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ABSTRACT

Since late 2020, clade 2.3.4.4b HS5NI1 highly
pathogenic avian influenza viruses (HPAIVs) have
expanded globally, infecting wild birds, poultry, and an
increasing range of mammals. Sustained transmission
has occurred in minks and dairy cattle, accompanied
by key polymerase basic 2 (PB2) mutations (e.g.,
E627K, D701IN), signaling mammalian adaptation
and heightened zoonotic risk. From 2021 to early
2025, 82 human cases, including fatalities in China
and the US, underscored rising public health concerns,
although no sustained human-to-human transmission
has been detected. This review summarizes the
epidemiology, transmission dynamics, and molecular
evolution of clade 2.3.4.4b H5N1 in mammals. Large-
scale outbreaks in US dairy cattle and associated
human cases highlight significant cross-species risks,
while China’s high poultry vaccination coverage, rapid
culling, and nationwide surveillance demonstrate the
value of proactive prevention. These contrasting
emphasize the need for

experiences targeted

surveillance,  reinforced  biosecurity,  accelerated
countermeasure development, and global coordination

under the One Health framework.

Since the emergence of highly pathogenic avian
influenza virus (HPAIV) HS5NI in Guangdong
Province, China, in 1996, it has evolved into multiple
genetic through
reassortment (/). In October 2020, a novel clade
2.3.4.4b H5N1 HPAIV, resulting from reassortment
between H5SN8 HPAIVs and European HxNI1 low
pathogenic avian influenza viruses (LPAIVs), was first
detected in wild ducks in the Netherlands (2). Its
extensive spread among wild birds and poultry, driven
by migratory birds, has caused unprecedented
ecological and economic impacts (3).

Since 2021, clade 2.3.4.4b H5N1 HPAIVs have

clades ongoing mutation and
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increasingly been detected in diverse mammalian hosts
(4). Several isolates harbor key amino acid
substitutions associated with enhanced mammalian
adaptation (5), indicating improved host compatibility.
Recently, infections in dairy cattle in the United States
(US), accompanied by human cases linked to direct
animal contact, have highlighted a novel transmission
route (6). This development signals a potential breach
of established host barriers and underscores the need
for heightened vigilance regarding zoonotic risks (/).
This review synthesizes current knowledge of clade
2.3.4.4b H5N1 HPAIV infections in mammals,
emphasizing epidemiological trends, links to human
cases, and mechanisms of cross-species transmission. Its
aim is to inform surveillance, risk assessment, and
prevention strategies for both animal and human

health.

RISING TRENDS OF MAMMALIAN
AND HUMAN INFECTIONS

From 2021 to 2025, surveillance data from the Food
and Agriculture Organization of the United Nations
(FAO), the World Health Organization (WHO), and
the World Organization for Animal Health (WOAH)
indicate a marked increase in clade 2.3.4.4b H5N1
HPAIV infections in mammals, accompanied by
sporadic human cases (4). During this period, 71
mammalian species across 32 countries were affected,
with both host diversity and geographic range
expanding annually (Figure 1 and Supplementary
Table S1, available at https://weekly.chinacdc.cn/).

In 2021, mammalian infections were primarily
confined to Europe and involved a limited number of
species. By 2023, cases had spread extensively across
North and South America, Europe, and parts of
Antarctica, representing the maximum observed species
diversity and geographic spread. Although the overall
range stabilized in 2024-2025, new host species, such
as small rodents and additional domestic animals, were
identified, indicating ongoing viral adaptation and
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FIGURE 1. Network of avian influenza virus spread across countries and host species.

Note: Green nodes represent host species, and blue nodes represent countries. Node size reflects the degree (number of
documented host—country connections). Edges indicate confirmed reports of H5N1 infection in a specific host species within
a given country. The network is literature-based and not derived from viral genomic sequence data. It was constructed using
the host—country occurrence dataset summarized in Supplementary Table S1 and generated in R (version 4.4.3), R

Foundation for Statistical Computing, Vienna, Austria.

Abbreviation: USA=United States of America; UK=United Kingdom.

ecological persistence.

Recurrent infections were documented in certain
species, notably marine mammals (e.g., sea lions, seals),
farmed carnivores (e.g., minks), and wild carnivores
(e.g., red fox, Vulpes vulpes) (Figure 2). Genetic
analyses identified key mutations associated with
mammalian  adaptation,  suggesting  enhanced
replication efficiency in these hosts and raising
concerns about increased zoonotic potential.

Between 2021 and February 2025, 82 confirmed
human infections with clade 2.3.4.4b H5N1 HPAIVs
were reported across Asia, the Americas, and Europe,
including two fatal cases (China and the US)
(Figure 3). Although rare, such infections have
attracted growing attention (8). Most cases involved
direct or indirect contact with infected animals (9),
coinciding with the detection of H5N1 HPAIVs in US
dairy cattle in 2024 (10) (Figure 4). To date, there is
sustained

no evidence of human-to-human
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transmission, — underscoring the importance of
continued genomic surveillance in both animal and

human populations.

NOTABLE INFECTIONS IN MAMMALS

Terrestrial Wild Mammals

Due to its wide distribution, frequent predation on
wild birds, and high clinical detectability, the red fox is
the most commonly reported terrestrial wild mammal
infected with clade 2.3.4.4b H5N1 HPAIVs, serving as
a sentinel species for mammalian surveillance (/7).
Since 2021, infections have been documented across
Europe, North America, and Asia, including the
Netherlands, Finland, Poland, the US, Canada, and
Japan (12-14).

In the Netherlands (May 2021-December 2022),
foxes, polecats, otters, martens (75), and badgers were

infected with clade 2.3.4.4b H5N1 HPAIVs that were
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FIGURE 2. Transmission pathways of clade 2.3.4.4b H5N1 HPAIVs between humans and animal hosts.

Note: Arrows represent potential transmission directions supported by evidence reported in peer-reviewed literature or
official outbreak investigations. Only pathways with documented epidemiological, environmental, or behavioral links, such as
direct contact, predation or scavenging, shared environments, or spillover from infected poultry, were included. The figure
illustrates cross-species transmission dynamics and associated public health risks. It was created with BioRender.com
(https://biorender.com).

Abbreviation: HPAIVs=highly pathogenic avian influenza viruses.
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FIGURE 3. Epidemiology of human infections with clade 2.3.4.4b H5N1 HPAIVs, 2021-2025. (A) Number of human
infection cases by year, 2021-2025. (B) Geographical distribution of human infection cases, 2021-2025 (N=82).
Abbreviation: HPAIVs=highly pathogenic avian influenza viruses; USA=United States of America; UK=United Kingdom.
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FIGURE 4. Associations between mammalian H5N1 HPAIVs outbreaks and human cases.

Note: It was created with GraphPad Prism 9.5.0, GraphPad Software, San Diego, California, USA. Associations are
established based on temporal and spatial co-occurrence of outbreaks in mammals and human infections reported in the
literature or official surveillance data. Only confirmed human cases with documented exposure to infected mammals or
affected farms are included. This figure does not imply direct causality but illustrates potential exposure pathways. It was

created with RAWGraphs 2.0. https://app.rawgraphs.io/.

Abbreviation: HPAIVs=highly pathogenic avian influenza viruses; USA=United States of America; UK=United Kingdom.

genetically similar to local avian strains. Several fox and
polecat isolates carried the polymerase basic 2 (PB2)
E627K mutation, indicative of mammalian adaptation
(16). In Canada (2021-2022), foxes exhibited severe
neurological disease with meningoencephalitis and
pneumonia, confirming neurotropism (7). In the US
(2022), 67 wild carnivores from 10 states, including
foxes, skunks, raccoons (Procyon lotor), bobcats (Lynx
rufus), coyotes (Canis latrans), and fishers (Pekania
pennanti), tested positive for clade 2.3.4.4b H5NI
HPAIVs (18), with many presenting with central
nervous system lesions (12).

Habitat overlap among infected carnivores, wild
birds, and areas of human activity may increase
environmental contamination and incidental human
exposure.

Chinese Center for Disease Control and Prevention

Farmed and Domestic Mammals

In  October 2022, farmed minks in Spain
experienced a clade 2.3.4.4b H5N1 outbreak with the
PB2 T271A mutation, demonstrating efficient farm-
level transmission; minks can act as “mixing vessels”
for avian and human influenza viruses (7,18). Control
measures included culling, enhanced biosecurity, and
staff monitoring (79). In June 2023, multiple felids in
Poland were infected with related viruses, showing
rapid disease progression and severe respiratory and
neurological symptoms (20). Since 2022, clade
2.3.4.4b H5N1 has caused fatal infections in domestic
cats across Europe and North America, posing
zoonotic risks through direct or indirect exposure (/8).
Most cases involved predation on infected birds or
poultry (Figure 2), although some occurred without
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clear outdoor contact, suggesting alternative
transmission routes (2I). There is no evidence that
sustained cat-to-cat transmission is a major pathway
(22). Only isolated cases and experimental data exist,
with no systematic culling or official control measures.
Clear policy guidance and transparent response
strategies are needed.

In October 2024, clade 2.3.4.4b H5N1 HPAIVs
were detected in US pigs without evidence of sustained
transmission (22) and for the first time in goats (Capra
aegagrus hircus) (23) and alpacas (Lama glama) (24),
likely resulting from cohabitation with infected
poultry. Continued surveillance of domestic mammals,
particularly felines and pigs, is essential given their
potential roles in viral adaptation and transmission to
humans (25).

Marine Mammals

Since 2021, clade 2.3.4.4b H5N1 HPAIVs have
caused unprecedented mortality events among marine
mammals across multiple coastal regions (26). Early
cases included a harbor porpoise (Phocoena phocoena)
in Sweden in June 2022, followed by large outbreaks
in harbor seals (Phoca vitulina) and gray seals
(Halichoerus grypus) along the northeastern US and
eastern Canada, temporally coinciding with massive
seabird die-offs (27). In 2023, widespread outbreaks
affected marine mammals in South America and
Antarctica, including sea lions, fur seals, and southern
elephant seals, likely facilitated by migratory seabirds
(Figure 2), resulting in historic multi-country mortality
events (28). Viral isolates from Peru and Chile
harbored  mammalian-adaptive = PB2  murtations
(D70IN and Q591K), indicating enhanced viral
adaptation and suggesting the potential for sustained
circulation within marine ecosystems (29).

Control efforts rely on surveillance, protection, and
public education, as no vaccines or antiviral drugs are
available. Dense seabird and pinniped aggregations in
Antarctica pose a risk for outbreaks (30), and the
presence of mammalian-adaptive mutations raises
concerns about possible transmission among marine
mammals.

THE US DAIRY CATTLE OUTBREAK
AND ASSOCIATED HUMAN
INFECTIONS

Although clade 2.3.4.4b H5NT1 infections in China

remain limited, international outbreaks provide
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valuable lessons. Large-scale epidemics in US dairy
cattle and associated human cases offer key insights
into viral adaptation, transmission, and public health
response, informing efforts to strengthen early warning
systems and emergency preparedness in China.

Since March 2024, clade 2.3.4.4b H5N1 HPAIVs
have been detected in more than 13,000 wild birds,
175 million poultry, and over 1,000 dairy herds across
17 US states (31). Dairy cattle, previously considered
largely resistant to influenza A viruses (IAVs), were
found to be susceptible following the emergence of
genotypes B3.13 and D1.1, both capable of efficient
infection in lactating cows (32). Molecular analyses
traced B3.13 to wild birds, followed by spread to
wildlife and poultry. The virus has been identified in
unpasteurized milk, with some cows remaining
asymptomatic, suggesting silent transmission (33). In
response, authorities implemented targeted testing,
restrictions, ~ milk  handling  and
pasteurization protocols and enhanced biosecurity

movement

measures for farm personnel, effectively mitigating
further spread (34).

From February 2024 to June 2025, 70 human
infections were reported in the US, including one fatal
case. Most cases were linked to direct contact with
infected dairy cattle, poultry, or backyard flocks,
confirming animal-to-human  transmission  (35).
Genetic analyses identified D1.1 as the predominant
lineage, closely related to dairy cattle and poultry
isolates, and several human cases carried mammalian-
adaptive PB2  mutations, suggesting ongoing
adaptation (36). These findings underscore the
importance of integrated surveillance and coordinated
interventions.

ZOONOTIC POTENTIAL AND
EMERGING RISKS OF H5N1

The WHO notes that H5N1 viruses are widespread
among wild birds and poultry worldwide and
occasionally cause human infections. Most human
cases are associated with contact with infected birds or
contaminated environments, with no evidence of
sustained human-to-human transmission (37). Clade
2.3.4.4b viruses pose cross-species transmission risks,
necessitating multi-species surveillance, strengthened
biosecurity, vaccine development, and comprehensive
risk management. China emphasizes high vaccination
coverage, rapid culling, and nationwide monitoring
(38), while international efforts focus on farm-level

Chinese Center for Disease Control and Prevention
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control measures (/9,34).

Under a One Health framework, global strategies
should integrate cross-species surveillance, biosecurity,
risk communication, and occupational protection to
prevent zoonotic transmission and safeguard both
human and animal health.
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SUPPLEMENTARY TABLE S1. Overall trends of H5N1 infection in mammals (2021-2025, Excluding humans).
Order & Family Country

Year Species
Red fox; European mink; Grey seal; Beech marten; Carnivora, Artiodactyla & Netherlands, Finland,
2021 Eurasian otter; Eurasian lynx; Domestic pig; European Canidae, Mustelidae, Felidae, Otariidae, Poland, Estonia, England,
badger; European polecat Suidae Denmark, Scotland, ltaly

Red fox; Eurasian otter; Grey seal; Ferret; Harbor seal;

Striped skunk; American mink; Raccoon; Coati;
Netherlands, England,

European polecat; Virginia opossum; Gray fox; Coyote; . .

; ) . g o Carnivora, Cetacea, Rodentia, .
Fisher; Bottlenose dolphin; Amur leopard; Amur tiger; . . . ’ Ireland, Canada, United

. A ) . > Didelphimorphia, Artiodactyla & .
American black bear; Grizzly bear; Kodiak bear; . ; . - States, Japan, Belgium,

2022 . ) ) A . Canidae, Mustelidae, Felidae, Otariidae, .
Domestic cat; Bobcat; Mountain lion; North American " . . . Slovenia, Germany,
Mephitidae, Procyonidae, Didelphidae, .

Russia, France, Peru,

river otter; North American beaver; Dusky dolphin; Delphinidae, Ursidae, Castoridae, Suidae

Atlantic white-sided dolphin; European mink; European Spain
badger; Caspian seal; Asiatic black bear; South
American sea lion
Red fox; European polecat; Striped skunk; Mountain
lion; Domestic cat; Caracal; Bobcat; Raccoon; Harbor .
) . United States, Scotland,
seal; Coyote; American black bear; Fisher; Bottlenose . . A
Ll . ) o . L Carnivora, Cetacea, Rodentia, Wales, Latvia, Finland,
dolphin; Polar bear; Abert’s squirrel; American mink; . . .
L . Lo . . Didelphimorphia & Norway, Sweden,
Virginia opossum; Amur tiger; Coypu; South American . - . . ;
L = h . . Canidae, Mustelidae, Felidae, Otariidae, Germany, ltaly, Belgium,
2023 sea lion; Common dolphin; Eurasian otter; Sea otter; " . )
. ) L - . Mephitidae, Procyonidae, Ursidae, France, Poland, South
Giant otter; Harbor porpoise; Chilean dolphin; Domestic - - L .
. ) ) . ] Delphinidae, Sciuridae, Echimyidae, Korea, Peru, Argentina,
dog; Bush dog; Ferret; Beech marten; Pine marten; . . . .

: ) ) ' ) Phocoenidae, Odobenidae Uruguay, Brazil, Chile,
Eurasian lynx; Arctic fox; Japanese raccoon dog; South Russia. Japan. Antarctica
American fur seal; Southern elephant seal; Northern fur - wapan,

seal; Walrus
Domestic cat; Bobcat; House mouse; Red fox; Eurasian . .
e ) o ) Carnivora, Cetacea, Rodentia,
otter; Striped skunk; Mountain lion; Raccoon; )
L ) . . Lagomorpha, Artiodactyla &
Bottlenose dolphin; Harbor seal; American black bear; . . ) " .
- ) . RS . .’ Canidae, Mustelidae, Felidae, Otariidae, United States, Norway,
2024 Fisher; American mink; Virginia opossum; Amur tiger; " ) . .
- . ; , ) . . Mephitidae, Procyonidae, Ursidae, Peru, Viethnam
Canada lynx; Eurasian lynx; Geoffroy’s cat; Prairie vole; . . L
. . - . Delphinidae, Muridae, Cricetidae,
Deer mouse; Muskrat; Desert cottontail; Domestic . ) )
) . ) e Leporidae, Bovidae, Camelidae
cattle; Alpaca; Domestic goat; Tiger; Lion; Jaguar
Norwegian rat; Deer mouse; Rusty-spotted cat; Canada Carnivora, Cetacea, Rodentia,
lynx; House mouse; Striped skunk; Red fox; Harbor Artiodactyla & United States. Scotland
2025 seal; Long-tailed weasel; American mink; Bobcat; Canidae, Mustelidae, Felidae, Otariidae, Germanv. En iand Walés
American black bear; Mountain lion; Black rat; Mephitidae, Ursidae, Delphinidae, y. =g ’
Bottlenose dolphin; Sheep; Eurasian otter; Grey seal Muridae, Bovidae
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