M gene copy numbers in tissue homogenates. Data were shown as mean = SD (n=5 for 1 dpi data, n =6 for
4 dpi PCR data, and n=9 for 4 dpi TCIDs, data), where * p <0.05, ** p <0.01, *** p<0.001 were determined by Two-way
ANOVA with Tukey’s multiple comparisons test. B. Viral loads in nasal turbinate (NT) and lung tissues at 4 and 7 dpi were deter-
mined by TCIDs, assay and viral M gene copy numbers in tissue homogenates. Data were shown as mean £ SD (n = 3), where * p
<0.05, ** p < 0.01, *** p < 0.001 were determined by Two-way ANOVA with Tukey’s multiple comparisons test. C. Representative
histological images (H&E-stained and IF-stained with anti-NP and anti-OMP) of mock and infected NT tissue sections at 4 dpi.
White arrows indicate NP-positive cells. White arrowheads indicate double positive cells. Scale bar = 50um or 100um.
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4 dpi. These data indicated that Cattle-H5N1 repli-
cated more effectively in mouse lungs than
VNM1194-H5N1, which needs a higher initial inocu-
lation dose to reach a high titer in the lung.

The distribution of viral antigens in lung and NT
tissue was examined by IHC and IF staining with
anti-influenza NP antibodies. Cattle-H5N1 NP was
found in both respiratory and olfactory epithelium
(RE and OE, respectively) in the nasal turbinate, seg-
mentally distributed along the pseudostratified epi-
thelium involving multiple sites of the olfactory
folding structures (Figure 2C, Figure S3). The NP-
positive cells were more abundant at 4 dpi than
1 dpi after 500 PFU inoculation, and there was also
a further increase from 4 to 7 dpi in the 20 PFU
inoculation group. Furthermore, double immu-
nofluorescence staining of olfactory marker protein
(OMP) and NP antigens indicated that Cattle-H5N1
infected olfactory sensory neurons. In contrast,
VNM1194-H5N1 infected nasal turbinate with only
sporadic viral antigen-positive cells or small positive
foci in RE or OE.

In the lungs, tissue damage was already visible
microscopically at 1 dpi after 500 PFU Cattle-H5N1
or VNM1194-H5N1 inoculation, manifesting as peri-
vascular inflammation and ballooning degeneration of
bronchial epithelium, with more severe damage of
alveoli ~ observed in  Cattle-H5N1 infection
(Figure S4A). Cattle-H5N1 NP positive cells clustered
as small foci in both bronchioles and distal alveoli
affecting three lung lobes examined at 1 dpi, while lim-
ited VNM1194-H5N1 NP signals were observed in the
bronchioles, not in alveoli (Figure S4A). At 4 dpi,
Cattle-H5N1 infected lung manifested as diffuse alveo-
lar damage, including alveolar wall oedema and alveolar
sac fluid exudation (Figure 3A). Interstitially, promi-
nent perivascular oedema, while not peribronchiolar
infiltration, was observed despite severe bronchiolar
epithelial cell death and depletion. Similarly, 20 PFU
inoculation-induced mouse lung tissue damages were
much milder than those caused by 500 PFU at 4 dpi,
with the lung tissue mainly showing diffuse alveolar
vesicular congestion, but an alveolar sac with diffuse
protein-containing fluid was shown in the distal lung
(Figure S4B). At 7 dpi, although the lung viral load
did not further increase, the lung damage worsened
as bronchiolar epithelium sloughing, diffuse alveolitis
with alveolar infiltration, haemorrhage, and oedema
(Figure S4B). In contrast, the VNM1194-H5N1 infec-
tion induced localized interstitial bronchopneumonia
adjacent to severely damaged bronchioles, evidenced
by epithelial cell sloughing and a large amount of lumi-
nal cell debris. Immune cell infiltration in the affected
lung led to focal alveolar consolidation (Figure 3A),
while no lung tissue consolidation was observed in
Cattle-H5N1 infected lungs. 20 PFU of VNM1194-
H5N1 inoculation caused even milder changes in the

lung. The main feature was alveolar vessel congestion
and infiltration without fluid accumulation in the
alveolar sac. At 7 dpi, the lung damage also worsened
as severe bronchiolar epithelium sloughing and massive
immune cell infiltration sounding the damaged
bronchioles, which formed localized lung tissue conso-
lidation (Figure S4B).

Influenza NP antigen-positive cells in Cattle-H5N1
infected lungs increased massively at 4 dpi, compared
to 1 dpi, which diffusely distributed in alveoli across
every lung lobe examined (3 lobes per animal)
(Figure 3B). In comparison, VNM1194-H5N1 NP anti-
gen was patchily distributed in the alveoli adjacent to
the affected bronchioles. Furthermore, through double
IF staining of prosurfactant protein C (proSP-C) and
NP antigen and flow cytometry analysis, we confirmed
that there was a significantly higher percentage of NP*
proSP-C* AT2 (mouse alveolar type II pneumocytes
cells) in Cattle-H5N1 infected lungs (~50%) compared
to VNM1194-H5N1 (~20%) (Figure 3C and D). Flow
cytometry analysis also indicated that CD45" immune
cells in Cattle-H5NT1 infected lung frequently showed
NP positive, 14.4% vs 2.4% in VNM1194-H5N1 infec-
tion (Figure 3D). This data indicates that Cattle-
H5NI1 infects lung epithelial cells and immune cells
more efficiently. By IF staining lung tissues with anti-
Iba-1 antibody, we also detected a lower amount of
Iba-1" macrophages in Cattle-H5N1-infected lungs
compared to VNM1194-H5N1 (Figure S6A). With sig-
nificantly increased TUNEL positivity in Cattle-H5N1-
infected lung tissue (Figure S6B), virus-induced mas-
sive cell death may be attributed to less adequate
immune cell recruitment in the Cattle-H5N1-infected
lung.

To further elucidate host innate immune responses
to H5N1 infection in the lung, we determined the
mRNA expression levels for interferons and key pro-
inflammatory cytokine/chemokines. Both H5NI
viruses’ infection upregulated TNF-a, IL-1B, IL-6,
CXCL10, and CXCL2 at 1 dpi, among which Cattle-
H5N1-infected lungs had slightly higher expression
compared to VNMI1194-H5N1 (Figure 3E). At
4 dpi, the expression of these cytokines further
increased, with VNM1194-H5N1-infected lungs hav-
ing 10/12 cytokines, which surpassed that of Cattle-
H5N1-infected lungs. The expression of interferons
also showed a similar pattern with IFN-a and IFN-f
upregulated to a higher level than mock controls at
1 dpi. Their further increase at 4 dpi was also
accompanied by elevated levels of IFN-y, IFN-A, and
IL-28. The differences in mRNA levels of all 12 tested
cytokines/chemokines in the lungs at 1 and 4 dpi were
insignificant with both viruses (Figure 3E), except for
the gene expressing monocyte chemoattractant
protein 2 (also known as chemokine ligand 8, CCL8)
at 4 dpi in which VNM1194-H5N1 showed signifi-
cantly higher expression (p < 0.01).
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Figure 3. Histopathological changes and immunological profiles in the lung tissues of BALB/c mice after
infection. A. Representative histological images (H&E-stained) of mock and infected lung tissues at 4 dpi and pathology score.
Data were shown as mean £ SD (n =5), where *** p < 0.001, **** p < 0.0001 were determined by Two-way ANOVA with Tukey’s
multiple comparisons test. B. Representative immunohistochemistry (IHC) images of mock and infected lung tissues at 4 dpi, and
NP quantification of infected lungs at 1 and 4 dpi. Data were shown as mean £ SD (n = 50), where **** p <0.0001 were deter-
mined by Two-way ANOVA with Tukey’s multiple comparisons test. C. Representative histological images (IF-stained with anti-NP
and anti-proSP-C) of mock and infected lung tissues at 4 dpi. White arrowheads indicate NP- and proSP-C double positive
cells. D. Percentage of NP™ SPC* mouse alveolar type Il (AT2) pneumocytes and NP* CD45* immune cells by flow cytometry analy-
sis after infection at 4 dpi. Data were shown as mean + SD from three or four replicates (n =3 for mock and n =4 for infection
group), where *** p < 0.001, **** p < 0.0001 were determined by One-way ANOVA with Tukey’s multiple comparisons test. Scale
bar = 50um or 200pum. E. Relative mRNA expressions of selected cytokines and chemokines at 1 and 4dpi in mock and infected
lung homogenates. RNA expression was normalized against the housekeeping gene ACTB. The data were shown as the mean + SD
from five replicates (n = 5), where * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 were determined by One-way ANOVA with
Tukey’s multiple comparisons test. F. Selected cytokine and chemokine protein levels at 1 and 4 dpi presented in mock and
infected lung homogenates. The data were shown as the mean = SD from three or five replicates (n=3 for mock and n=5
for infection group), where * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 were determined by One-way ANOVA with Tukey’s
multiple comparisons test.
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Figure 3. Continued

Similarly, for the mRNA expression of genes
involved in innate immune signaling pathways or
interferon-stimulated genes (ISGs), we only detected
increased levels of STATs, OAS3, and MXI1 in
Cattle-H5N1-infected lungs at 1 dpi with significance
(p<0.05) compared to mock-infected lungs
(Figure S5A). However, the expression of 8/12 ISGs
in VNM1194-H5N1-infected lungs surpassed those
from Cattle-H5N1 at 4 dpi, with OAS3 and MX1
showing significant differences (p <0.05)
(Figure S5B). At the protein level, the Cattle-H5N1
infection induced markedly higher concentration of
key cytokines and chemokines in the lungs, including
IFN-a, IFN-y, IL-6, CCL2, CCL3, and CCL4, relative
to VNM1194-H5N1 at the same timepoint (p < 0.01)
(Figure 3F), suggesting a clear difference between the
degree of immune dysregulation in the lungs between
Cattle-H5N1 and VNM1194-H5NI1.

Cattle-H5N1 shows broader tissue tropism and
has a higher viral load on mammary gland
tissues than VNM1194-H5N1

A prior investigation documented the presence of the
HPAI A(H5N1) Clade 2.3.4.4b virus within the

mammary gland of domestic dairy cattle [13]. Our
study aimed to investigate further the infectivity of
both Cattle-H5N1 and VNMI1194-H5N1 viruses in
the mammary glands of lactating BALB/c mice. Simi-
lar to the lung tissues, we detected higher TCIDsy, titre
and M gene copies of Cattle-H5N1 in both lactating
and non-lactating mammary gland tissues at 4 dpi
than VNM1194-H5N1 (p < 0.05), despite both viruses
exhibiting low viral titres at 1 dpi (Figure 4A,
Figure S8A).

Histological examination revealed pronounced tis-
sue destruction in the mammary glands of lactating
mice infected with Cattle-H5N1, manifesting as
sloughing and necrosis of glandular alveolar cells
(Figure 4B). This type of tissue damage was not
observed in lactating mice infected with VNM1194-
H5N1, which exhibited a histological profile similar
to mock-infected mice except for a few alveolar cells
sloughing in one or two glandular lobes. IF staining
demonstrated a frequent presence of Cattle-H5N1
nucleoprotein (NP) antigen within the glandular epi-
thelium (Figure 4C) at 4 dpi, with more prominent
NP antigens in adipose tissue and lymphoid tissue
attaching to the mammary gland of lactating mice
(Figure S7). In contrast, only a few small foci of
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Figure 4. Viral load and histopathological changes in mammary glands of lactating BALB/c mice after infection. A. Viral loads in
mammary glands of lactating BALB/c mice at 1 and 4 dpi were determined using TCIDs, assay and viral M gene copy numbers.
Data were shown as mean =+ SD from three or six replicates (n = 3 for 1 dpi data and n =6 for 4 dpi data), where * p < 0.05, ** p <
0.01, **** p < 0.0001 were determined by Two-way ANOVA with Tukey’s multiple comparisons test. B. Representative histological
images (H&E-stained) of mock and infected lactating mammary gland tissues at 4 dpi. The dotted lines and black arrows indicate
the “ghost structure” of necrosis. C. Representative histological images (IF-stained with anti-NP) of Cattle-H5N1 and VNM1194-
H5N1 infected lactating mammary gland tissues highlighting the glandular epithelium at 4 dpi. White arrows indicate NP-positive
cells. Scale bar = 50um, 100um or 200um.
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alveolar cells showed NP antigen expression in
VNM1194-H5N1-infected mice (Figure 4C). The
absence of tissue damage in VNMI1194-H5N1-
infected lactating mice correlated with the markedly
lower NP antigen detection frequency than Cattle-
H5NI1.

The non-lactating mammary gland showed no vis-
ible tissue damage or inflammatory changes in Cattle-
H5N1- or VNM1194-H5N1-infected mice compared
to mock-infected mice (Figure S8B). Even though
NP-positive cells were frequently found in the adipose
part of breast tissue as diffusely distributed large foci
and lymphoid tissue, NP-positive cells were rarely
observed in the glandular epithelium (Figure S8B).
The massive infection of adipose tissue by Cattle-
H5N1 may explain why non-lactating mice infected
by this virus have a high viral load in the mammary
glands. The above findings demonstrated that the
Cattle-H5N1 virus had a broader cell tropism for
mammary gland tissues in lactating BALB/c mice,
triggering significant tissue damage.

Apart from the mammary gland, we also collected
transmission data from suckling mice co-housed
with infected lactating mice (mother). In this study,
seven lactating mice (mother) were infected with 500
PFU of Cattle-H5N1 and co-housed with three or
six pups for four days before being euthanised for
analysis (6-7 cages). As mentioned, all Cattle-H5N1-
infected lactating mice exhibited higher viral loads,
infectious titers in their mammary glands, and signifi-
cant tissue damage and viral antigen expression in
glandular alveolar cells than VNMI1194-H5NI.
Whether this observation translates to potential milk
transmission remains in question, given that we man-
aged to detect 7 out of 30 co-housed pups being
infected by Cattle-H5N1, specifically in their lungs,
brains, or intestines (Table S4), with the highest posi-
tive rate at 50% in cage 1 (3/6 pups infected). In com-
parison, only 2 out of 24 co-housed pups were infected
with VNM1194-H5N1.

Cattle-H5N1 infects and replicates more
effectively in the brain than VNM1194-H5N1

Previous studies have shown that VNM1194-H5NT1 is
neurotropic [30, 31]. In the 4-day infection course of
500 PFU infection, no clinical neurological disease
signs were observed from Cattle-H5N1 or
VNMI1194-H5N1 infected mice, while viral genes
and antigens were detected. TCIDs, titre and M
gene copies in Cattle-H5N1-infected brains were sig-
nificantly higher than VNM1194-H5N1 (Figure 5A).
Cattle-H5N1 NP-positive cells present as clusters or
foci on different anatomical regions of the brain,
including the olfactory bulb, cerebral cortex, mid-
brain, hippocampus and cerebellum at 4 dpi, but
VNMI1194-H5N1 NP signals were rarely seen in the

whole brain (Figure 5C and D). After 20 PFU inocu-
lation, we observed neurological symptoms at 5 dpi,
with the mice spinning their bodies, imbalanced
body posture, and occasionally paralyzed limbs in 3/
5 Cattle-H5N1-infected mice. In contrast, none of
these disease signs was observed in 20 PFU
VNM1194-H5N1 infected mice.

In the brain sections, viral antigen expression at
4 dpi of 20 PFU was at the same level as 500 PFU
Cattle-H5N1 inoculation (Figure 5B), with viral-posi-
tive cells found across the whole brain, including the
olfactory bulb, cerebellum, hippocampus, midbrain,
and cerebral cortex. The intensity and frequency of
viral antigen-expressing cells increased drastically at
7 dpi (Figure 5E); notably, the ventricle membrane
and choroid plexus were massively involved by virus
infection, with ependymal cell death easily seen.
H&E-stained brain sections showed no observable tis-
sue damage or inflammatory change at 4 dpi in either
500 PFU or 20 PFU infection. However, inflammatory
changes, including vessel congestion, perivascular
immune cell accumulation, foci of haemorrhage,
immune infiltration of the meningeal membrane,
and ventricle membrane, could easily be observed at
7 dpi after 20 PFU infection with Cattle-H5N1
(Figure 5F). In contrast, only sparse viral antigen-posi-
tive cells, blood vessel congestion, and mild immune
cell accumulation around blood vessels were seen at
7 dpi in the VNM1194-H5N1 infected mouse brain
(Figure 5E and F).

Cattle-H5N1 disseminates widely and replicates
more effectively in extrapulmonary organs and
tissues than VNM1194-H5N1, contributing to
systemic immune dysregulation

To assess and compare the systemic spread of Cattle-
H5N1 and VNM1194-H5N1, we examined their pres-
ence and scope of viral RNA and antigen in whole
blood, eyes, heart, thoracic cavity adipose tissue, thy-
mus, intestine and spleen collected at 4 dpi. We
observed significantly higher TCIDs, titre and M
gene copies in Cattle-H5N1-infected eyes than
VNM1194-H5N1 (Figure S9). Interestingly, there
were substantially higher TCID5, and M gene copies
of VNM1194-H5NT1 in the intestine tissues at 4 dpi
compared to Cattle-H5N1. In addition, Cattle-
H5N1-infected mice had higher M gene copies in
whole blood specimens than VNM1194-HIN1
(Figure S9).

Next, we performed IHC and IF staining of viral NP
antigens in different tissues. Several large foci of
Cattle-H5N1  NP-positive cardiomyocytes  were
observed in the heart, but not for VNMI1194-H5N1
(Figure S10A). In addition, NP-positive cells were
found in the eye, muscle, thymus and thoracic fat of
cattle-H5N1 infected mice (Figure S10B). We also
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Figure 5. Viral dissemination in the brain of BALB/c mice. A. Viral loads in the brain at 1 and 4 dpi were determined using TCIDsq
assay and/or viral M gene copy numbers. Data were shown as mean £ SD (n =5 for 1dpi data, n =6 for 4 dpi PCR data,andn=9
for 4 dpi TCIDs, data), where ** p < 0.01, **** p < 0.0001 were determined by Two-way ANOVA with Tukey’s multiple comparisons
test. B. Viral loads in the brain at 4 and 7dpi were determined by TCIDs, assay and viral M gene copy numbers in tissue homogen-
ates. Data were shown as mean + SD (n = 3), where * p < 0.05 were determined by Two-way ANOVA with Tukey’s multiple com-
parisons test. C. Representative IF-stained with anti-NP images of Cattle-H5N1 and VNM1194-H5N1 infected brain tissue sections
at 4 dpi. White arrows indicate NP-positive cells. Scale bar =200um. D. NP quantification of infected brain at 1 and 4 dpi. Data
were shown as mean £ SD (n = 50), where **** p < 0.0001 were determined by Two-way ANOVA with Tukey’s multiple compari-
sons test. E. Representative IF-stained with anti-NP images of Cattle-H5N1 and VNM1194-H5NT1 infected brain tissue sections at 4
and 7dpi. White arrows indicate NP-positive cells. Scale bar = 500um. F. Representative H&E images of Cattle-H5N1 and VNM1194-
H5N1 infected brain tissue sections at 7 dpi. Black arrows indicate the immune cell infiltration in the ventricle or meninge with
meningeal vessel congestion. Green arrows indicate the dead and detached ependymal cells in the choroid plexus. White arrows
indicate the immune cell accumulating around the blood vessel. Red arrows indicate the haemorrhage foci in the Cattle-H5N1
infected brain, while these haemorrhage foci were not seen in the VNM1194-H5N1 infected brain. Scale bar =100 or 200um.
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Figure 5. Continued

found that the mouse spleen is another crucial extra-
pulmonary organ heavily infected by the Cattle-
H5N1 virus. NP-positive cells in Cattle-H5N1-
infected spleen were observably much more frequent
than in VNM1194-H5NI-infected mice (Figure 6A
and S11B). Our observation in the spleen was further
confirmed by the quantitation of NP-positive cells by
flow cytometry, which showed that the Cattle-H5N1
infection had a significantly higher percentage
(5.3%) of NP-positive than VNM1194-H5N1 (0.7%)
when gated by CD45 as total splenocytes
(Figure 6C). Among different cell types, B220" B
cells (7.01%), Dendritic cells (DC) (10.9%), and mono-
cytes (17.3%) showed significantly higher frequency to
be NP positive compared to VNM1194-H5N1 infected
mouse spleen, with 3.48%, 2.6%, and 0.4% for B cells,
DC, and monocytes, respectively (p < 0.05), while only
the difference in the percentage of NP positive CD3" T
cells was less significant (3.418% vs 2.358%, p = 0.284)
(Figure 6C). Histologically, prominent splenocyte
atrophy and foci of death cell debris were readily
seen in the Cattle-H5N1 spleen sections, which was
further supported by drastically increased TUNEL
labelled apoptotic cells and decreased anti-B220 and
anti-CD3 labelled B cell or T cells respectively
(Figure 6A and B). At the same time, these histopatho-
logical signs were occasionally observed in VNM1194-
H5N1 (Figure S11B). These observations implied that
Cattle-H5N1 could infect more splenocytes, which
may contribute to a more significant impairment of
the immune responses than VNM1194-H5N1 during
the later stages of infection and cause a significant
drop in the survival rate in Cattle-H5N1-infected
mice at 500 PFU (Figure 1D).

Concurrently, given the higher NP positive and
apoptosis of Cattle-H5N1-infected splenocytes com-
pared to VNM1194-H5N1, we also aim to determine
whether there is a difference in the expression of
pro-inflammatory cytokines in the serum. The
infected mice sera were collected at 1 and 4 dpi and

Meninge

Cerebral cortex

were tested for cytokine/chemokine concentration
using the LEGENDplex™ bead-based cytokine
immunoassay. At 1 dpi, both Cattle-H5N1 and
VNM1194-H5NT1 infection did not induce a detectable
increase of serum cytokine responses, except for
CXCL10, which is significantly induced by
VNM1194-H5N1 compared to mock (p<0.05)
(Figure 6D). In contrast, the increase was insignificant
in Cattle-H5N1 (p=0.2073). At 4 dpi, the serum of
Cattle-H5N1-infected mice exhibited significantly
elevated protein levels of IFN-a, IFN-y, TNF-a, IL-6,
CCL2, CCL4, CXCL9, and CXCL10 compared to
VNMI1194-H5N1 infection (p<0.05), concurring
with the levels observed in the Cattle-H5N1-infected
lung tissues. Increased aberration of cytokine/chemo-
kine expression in the serum from Cattle-H5N1 could
lead to hyperinflammation, allowing Cattle-H5NI1 to
cause more systemic multi-organ dysfunction than
VNM1194-H5NI1.

Discussion

The detection of HPAI H5N1 Clade 2.3.4.4b genotype
B3.13 virus in lactating dairy cattle in March 2024,
with the virus found in milk and nasal swabs, has
raised concerns beyond the immediate health of
dairy cattle [13]. The potential for zoonotic spill-
over to the human population is a significant concern,
especially considering the high viral loads found in
unpasteurized milk, which increases the risk for
farm workers in close contact with infected animals
and milking equipment [32]. The virus likely emerged
in late 2023 [18] and has evolved considerably from A/
Vietnam/1194/2004 (VNM1194-H5N1), which
belonged to Clade 1 in 2004 and has previously been
developed as a pre-pandemic candidate influenza vac-
cine [33]. More recently, phylogenetic analyzes of the
HA and NA genes of the Cattle-H5N1 virus revealed
that it evolved from A/Texas/37/2024 [14] and formed
a cluster with recently reported H5N1 isolates from
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Figure 6. Histopathological changes and immunological profiles in the spleen of BALB/c mice after infection. A. Representative
histological images (H&E-stained, IF-stained with anti-NP, anti-B220, and anti-CD3-stained) of Cattle-H5N1 infected spleen tissue
sections at 4 dpi. White arrows indicate NP-positive cells. Mock and VNM1194-H5N1 infected spleen tissues are shown in
Figure S11. B. Representative TUNEL-stained histological images of infected spleen tissue sections at 4 dpi. Scale bar = 100um
or 200um. C. Percentage of NP* CD45" leukocytes, NP* CD45* B220™ B cells, NP* CD45" CD3* T cells, NP* Dendritic cells, and
NP* monocytes in the spleen tissues by flow cytometry analysis after infection at 4 dpi. Data were shown as mean * SD from
three or four replicates (n=3 for the mock group and n=4 for the infection group), where * p <0.05, ** p <0.01, *** p<
0.001 were determined by One-way ANOVA with Tukey’s multiple comparisons test. D. Selected cytokine and chemokine protein
levels at 1 and 4 dpi presented in serum. Data were shown as mean + SD from three or five replicates (n = 3 for the mock group
and n =5 for the infection group), where * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001 were determined by One-way
ANOVA with Tukey’s multiple comparisons test.
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Figure 6. Continued

humans, cats, and cows (namely Texas/37-like clus-
ter), which belonged to genotype B3.13 [18]. This gen-
otype emerged from a reassortment event between
genotype B3.7 (contributing the PB2, PB1, PA, HA,
NA, M, and NS genes) and a low pathogenic avian
influenza (LPAI) virus — H11IN9 (contributing NP
gene) [18]. The virus’s ability to adapt and spread
efficiently among mammals underscores the need to
evaluate its pathogenicity in various mammalian ani-
mals. In this investigation, we inoculated female
BALB/c mice with A/dairy cattle/Texas/24-008749-
003/2024 (Cattle-H5N1) virus. We found that this
H5N1 virus is well adapted for mice (without the
need for multiple passages or prior adaptation); it
infects and replicates at a much higher efliciency in
the airway and lung than the older H5N1 virus,
VNMI1194-H5N1. After intranasal infection, the
Cattle-H5N1 virus disseminates quickly through the
body, replicating in multiple organs, resulting in
severe tissue destruction and dysregulated immune
responses. Except for changes in the mammary
gland in lactating mice, there are no differences in
the histopathological changes between lactating and
non-lactating mice.

In vitro, Cattle-H5N1 infection of human respirat-
ory cell lines, A549 and Calu-3, had a higher replica-
tion rate in cell lines compared to VNM1194-H5NI.
The higher replication rate of Cattle-H5N1 may also
allow more widespread systemic dissemination across
the lung and extrapulmonary organs in BALB/c mice
than VNM1194-H5N1 at 4 dpi, characterized by
more significant lesions and intensive viral NP antigen
expression in the lungs, mammary glands, brain, eye,
intestine, heart, whole blood, and spleen tissues.
Although previous studies observed lesions in the
lung and mammary gland tissues after the Cattle-
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H5N1-like virus infected dairy cows and domestic
cats [13, 34], these studies did not compare the histo-
pathological profile of this virus to an older H5NI.
Furthermore, a recent report that compared the
pathogenicity of A/dairy cattle/New Mexico/
A240920343-93/2024 and A/Vietnam/1203/2004 in
BALB/c mice did not observe any notable differences
in terms of viral load or dissemination in pulmonary
and extrapulmonary organs, which might be due to
the high initial PFU (10° PFU) used for intranasal
inoculation that results in 0% survival rate in 8 dpi
[15]. In this study, we used a high and lower PFU of
500 and 20, and we were able to observe a significant
difference in viral titre and distinct viral dissemination
patterns in various organs at 4 dpi between Cattle-
H5N1 and VNMI1194-H5N1, which confirms that
Cattle-H5N1 is more adapted to the mammalian
system.

The difference in systemic manifestations could be
attributed to the differences in the genetic makeup of
these two viruses. When we analyzed the amino acid
substitutions arising from nonsynonymous mutations
between  Cattle-H5N1 and  VNMI1194-H5N1
(Figure 1A, Table S3), we identified notable substi-
tutions previously reported to be associated with
increased pathogenicity/virulence, transmission and
adaptation in mammals [35], such as K156A in the
receptor binding domain of the HA protein [36, 37]
and N205S in the effector domain of NS1 which was
found to be able to enhance polymerase function if
phosphorylation occurs on this site [38], Additionally,
three structural differences exhibited between these
two viruses are the HA polybasic cleavage site, NA
stalk region, and NS1 linker region (Figure 1A),
which could be critical molecular determinants of
their distinct virulence. The VNM1194-H5N1 virus,



which harbors the RRRKKR |G HA polybasic cleavage
site, was previously assessed for its role in contributing
to pathogenicity and neurovirulence in BALB/c mice
and was found to be less potent compared to
SRRKKR|G [39]. However, to our knowledge, the
virulence of KRRKR|G harbored by the Cattle-
H5NI1 has yet to be assessed [40]. Furthermore, the
long NA stalk length (characterized by the 20 amino
acid motifs present in Cattle-H5N1) was previously
considered less virulent in mice than the short stalk
length [41]. Still, the longer NA stalk length may be
preferentially paired with the H5 with fewer glycosyla-
tion sites to increase virus fitness and spread to diverse
species [42]. Lastly, the five amino acid insertion in the
NS1 linker domain (present in Cattle-H5N1) was pre-
viously found to enhance pathogenicity in BALB/c
mice and increase expression of IL-6, MX1 and
CXCLI10 in their lungs [43]. Besides insertions in the
HA, NA, and NSI of Cattle-H5N1, amino acid substi-
tutions in the polymerase complex proteins, such as
on the PA protein (K497R) and PB2 protein
(M631L), may further enhance Cattle-H5N1’s poly-
merase activity (Table S3), which could result in
increasing virus replication and severity of infection
in mice [44, 45]. These notable features, which are pre-
sent in Cattle-H5N1 but not in VNM1194-H5N1
(Figure 1A, Table S3), are likely to be the virulence fac-
tors that elevate the Cattle-H5N1 pathogenicity in
BALB/c mice, but their specific role in interacting/
hijacking host factors and whether these virulence fac-
tors also increase Cattle-H5N1 pathogenicity in other
mammalian models such as hamsters requires further
investigation.

The distinct amino acid substitutions at the HA
surface glycoprotein between Cattle-H5N1 and
VNM1194-H5N1 could be implicated in their differ-
ence in receptor-binding specificity between these
two viruses; hence, the increased extrapulmonary
infectivity acquired by Cattle-H5N1. As previously
reported, Cattle-H5N1-like viruses were found to dis-
play both human- and avian-type receptor-binding
properties [15] by binding to a2,6-linked sialic acids
(preferred by human influenza) and a2,3-linked sialic
acids (preferred by avian influenza). The increase of
the receptor binding breath could be due to a single
mutation, T211I (or T199I, H3 numbering), at the
receptor binding site of HA [46], thus allowing
Cattle-H5N1 to infect either the lactating or non-lac-
tating mammary tissues rich in both a2,3-linked and
a2,6-linked sialic acids [47, 48]. However, there is
still no direct evidence that the dual receptor usage
of Cattle-H5N1 increases its infectivity in extrapul-
monary tissue, which requires further investigation.
Interestingly, we also found NP-positive cell clusters
in the olfactory bulb, cerebral cortex, and cerebellum
of the Cattle-H5N1-infected brain at 4 dpi but not
for VNM1194-H5N1 infection, which concurs with
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the previous observation that VNM1194-H5N1 has
reduced neurotropism in mice [30]. The Cattle-
H5N1-infected cell clusters in each structure preferen-
tially appear in the granular layer that depends on an
extensive capillary network to deliver oxygen and
nutrients and remove metabolic waste, which suggests
that this virus has enhanced ability to breach the
blood-brain barrier due to better neuroinvasiveness.
Intriguingly, although the neuroinvasion of Cattle-
H5NT1 in the mice’s brain was likely due to its efficient
replication starting in the olfactory mucosa as well as
the presence of a2,3- and a2,6-linked sialic acids in
the olfactory bulb/cerebral cortex/cerebellum, which
was a notable feature of several HPAI H5Nx, we did
not observe signs of neurovirulence at our post-infec-
tion timepoint (4 dpi) for both Cattle-H5N1 and
VNM1194-H5N1. A closely related VNM1194-H5N1
virus, such as A/Vietnam/1203/2004, was previously
known to induce neuroinflammation and neurode-
generation in C57BL/6] mice, but significant loss of
neurons and increase of inflammatory response
could only be observed around 60-90 dpi. This
suggests that Cattle-H5N1 could also induce neurode-
generative pathologies, provided that a sublethal intra-
nasal inoculation dose is used and the mice model
survives the acute infection but retains long-term
neurologic consequences of H5N1 infection [49, 50].

One peculiar observation in our current study
about the pathogenicity of Cattle-H5N1 and
VNM1194-H5N1 was the immune response in the
lungs of infected BALB/c mice. Firstly, the discrepancy
between protein and mRNA levels of cytokines/che-
mokines in Cattle-H5N1 and VNMI1194-H5N1
infected lungs (Figure 3E and F) suggests that
Cattle-H5N1, with the aid of its immune antagonist
NSI1 [51], could be more effective in blocking signaling
pathways that activate the transcription of genes
expressing or are involved in cytokine, chemokine,
and ISG production during its replication, thus show-
ing lower mRNA levels than VNM1194-H5N1. How-
ever, the higher protein levels of cytokines/
chemokines could also be due to the ability of
Cattle-H5N1 to produce a higher amount of defective
viral genomes (DVGs) or mini viral RNAs (mvRNAs)
at 4 dpi, which stimulates a more robust antiviral
response and cytokine induction [52, 53]. Nonethe-
less, among all chemokines investigated in this
study, the chemokine CXCL10 (C-X-C motif chemo-
kine ligand 10, also known as interferon-gamma-
induced protein 10 or IP-10) in the lungs and
serum, showed the highest levels at 4 dpi after
Cattle-H5N1 infection and was considerably higher
than VNMI1194-H5N1 in the serum (p<0.01).
Despite the elevated levels of CXCL10 and other che-
mokines in Cattle-H5N1-infected lungs/serum, which
was known to facilitate chemoattraction of lympho-
cytes (such as T cells and Natural Killer cells), immune
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cell accumulation in the lungs was not evident at 4 dpi
(Figure 3A). Together with the broader cell tropism
and extrapulmonary spread of Cattle-H5NI, this
suggests a lack of early control by innate immunity
compared to VNMI194-H5N1. Another reason
could be the severe cellular destruction and impaired
production of monocytes and lymphocytes (such as
T cells) in the spleen due to severe infection by
Cattle-H5N1, as evident by the widespread TUNEL
positivity and degeneration or atrophy of spleen fol-
licles. The Cattle-H5N1’s ability to cause more pro-
nounced systemic infection may also lead to
heightened stimulation of T cells in the lymphoid
organs [54], contributing to early exhaustion of T
cell response and exacerbating their lower circulation
in the lungs.

In this study, we only found one milk sample posi-
tive with Cattle-H5N1 from a lactating mother of
BALB/c mice after being intranasally inoculated with
20 PFU at 7 dpi (figure not presented), which could
be due to the significant mammary gland tissue
damage caused by the virus resulting in substantial
loss of milk product. This phenomenon was also
seen in the mammary glands of H5N1-infected dairy
cows [55]. Given the lack of virus-positive milk
samples in our study, we did not perform oral inocu-
lation on the lactating mother as previous studies have
already established that oral inoculation of cow milk
with high H5N1 titer in the mice caused respiratory
infection [15, 56]. Still, oral (milk) transmission has
not yet been established as the primary route for
Cattle-H5N1 in the actual transmission settings
among cows. Hence, we performed intranasal inocu-
lation on the lactating mother to assess the potential
transmission between lactating mothers and pups.
We managed to detect the Cattle-H5N1 M gene (by
RT-qPCR) in 7/30 co-housed pup’s lung, brain, and
intestine samples after 4 dpi, suggesting that “second-
ary and vertical” milk transmission (through the oral
route) is still possible (apart from the conventional air-
borne transmission) between lactating mothers and
pups, despite the shorter period of post-infection
and the limited Cattle-H5N1 positive in the milk of
lactating mice. Our results concurred with the obser-
vation reported by Eisfeld et al. (2024), who found
that not every lactating mice had milk positively
detected for the virus after intranasal inoculation (0/
6 at 4 dpi; 2/9 at 7 dpi; 3/6 at 9 dpi), yet less than
one-third of the co-housed pups had acquired infec-
tion from lactating mother (0/25 pups at 4 dpi; 4/24
at 7 dpi; 11/30 at 9 dpi) [15]. The lethality dose of
Cattle-H5N1, which permits both prolonged infection
and presence in milk and increases the virus’s ability
to induce long-term neurovirulence symptoms at
more extended post-infection or post-recovery
periods in the mice model, requires further investi-
gation [15, 49, 50].

In conclusion, our current study underscores the
potential for widespread systemic infection of a terres-
trial mammalian-adapted HPAI H5N1 virus in a
BALB/c mice model infected by intranasal challenge.
One limitation of our study is the lack of pathological
comparison between H5N1 Clade 2.3.4.4b viruses of
more recent strains (e.g. genotype B3.13) or different
animal origins. But we chose an older Clade 1 virus
(VNM1194-H5N1) for comparison, given that the
pathological features of this virus were well described
in mice and other animal models previously [19, 28],
which could provide a clear baseline for pathological
observation of Cattle-H5N1. Nonetheless, our findings
emphasize the urgent need for further research to
understand the pathogenicity and transmission routes
of Cattle-H5N1 fully in other animal models, given its
more enhanced systemic infection compared to
VNM1194-H5N1. While the Cattle-H5N1-like viruses
have caused relatively mild and typical flu-like symp-
toms with no fatality and human transmission
reported in livestock handlers yet [57], antigenic
drift could continue to occur, resulting in a more
than 50% case fatality rate as exhibited by
VNM1194-H5N1-like viruses previously [58]. With
further genetic changes, it can be readily envisaged
that a mother-to-baby transmission may occur in a
mildly symptomatic mother, which leads to severe
H5N1 infection in an infant with an immature
immune system. Hence, close monitoring of person-
to-person transmission and the evolution of the
Cattle-H5N1-like virus is warranted, given its higher
virulence than the Clade 1 virus in mouse models.
Future research should also focus on understanding
the mechanisms of pathogenicity in Cattle-H5N1
infection in different mammalian models to fully
grasp its potential for various zoonotic transmission
routes.
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