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Abstract: Highly pathogenic avian influenza virus (HPAI/H5N1) has caused widespread infections
in dairy cattle and poultry in the United States. Sporadic cases of human HPAI/H5N1 infections have
also been confirmed. To prevent human HPAI/H5N1 infections and establish treatments for infected
individuals, researchers at medical institutions in the United States are analyzing the biological
characteristics of HPAI/H5N1 strains confirmed in the country from March to October 2024. In
particular, health care staff at such institutions are investigating human infection with the
HPAI/H5N1 virus. Confirmed cases mainly involved adults who have come into contact with
infected animals. HPAI/H5NT1 infection causes mild illness, such as conjunctivitis, and is short-lived.
Most infected patients improve or are cured with early antiviral treatment. However, on January 7,
2025, the Louisiana State Health Department reported the death of a person believed to have been
infected with HPAI/H5N1 through contact with captive or wild birds. Although cases of HPAI/H5N1
infection with unknown routes of transmission have been reported, reports on cases of person-to-
person HPAI/H5N1 transmission are limited. Therefore, our research team compared the infectivity
of the HPAI/H5NT1 virus to humans and dairy cows through the molecular pathological analysis of
mammary gland tissues obtained from humans and dairy cows. The results revealed that more
receptors for HPAI/H5N1 viruses were expressed in dairy cow than human tissues. Furthermore, in
silico analysis revealed that the HPAI/H5N1 virus obtained from infected dairy cows can infect
humans. In other words, the backbone molecule of the HPAI/H5N1 virus may mutate within the
infected host, resulting in infectivity to humans. Furthermore, molecular pathological analysis of
respiratory tissue obtained from lions revealed the expression of both human (a2.6SA) and avian
(a2.35A) influenza virus receptors in lion respiratory tissue, as well as the expression of angiotensin
converting enzyme 2, a receptor for severe acute respiratory syndrome coronavirus 2. Therefore, One
Health guidelines should be emphasized to prevent HPAIV/H5N1 infection from becoming a
pandemic. In this manuscript, we express our assessments of current information on prevention of
the spread of HPAI/H5N1 infection, including the status of vaccine development against the
HPAI/H5NI1 virus.

Keywords: HPAIV H5N1; influenza virus; mammary grand

Introduction

Highly pathogenic avian influenza virus (HPAI/H5N1) has spread in dairy cows and pigs in the
United States. In September 2024, the spread of HPAI/H5N1 infections among dairy cows in the
United States was reported, and the scale of the outbreak was much more serious than expected [1].
Cases of HPAI/H5NT1 infection of human or livestock infections have been increasing in the country,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202503.1867.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 March 2025 d0i:10.20944/preprints202503.1867.v1

2 of 14

with HPAI/H5N1 being detected in live cattle and dairy products [2]. Experts believe the virus may
be evolving in conjunction with seasonal influenza virus epidemics. Since March 2024, 14 cases of
HPAI/H5N1 infection have been reported [3]. Virologists and medical staff considered this as a
worrying development, fearing that the U.S. government’s slow and lax response to the HPAI/H5N1
virus will once again put the entire world at risk of a pandemic. HPAI/H5N1 has been spreading for
the past few years, causing the deaths of millions of wild birds and farmed poultry, as well as tens of
thousands of marine and terrestrial mammals [4]. The development of a potentially troubling
situation within the U.S. is currently creating increasing public concern. For example, dairy cows
have shown a high HPAI/H5N1 viral load, causing recurring problems for dairy farmers with
poultry. Furthermore, the continued spread of HPAI/H5N1 among dairy cows and pigs, as well as
its frequent detection in raw milk, could indicate a pandemic [5,6]. Most worryingly, in human
HPAI/H5N1 infections have increased, and the risk of a potential pandemic has been increasing since
September 2024. However, compared with the situation during the coronavirus disease-19 (COVID-
19) pandemic in 2020, we are now better prepared to prevent an emerging infectious disease, should
HPAI/H5N1 infection become a viral pandemic. In contrast, the U.S. government believes that
preparedness for an HPAI/H5N1 epidemic is not very good [7].

In March 2024, the HPAI/H5N1 virus was detected for the first time in dairy cows in Texas, while
the HPAI/H5N1 infection continues to spread among dairy cows across the country [3]. HPAI/H5N1
infection in wild bird populations has a very high mortality rate and has caused the extinction of
poultry and seabirds over the past few years [8,9]. The HPAI/H5N1 virus also causes fatal infections
in many mammals that come into contact with infected birds. The Animal and Plant Health
Inspection Service (APHIS) under the U.S. Department of Agriculture (USDA) reported 675
HPAI/H5N1 infections in dairy cows across 15 states [10]. This number of infected dairy herds are
only those cases known to APHIS officials. The actual number of cases may be higher. The USDA has
since required HPAI/H5N1 testing for dairy cows before moving them between states [11].

The most worrying situation is the increase in human HPAI/H5N1 infections. According to a
report by the Centers for Disease Control and Prevention (CDC), 55 cases of human HPAI/H5N1
infection have been reported in the U.S. as of October 2024 [12]. Of the total number of confirmed
cases of HPAIV/H5N1 infection, 29 were confirmed in California [13]. In almost all cases, HPAI/H5N1
infection, transmission was believed to have originated from dairy cows or poultry [14]. However,
the source of infection was unknown in 2 cases [15]. The U.S. government speculates that the
symptoms and route of infection may have not been reported in some cases. Therefore, when the
CDC tested 115 dairy workers in Michigan and Colorado, 7% of the dairy workers were found to
have had a recent HPAI/H5N1 infection [15,16]. The zoonotic transmission of HPAI/H5N1 from
infected dairy cows to humans has been confirmed, although no evidence of human-to-human
transmission has been obtained [17]. However, on October 6, 2024, a patient who had been seriously
ill with the HPAI/H5NT1 virus had died in Louisiana [18], which is the first reported mortality from
HPAI/HS5N1 infection in the U.S. [19]. The deceased individual was elderly, had underlying
conditions, and had been in contact with pets and wild birds. As no spread of HPAI/H5N1 infection
has been reported in the immediate vicinity of the case, the risk to the general public has been
assessed as still low [20]. Meanwhile, the CDC reported that an HPAIV/H5NT1 virus specimen isolated
from a patient in Louisiana showed characteristics similar to those of a specimen isolated from a 13-
year-old female patient who became seriously ill in western Canada in November 2024 [21].
According to a World Health Organization (WHO) report, as of mid-December 2024, 954 cases of
HPAI/H5N1 infections have been confirmed worldwide, with 464 (49%) deaths. Humans can also
function as incubators for the virus. Each time a human is infected, the virus gains a fresh opportunity
to evolve into a form capable of infecting humans [22].

As we have experienced with the COVID-19 pandemic, widespread vaccination is important to
prevent viral spread. To achieve this, medical professionals and virologists must understand the
virological and biological characteristics of HPAI/H5N1 and its mutant variants. Our research team
compared the infectivity of HPAIV/H5N1 to humans and dairy cows by molecular pathological
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analysis of mammary gland tissues collected from humans and dairy cows. The analysis revealed
that the receptors for the HPAI/H5N1 virus are more frequently expressed in dairy cows than in
human tissues. Furthermore, in silico analysis revealed that HPAI/H5N1 specimens isolated from
infected dairy cows were capable of infecting humans. Similar to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), HPAI/H5N1 can also infect lions, as observed during the COVID-19
pandemic. Therefore, people around the world should emphasize the implementation of One Health
to prevent HPAI/H5N1 virus infection from becoming a pandemic.

Materials and Methods

1.Publicly available virus sequences: a human N1H1 influenza virus, N5H1, Indonesia N5H1,
Bovine N5H1. Human HIN1 influenza virus; A/Isumi/UT-KK001-01/2018. We purchased HA protein
obtained from HIN1 virus from Sino Biological Inc. BDA, Beijing, 100176, P.R.China. Indonesia
H5N1; gene HA protein; Influenza A H5N1 (A/Indonesia/5/2005) Hemagglutinin (HA). We
purchased HA protein obtained from Bovine N5H1 from Sino Biological Inc. BDA, Beijing, 100176,
PR.China. Bovine HS5N1; nfluenza A virus gene (A/bovine/New Mexico/A240920343-
93/2024(H5N1)) segment 4 hemagglutinin (HA) gene, complete cds. We purchased HA protein
obtained from Bovine H5N1 from Sino Biological Inc. BDA, Beijing, 100176, P.R.China.

2. Detection of SAa2,3Gal (a2,35A) and SAa2,6Gal (a2,65A) in respiratory tissues, mammary
gland tissues, conjunctuve obtained from human, dairy cow, Lion as big feline animal: For detection
of sialyloligosaccharides reactive with SAa2,3Gal- or SAa2,6Gal-specific lectins, the tissue sections
were incubated with 250 pl of FITC-labeled Sambucus nigra (SMA) lectin (Vector Laboratories,
Burlingame, CA) and biotinylated Maackia amurensis (MAA) lectin (Vector Laboratories) overnight
at 4°C.

3. Solid-phase binding assay: Microtitre plates (Nunc) were incubated with fourfold serial
dilutions (2.5, 0.625, 0.156, 0.039, 0.01, 0.002 and 0.001 pgml-1) of the sodium salts of
sialylglycopolymers (Yamasa Corporation Co. Ltd.)— NeubAca2,3Galp1,4GlcNAcB1-poly-Glu
(a2,35A) and Neu5Aca2,6Ga 131,4GlcNAcf1-poly-Glu (a2,6SA) —in PBS at 4 °C overnight. The next
day, glycopolymer solutions were removed and non-specific binding was blocked by the addition of
PBS containing 4% BSA at room temperature for 1 h. Plates were washed with cold PBS, and then
solutions containing influenza viruses.

4. Phylogenetic Analysis and Annotation: Reference genomes and amino acids of hemagglutinin
(HA) from HIN1 virus, H5N1, Indonesian H5N1 (called as Indonesian H5), Bovine H5N1 (called as
Bovine H5) were obtained from the National Center for Biotechnology Information (NCBI) Orthologs
of the National Library of Medicine.

5. Analyzes the three-dimensional structure of the binding site between SAa2,3Gal (a2,3SA) and
SAa2,6Gal (x2,65A) and amino acids of hemagglutinin (HA) from HIN1 virus, H5N1, Indonesian
H5N1 (called as Indonesian H5), Bovine H5N1 (called as Bovine H5): Spanner is a structural
homology modeling pipeline that threads a query amino-acid sequence onto a template protein
structure. Spanner is unique in that it handles gaps by spanning the region of interest using fragments
of known structures.

6. Statistical Analyses: Differences between vaccinated and naturally-infected groups depicted
in Table 1 were assessed using Mann Whitney U test for continuous variables, or Fisher’s exact test
for categorical variables. P<0.05 was considered significant. Statistical analyses were performed using
R, version 4.0.2, and Graphpad Prism v.9.0.

Details of materials and methods are shown in supplementary data online.

Results

Expression of the a2.3SA and a2.6SA Receptors in Respiratory, Mammary Gland, and Conjunctival Tissues
Obtained from Humans and Dairy Cows
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The expression of the HPAI/H5N1 virus receptor a2.3SA (red) and human influenza virus
receptor a2.6SA (green) in human respiratory (trachea, bronchioles, and alveoli), mammary gland,
and conjunctival tissues is shown in Figure 1A. The a2.65A receptor was expressed in all tissues but
particularly prominently in the bronchioles and alveoli. Furthermore, a2.6SA was weakly expressed
in the human mammary gland and conjunctival tissues. Human influenza viruses enter the body and
bind to the mucosal epithelial cells of the bronchioles and alveoli to establish infection. Human
bronchioles and alveoli exhibited marked expression of a2.35A (Figure 1A, Supplementary Table 1).
Human mammary and conjunctival tissues showed weak expression of the a2.3SA receptor.
Similarly, HPAI/H5N1 invades the body and binds to the mucosal epithelial cells of the bronchioles
and alveoli to establish infection.

Fig. 1
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Figure 1. Expression of the a2.3SA receptor for HPAI/H5N1 and the a2.6SA receptor for human influenza virus
in respiratory , mammary gland, and conjunctival tissues obtained from humans and dairy cows. (A) The
expression of the HPAI/H5N1 virus receptor a2.35A (red) and human influenza virus receptor a2.6SA (green)
in human respiratory (trachea, bronchioles, and alveoli), mammary gland, and conjunctival tissues. a2.65A
(green) is expressed in all tissues, particularly in the bronchioles and alveoli. However, a2.65A was weakly
expressed in human mammary gland and conjunctival tissues. (B) The expression of a2.3SA (green) and a2.65A
(red) in respiratory (trachea, bronchioles, and alveoli), mammary gland, and conjunctival tissues obtained from
dairy cows. a2.65A (red) is strongly expressed in the mucosal epithelial tissue of the trachea and mammary
gland tissue cells. The expression of a2.6SA was not detected in the bronchioles, alveoli, or conjunctiva. MAL I
lectin (red) or MAL II lectin (red) is an antagonist of a2.35A, while SMA is an antagonist of a2.6SA.
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The expression of the HPAI/H5N1 a2.3SA receptor and human influenza virus a2.65A receptor
in the respiratory (trachea, bronchioles, and alveoli), mammary gland, and conjunctival tissues
obtained from dairy cows is shown in Figure 1B. To investigate the expression of a2.6SA, respiratory
tissues were incubated with SMA lectin (red) for 12 h at 4°C. The tissues were then washed with PBS
and observed under a confocal laser microscope (LEICA SP8 FALCON, Wetzlar, Germany). The
expression of a2.6SA was observed in the respiratory tissues, specifically the bronchioles and alveoli.
To examine the expression of a2.3SA, we incubated respiratory tissues (trachea, bronchioles, and
alveoli) from lions with MAL I lectin (red) or MAL II lectin (red) for 12 h at 4°C. a2.65A was strongly
expressed in mucosal epithelial tissue of the trachea and mammary gland tissue cells. However,
a2.6SA was not detected in the bronchioles, alveoli, or conjuctiva (Figure 1B, Supplementary Table
2). Therefore, human influenza viruses invade the body from the outside and bind to the mucosal
epithelial cells of the bronchioles and alveoli to establish infection. a2.35A was highly expressed in
all bovine tissues compared with those in human tissues.

Expression of the Angiotensin Converting Enzyme 2, a2.3SA, and a2.6SA Receptors in Respiratory Tissues
Obtained from Lions

Many cases have been reported of lions in zoos being infected with SARS-SoV-2 via transmission
from zoo keepers with COVID-19. Therefore, our medical staff confirmed by immunohistochemical
staining the expression of angiotensin converting enzyme 2 (ACE2), which is the host’s receptor for
SARS-CoV-2 [23], in respiratory tissues (bronchioles and alveoli) obtained from lions. ACE2 (green)
was more strongly expressed in the mucosal epithelial cells of the bronchioles than those of the alveoli
(Figure 2A, Supplementary Table 3). Therefore, we attached recombinant SARS-CoV-2 spike
glycoprotein to the respiratory tissues (bronchioles and alveoli) obtained from lions and incubated
them at 4°C for 12 h. The tissues were then washed with PBS and observed under a confocal laser
microscope (LEICA SP8 FALCON, Wetzlar, Germany). The SARS-CoV-2 spike glycoprotein (yellow)
bound to mucosal epithelial cells in the bronchioles more than those in the alveoli (Figure 2A,
Supplementary Table 3). Therefore, SARS-CoV-2 can infect the respiratory tissues of lions
(bronchioles and alveoli) and causes COVID-19-like symptom:s.

Fig.2
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Figure 2. Expression of the angiotensin converting enzyme 2 , a2.3SA, and a2.SA6 in respiratory tissues
obtained from lions. Many cases have been reported of lions kept in zoos contracting severe acute respiratory
syndrome coronavirus 2 (SARS-SoV-2) infections through zoo keepers with COVID-19. Therefore, we confirmed
by immunohistochemical staining the expression of angiotensin converting enzyme 2 (ACE2), which is the host’s
receptor for SARS-CoV-2, in respiratory tissues (bronchioles and alveoli) obtained from lions. (A) ACE2 (green)
was more strongly expressed in the mucosal epithelial cells of the bronchiole tissue than in the alveoli tissue. (B)
Bronchioles and alveoli were incubated with SMA lectin (red) for 12 h at 4°C. The tissues were then washed with
phosphate-buffered saline (PBS) and observed under a confocal laser microscope. The expression of a2.65A (red)
was observed in the bronchioles and alveoli. Respiratory tissues (bronchioles, alveoli) from lions were also
incubated with MAL I lectin (red) or MAL II lectin (red) for 12 h at 4°C. The tissues were then washed with PBS
and observed under a confocal laser microscope. a2.35A (red) was also expressed in the respiratory tissues

(bronchioles and alveoli).

To investigate the expression of the a2.6 receptor for human influenza virus, respiratory tissues
(bronchioles and alveoli) from lions were incubated with SMA lectin (red) for 12 h at 4°C. The tissues
were then washed with PBS and observed under a confocal laser microscope. a2.6 (red) was
expressed in the bronchioles and alveoli (Figure 2B, Supplementary Table 3). To examine the
expression of a2.3 receptor for HPAI/H5N1, we incubated respiratory tissues (bronchioles, alveoli)
from lions with MAL I lectin (red) or MAL II lectin (red) for 12 h at 4°C. The tissues were then washed
with PBS and observed under a confocal laser microscope. a2.3 (red) was also expressed in the
bronchioles and alveoli. Therefore, a2.3 and a2.6 were expressed in the facial membrane epithelial
cells of respiratory tissues (bronchioles, alveoli) obtained from lions (Figure 2B, Supplementary Table
3). Subsequently, we attached hemagglutinin (HA) from human influenza virus or HPAI/H5N1 to
the respective treated tissues and incubated them at 4°C for 12 h. After incubation, we added anti-
HA monoclonal antibody (green) to each treated tissue and incubated at 4°C for 12 h. After
incubation, we observed the cells under a confocal laser microscope (LEICA SP8 FALCON). a2.6 and
human influenza virus HA binding complex (yellow) or a2.3 and HPAI/H5N1 HA binding complex
(yellow) were observed in the mucosal cells of the bronchiole and alveoli specimens. After incubation,
we observed the cells under a confocal laser microscope (LEICA SP8 FALCON) (Figure 2B,
Supplementary Table 3).

Comparison of the Expression of a2.65A and a2.3SA Among Human, Dairy Cow, and Lion Tissues

The expression levels of host receptors a2.35A and a2.65A were quantified using an image
analysis and measurement system (WinROOF2023, Mitani Corporation, Visual System, Fukui-shi,
Fukui, Japan) (Figure 3, Supplementary Figure 1.). The analysis revealed that the expression level of
a2.35A was higher than that of a2.65A in all human or dairy cow tissues (Figure 3A, Supplementary
Figure 1.). Furthermore, the expression of a2.35A was higher than that of a2.6SA in all dairy cow
tissues (Figure 3A, Supplementary Figure 1.). Therefore, HPAI/H5N1 seems to be more likely to infect
dairy cows than humans. The expression of a2.6SA was higher than that of a2.35SA in lion bronchiolar
and alveolar tissues (Figure 3B). This may be one of the reasons for the current spread of HPAI/H5N1
infections in dairy cows across the United States.
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Figure 3. Comparison of the expression of a2.6SA and a2.3SA among human, dairy cow, and lion tissues. The
expression levels of host receptors a2.35A and a2.65A were quantified using an image analysis and
measurement system (WinROOF2023, Mitani Corporation, Visual System, Fukui-shi, Fukui, Japan). The
expression of a2.3SA was higher than that of a2.65A in all human or dairy cow tissues. Furthermore, the
expression of a2.3SA was higher than that of a2.6 in all dairy cow tissues. The expression of a2.6 was higher

than that of a2.3SA in the bronchiolar and alveolar tissues obtained from lions.

Binding Activity of HPAI/H5N1 Variants Isolated from Infected Dairy Cows to the Receptor (a2.6SA) for
the Human Influenza Virus

The HPAI/H5N1 Indonesia H5 variant isolated from an Indonesian in 2005 is infectious to both
a2.65A and a2.35A [24,25]. HPAI/H5N1 has a very low possibility of infecting a2.65A [22]. However,
HPAI/H5N1 can mutate in the pig body and acquire infectivity to humans. An HPAI/H5N1 variant
has been transmitted to humans from infected dairy cows. We investigated the binding
affinity/recognition of HPAI/H5N1 bovine H5 variant isolated from infected dairy cows to a2.6SA or
a2.35A using an analog of either (LSTc or LSTa, respectively). HA of bovine H5 recognized and binds
to LSTc or LSTa (Figure 4A, 4D). We also used HPAI/H5N1 Indonesia H5 as the control virus and
examined the binding affinity/recognition of Indonesia H5 to a2.6 or a2.3 using LSTc or LSTa,
respectively. Indonesia H5 mut., a variant of Indonesia H5, binds to a2.6SA or a2.3SA but with a
weaker affinity than that of Indonesia H5. In silico analysis showed strong binding
affinity/recognition between the positive control Indonesia H5 and a2.65SA or a2.3SA (Figure 4B, 4E).
However, Indonesia H5 mut. showed a somewhat weak binding affinity to a2.6SA or a2.3SA (Figure
4C, 4F). Similar to that with Indonesia H5, the binding affinity/recognition between bovine H5 and
a2.6 or 2.3 was observed (Figure 4A—4F). SMA lectin staining revealed that the binding affinity of
bovine H5 was stronger than that of Indonesia H5 mut. to a2.6 or a2.3 . In other words, HPAI/H5N1
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mutated within the dairy cow’s body during infection, resulting in an HPAI/H5N1 variant that is
infectious to humans.
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Figure 4. Binding activity of HPAI/H5N1) variants isolated from infected dairy cows to the receptor (a2.65A)
for the human influenza virus. We investigated the binding affinity/recognition of the HPAI /H5N1) variant
(called as Bovine H5) isolated from infected dairy cows to the a2.6SA or a2.3SA receptors using an analog of the
a2.6SA receptor (LSTc) or an analog of the a2.3SA receptor (LSTa) using In silico analysis. HA of Bovine H5
recognized and binds to an analog of the a2.65A receptor (LSTc) or an analog of the a2.35A receptor (LSTa) (A,
D). In silico analysis showed strong binding affinity/recognition between the positive control Indonesia H5 and
the a2.65A or a2.35A receptors (B, E). Indonesia H5 mut. showed somewhat weak binding (affinity) to the
a2.65A receptor or a2.35A receptor (C, F). To further test the receptor specificity of bovine H5N1, we measured
the binding affinity/recognition of recombinant bovine HA to either a2,3- or a2,6-linked sialic acid using
established assays with either a2,3- or a2,6-linked sialylglycopolymers. Indonesia-H5N1 virus HA showed a
clear preference for a2,6-linked sialic acid, whereas HPAI (H5N1) virus HA also showed a clear preference for
a2,3-linked sialic acid (G, H). As expected, the human Isumi-HIN1 virus HA showed no preference for a2,3-
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linked sialic acid, whereas the HPAI (H5N1) virus HA also showed no preference for a2,6-linked sialic acid (G,
H).

To further test the receptor specificity of bovine H5N1, we measured the binding
affinity/recognition of recombinant bovine HA to either a2.35A- or a2.6SA-linked sialic acid by
performing established assays using either a2.3SA- or a2.6SA-linked sialylglycopolymers. As
expected, Indonesia H5 HA showed a clear preference for a2.6SA-linked sialic acid, whereas
HPAI/H5N1 HA showed a clear preference for a2.3SA-linked sialic acid (Figure 4G, 4H).
Furthermore, human Isumi-HIN1 virus HA showed non-preference for a2.35A-linked sialic acid,
whereas HPAI/H5N1 virus HA showed non-preference for a2.65A-linked sialic acid (Figure 4G, 4H).
Indonesia H5 HA showed a clear preference for both a2.6SA- and a2.35A-linked sialic acid. Similarly,
bovine H5 HA also showed a clear preference for both a2.35A- and a2.6-linked sialic acid (Figure 41,
4]). A single mutation (Q226L) within the 220-loop of H5N1 increases infectivity to humans
(Supplementary Figure 1). Thus, HPAI/H5N1 can mutate in the dairy cow’s body and acquire the
ability to infect humans.

Comparison of a2.35A expression between human and dairy cow mammary tissues

Paraffin-embedded human and bovine mammary tissue slices were incubated with recombinant
H5N1 HA protein-His Tag for 12 h at 4°C. The labeled anti-His Tag antibody was then added to the
treated human and bovine mammary tissue slices and incubated for 12 h at 4°C. Nuclear staining
with 4',6-diamidino-2-phenylindole (DAPI) was performed. We then incubated paraffin-embedded
human tissue slices with anti-avian a2.3 antibody at 4°C for 12 h and then stained the nuclei with
DAPI. The stained tissue sections were photographed using a confocal laser microscope (LEICA SP8
FALCON), mainly after adjusting the z-axis. We then saved each image as a file and merged the
image files for the DAPI, HA, and a2.3SA samples (Figure 5A). The expression of host a2.3SA was
quantified using an image analysis and measurement system (WinROOF2023, Mitani Corporation).
The expression levels of host a2.3SA was then plotted on a graph (Figure 5B). The expression of
02.3SA in bovine mammary gland tissue was approximately three times higher than that in human
mammary gland tissue (Figure 5B).
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Figure 5. Comparison of the expression of host receptors (a2,35A) for HPAI/H5N1 viruses in human and dairy
cow mammary tissues. (A) Paraffin-embedded human and bovine mammary tissue slices were incubated with
recombinant H5N1 HA protein-His Tad for 12 h at 4°C. Then, the labeled anti-His Tag antibody was added to
the treated human and bovine mammary tissue slices and incubated for 12 h at 4°C, and nuclear staining was
performed with DAPI. We also incubated paraffin-embedded human tissue slices with anti-Avian a2,3 antibody
at 4°C for 12 h and then stained the nuclei with DAPIL The stained images of each tissue section were
photographed using a confocal laser microscope (LEICA SP8 FALCON). We then saved each image as a file and
merged the three image files (DAPI, HA, a2,3SA). (B) The expression levels of host receptor a2,3SA is quantified
using an image analysis and measurement system (WinROOF2023, Mitani Corporation, Visual System, Fukui-

shi, Fukui, Japan). The quantified expression levels of host receptor a2,3SA is then plotted on a graph.

Discussion

According to the WHO, as of mid-December 2024, 954 people have been infected with
HPAIV/H5N1 worldwide, 464 (49%) of whom have died [26]. As we have found during the COVID-
19 pandemic, the key the early production and dissemination of effective vaccines prevents the
spread of infection. To achieve this, medical professionals, virologists, and other experts must
understand the virological and biological characteristics of HPAI/H5N1 and its mutant variants. Our
research team conducted a molecular pathological analysis using human and dairy cow mammary
gland tissues to compare the infectivity of the HPAI/H5N1 virus in humans and dairy cows. The
results of the molecular pathological analysis revealed that the a2.3 receptor for HPAI/H5N1 was
more highly expressed in dairy cow tissues than in human tissues. In silico analysis further
demonstrated that HPAI/H5N1 isolated from infected dairy cows were capable of infecting humans.
Similar to SARS-CoV-2, HPAI/H5N1 can infect lions. In other words, since HPAI/H5N1 and its
mutant variants are both emerging and zoonotic diseases, other wild animals, livestock, and pets can
also become infected by HPAI/H5N], facilitating the spread of infection. Therefore, responding as
part of One Health is a crucial preventive measure [27].

Human HPAI/H5NT1 infections are extremely rare. However, when the CDC tested 115 dairy
workers in Michigan and Colorado, they found that 7% of the workers had had a recent HPAIV/H5N1
infection [28]. The transmission of HPAI/H5N1 from infected dairy cows to humans has been
confirmed, but no evidence indicates human-to-human transmission of HPAI/H5N1. The Indonesia
H5 variant is capable of zoonotic transmission between humans and birds. Because of a mutation in
the amino acid molecule in the HA, the Indonesia H5 variant is able to recognize and bind to the a2.6
receptor for human influenza viruses and the a2,3 receptor for HPAI/H5N1. HPAI/H5N1 can also
infect non-avian species, such as pigs, and that mutations in the viral backbone molecule within the
host endows the Indonesia H5 variant with infectivity to humans. Such mutations likely facilitate the
spread of zoonotic viral diseases. Our in silico analysis revealed that, like the Indonesia H5 variant,
the bovine variant recognizes and binds to the a2.65SA receptor for human influenza virus and a2.3SA
receptor for HPAI/H5NT1. In a similar mechanism, SARS-CoV-2 isolated from mink mutates within
the mink, resulting in a SARS-CoV-2 variant that is more infectious to humans. Like SARS-CoV-2,
HPAI/HS5N1 can also be transmitted between different species.

In the U.S., where HPAI/H5N1 infection is spreading among cattle, the seasonal influenza virus
epidemic season has already begun. Virologists are concerned that humans infected with both human
influenza viruses and HPAI/H5N1 may asymptomatically produce new HPAI/H5NT1 strains. The
U.S. government plans to stockpile millions of doses of the H5SN1 vaccine. However, the current
method for making influenza vaccines is time-consuming and laborious. Newer vaccines that do not
rely on the use of eggs, such as those that use mRNA, induce mucosal immunity; therefore, mRNA-
based vaccines may be superior vaccines. Preclinical testing of an mRNA-based vaccine against
HPAI/HS5N1 has been reported. The study demonstrated that a vaccine based on the HPAI/H5N1
2.3.4.4b lineage provided protection to ferrets subsequently infected with HPAI/H5N1 [29]. Because
mRNA-based vaccination prevented the development of severe COVID-19 symptoms, an mRNA-
based vaccine against HPAI/H5N1 may also induce the same effect. The prevalence of HPAIV/H5N1
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in the U.S. and other countries has been confirmed not only in dairy cows but also among cats and
dogs living near dairy barns. Therefore, the efficacy of an mRNA-based vaccine against HPAI/H5N1
must be established in dairy cows, cats, and dogs [29,30].

Molecular histopathological analysis was also performed using respiratory tissue obtained from
lions. The expression of a2.3SA virus was observed in mucosal epithelial cells of the bronchioles and
alveoli. Thus, similar to SARS-CoV-2, HPAI/H5N1 infection may also affect several non-human
species. In this study, no experiments using live viruses were performed. Therefore, histopathological
analysis alone can provide information on the expression of a2.3SA or a2.6SA for each virus but
cannot provide accurate information on their infectivity. Future studies involving infection
experiments in a Biohazard Level 3 infection laboratory must be conducted to understand the
virological and biological properties of HPAI/H5N1 and its variants.
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