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SUMMARY

The first highly pathogenic H5N1 emerged in 1959 on a
chicken farm in Scotland. The ancestor of the strains
presently circulating was isolated in 1996 from a do-
mestic goose in China. Since 1997, more than 900 severe
human infections have been reported. However, in
nearly thirty years, H5SN1 has failed to adapt to hu-
man-to-human transmission. At present the abundant
circulation in various animal species, including mam-
mals, increases the possibility of reassortments of new

B INTRODUCTION

O n May 19, 1997, an influenza A virus claimed
the life of a three-year-old boy in a Hong
Kong hospital. While tragic, the case itself might
not have been considered newsworthy until it was
revealed that the virus responsible was an avian
H5N1 strain [1]. The first case of human infection
with an avian influenza A virus (IAV) had been
reported two years earlier, in 1995, in the United
Kingdom. The strain involved was an H7N7
strain, which caused only mild symptoms [2].
However, in March 1997, few weeks before the oc-
currence of the Hong Kong case, Taubenberger
and colleagues published in Science the first char-
acterization of the Spanish flu virus sparking a
debate about the origins of that pandemic and the
role of avian IAV as a source of future pandemic
viruses [3].
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pandemic strains. Particularly alarming was the recent
report of H5N1 infection among U.S. dairy cattle. A
strong international effort from a global health perspec-
tive addressed to limit the avian strains circulation and
to improve the preparedness for a new pandemic is ur-
gently needed.
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The Hong Kong virus originated in chickens im-
ported from China, where a highly pathogenic vi-
rus - A/goose/Guangdong/1/96 (H5N1), com-
monly referred to as Gs/GD - had been isolated in
1996 from a domestic goose and, notably, no hu-
man infections were reported [4]. In Hong Kong,
H5N1 spread in markets and three farms, primar-
ily affecting geese and ducks. During 1997, there
were eighteen cases and six deaths [5-8]. All infec-
tions were acquired through contact with infected
animals, with no evidence of human-to-human
transmission. Serological studies revealed that as-
ymptomatic infections were not particularly fre-
quent and were mostly observed in individuals
exposed for occupational reasons [9-11]. However,
the number of such cases was sufficient to estimate
the actual lethality of the infection at 1-2% [9].

In November 1997, H5N1 re-emerged among
farmed birds in Hong Kong, prompting authori-
ties to take the drastic step of culling all poultry
[6]. Although this measure led to the definitive ex-
tinction of the “HK97” strain, a series of descen-
dants of the Gs/GD strain continued to emerge,
infecting domestic and wild birds, various mam-
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malian species, and, occasionally, humans, with-
out acquiring the capability for sustained human-
to-human transmission [4, 6].

The aim of this review is to outline the spread and
evolutionary history of H5N1 strains, summarize
the epidemiological and clinical features of infec-
tion in humans, and report on the progress in ther-
apies, vaccines, and vaccination strategies.

B THE FIRST STEPS OF H5N1
STRAINS EVOLUTION

The first known highly pathogenic (HPAI) H5SN1
is A/chicken/Scotland/59 (H5N1), emerged in
1959 in a chicken farm in Scotland [12]. Other epi-
zootics caused by highly pathogenic H5 subtypes
had been reported in subsequent times [13]. Be-
tween 1996 and 2002, reassortments between Gs/
GD and Low Pathogenic Avian Influenza (LPAI)
strains circulating in domestic and wild birds gen-
erated various H5N1 genotypes [14-17]. At the end
of 2001, one of these strains emerged in Hong
Kong and infected, between January and March
2002, twenty-two farms, causing the culling of
950,000 birds and, on the end of the year, various
wild bird species housed in two aquatic parks[18,
19]. In 2003 - just the year of the SARS epidemic- a
H5NT1 genotype caused large outbreaks in poultry
and some human cases in Vietnam, Thailand, and
mainland China [20]. By February 2004, eight

countries in East Asia were affected. The infection
largely involved also village poultry, particularly
free-range ducks. Live animal markets were a ma-
jor source of the infection’s spread and a priority
target for containment measures, which were dif-
ficult to implement and unpopular in countries
where poultry is a vital food resource. In Thailand,
a major obstacle to containment efforts came from
the refusal to cull fighting cocks and their breed-
ing lines [21-23]. In mid-October 2004, an outbreak
among zoo tigers in Thailand killed 45 animals.
The strain involved was a Highly Pathogenic Avi-
an Influenza (HPAI) virus, showing a lysine sub-
stitution at position 627 of the PB2 protein, which
was absent in the original avian isolates [24].

In the meantime, the number of the human infec-
tions reported to the WHO was rising. In 2005,
they were 98, three times the number reported the
previous year. At the end of 2005 the human cases
reported to WHO since 2003 were 148, with 79
deaths (53,4%) (Figure 1) reported only in East
Asia countries (Vietnam, 93 cases; Thailand, 22
cases; Indonesia, 20 cases; Popular Republic of
China, 9 cases; Cambodia, 4 cases).

B FROM DOMESTIC BACK TO WILD BIRDS:
THE RISKS OF SPILLBACK

The infection of captive wild bird species in Hong
Kong in 2002 had been considered a general re-
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Figure 1

Numbers of human cases
(blue bars) and deaths from
H5N1 infection (orange bars)
from 2003 to 2014.
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hearsal for spillback, raising concerns about the
“return” transfer of the infection from domestic
birds to free-living migratory birds [19]. This sce-
nario materialized in the spring of 2005, when a
mass death involved various wild species at Lake
Qinghai, where the virus had been brought by mi-
gratory birds infected through contact with do-
mestic poultry in southern China[25, 26].
Subsequent studies demonstrated that migratory
birds could carry both HPAI and LPAI strains over
long distances without showing symptoms, and
that avian influenza viruses can spread along mi-
gration routes [27-29]. During 2005, the virus
spread to various species of birds, both wild and
domestic, in Russia, Europe, Africa, and the Mid-
dle East.

In October 2005, the Global Influenza Program
Surveillance Network published an investigation
on the isolates obtained in humans and birds in
2004 and 2005, showing the existence of two clades
of the virus, one widespread in China, Korea and
Indonesia, and the other in Vietnam, Cambodia,
Thailand and the Malay Peninsula, without geo-
graphical overlap. The isolates from patients were
found to be entirely of avian origin, without reas-
sortment with human influenza virus genes, and
very similar to those from birds in the same geo-
graphic area, thus suggesting a direct passage
from birds to humans [30].

B 2006-2008: OUT OF EAST ASIA BORDERS
AND FURTHER SPLITS OF THE VIRUS

In February 2006, H5N1 was isolated in Sicily
from sick swans. In the same year, it became clear
to the international agencies that the virus had
crossed the borders of East Asia. Epizootics and
human infections were reported in Turkey, Azer-
baijan, Iraq, Egypt, and Djibouti. The cases in hu-
mans reported to WHO during 2006 were 115,
with 79 deaths (Figure 1). A family cluster, involv-
ing three people - a child, his mother, and his aunt
who cared for him - was seen in Thailand and
eight cases occurred in Sumatra within an extend-
ed family group [31].

During 2007, there were 88 cases, mainly contrib-
uted by Indonesia (42 cases) and Egypt (25 cases),
with 59 deaths. In the same year, the H5N1 Evolu-
tion Working Group elaborated a unified nomen-
clature system based on a dataset of 859 H5 se-
quences. A subdivision into 10 clades (0-9) was

proposed, of which clade 0 included the original
Gs/GD strain, and Clade 2 was the most differen-
tiated, being further classified into 5 subclades,
named according to a hierarchical numbering sys-
tem (2.1-2.5).

During 2008, H5N1 infections continued to occur
both in animals and humans, even if the number
of human cases appeared to decrease. The report-
ed human cases were 44, just half of those of the
previous year, with 33 deaths. On the contrary, in
the first ten months of 2008, outbreaks in poultry
arose in at least 24 countries across Europe, the
Middle East, Asia, and Africa, and infections were
reported in wild birds in China, Hong Kong, and
the United Kingdom [32].

Clade 2.2, originated in 2005 from the outbreak of
Lake Qinghai, was isolated in the same year in Eu-
rope, the Middle East and Africa, as well as in Chi-
na and Mongolia. In the meantime, clade 2.3.4,
which has been circulating in China since 2005,
gave rise to the clade 2.3.4.4, destined to become
the most widespread strain worldwide in 2014-
2015 wave[33]. Other earlier HPAI H5 clades, such
as 2.2, 2.3.2.1 showed a more restricted regional
circulation primarily through domestic birds and
human activity, with brief periods of dispersal
through wild birds [34].

B THE EVOLUTION OF A NEW H5 STRAIN
FROM A H5N8 VIRUS

Contrary to expectations, between 2010 and 2014
the number of cases observed in humans did not
increase and the observed cases continued to oc-
cur only in people who had been in contact with
infected poultry. There was a total of 233 reports,
120 of which reported in Egypt.

In February 2009, before the emergence of HIN1
pandemic, Solomon and Webster wrote on Cell
that “there is concern that if an H5N1 pandemic
does not occur, scientists will lose public credibili-
ty, and pandemic planning will be supplanted by
more pressing public health programs’[35].

After this period of apparent calm, epizootics have
become increasingly frequent since 2014, sus-
tained by strains carrying a H5 of the 2.3.4.4 clade
associated with different subtypes of NA (N1, N2,
N3, N5, N6, N8) [33] (Figure 2). In 2016-2017 the
most widespread subtype was a H5N8 with the
H5 of the subclade 2.3.4.4b, that originated in Chi-
na, where was identified in poultry, and caused



H5N1 influenza A virus

|79

Figure 2

Timeline of the evolution
and spread of H5 strains.
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Numbers of human cases
(blue bars) and deaths

from H5N1 infection

(orange bars) from 2015

to December 2024 (the reports
of 2024 might be incomplete).

outbreaks in domestic and wild birds in South
Corea [36, 37]. A 2.3.4.4b H5 strain prevailed also
in the epizootics of 2021, even if all its eight genes
derived from a virus endemically circulating in
Egypt among poultry since 2016. The local rele-
vance in Egypt is also witnessed by 136 human
cases occurred in 2015 in that country on a total of
145 cases reported worldwide. Unexpectedly,
however, in the following years, human cases al-
most disappeared (Figure 3).

B AN ACCELERATION AMONG WILD BIRDS,
AN INCREASE OF EPIZOOTICS IN POULTRY

In autumn 2020 a strain emerged from the reas-
sortment of H5N8 European virus with a subtype
N1 and 5 genes (PB2, PB1, PA, NP and NS) of

LPAIs circulating in Europe among wild birds
since 2019, giving origin mainly to the genotype
EA-2020-C. Both the epizootics waves of 2020-
2021 and 2021-2022 caused by this new HPAI
Hb5N1 strain involved also wild birds, in which,
for the first time, there was an unprecedented high
mortality [34,38]. According to data from the Eu-
ropean Centre for Disease Prevention and Control
(ECDCQ), from October 1, 2021, to March 15, 2022,
Europe recorded 1,363 epizootic outbreaks, 311 of
which occurred in Italy.

On January 5, 2022, an asymptomatic infection was
reported in England in a man exposed to ducks
that were found to be infected with the same strain
[39]. In the spring, a further reassortment with a
H13 subtype circulating primarily in sea gulls gen-
erated a new Hb5 genotype 2.3.4.4 b (EA-2022-BB)
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which in Northern Europe, in the subsequent win-
ter, was responsible of mass mortality among sea-
birds (especially gulls and terns) [38]. Since No-
vember 2021, this clade spread all over the world,
investing Africa in 2021 and Asia in 2022 (Figure 2).
In December 2021, the most prevalent genotypes
circulating in Europe (EA-2020-C) was introduced
in North America, where a reassortment with
American LPAI virus gave origin to several geno-
types (called B1-B5), the most prevalent of which
became the B3.2[40]. Since October 2022, this gen-
otype has spread first to Mexico and then to the
whole South America [38].

H TIME OF MAMMALS

That mammals could be infected by avian H5SN1
was known since the epizootic in tigers in zoos in
Thailand in 2004 and subsequent reports in large
felids, in raccoon dogs (Nyctereutes procyonoides) in
Chinaand in cats and dogs in Thailand [24, 41-43].
H5N1 was found also in farmed pigs, in which the
infection is generally asymptomatic and infre-
quent, due to their low susceptibility to the virus
[44, 45]. Between 2003 and 2019, the non-human
mammal species in which the virus was isolated at
least once were no less than 12. The infections in
almost all the cases occurred in Asia, and involved
mainly carnivores [46, 47].

Since 2020, after the emergence and the spread in
poultry and wild birds of the new reassorted
strains, the isolations of HSN1 in mammal species
showed a marked acceleration, involving also ma-
rine mammals. In October 2022 a large outbreak,
caused by a H5 virus of the European BB geno-
type, occurred on an intensive American mink
(Neogale vison) farm in Galicia, northwestern Spain
[48]. The strain that infected the minks showed
mutations in the PB2 gene, such as T271A, E627K
and D701N, that are associated with mammalian
adaptation [38, 49, 50]. However, no infections oc-
curred in farm workers. On the contrary, a mink-
to-mink transmission was hypothesized. Addi-
tionally, several cases in seabirds, particularly in
gannets (Morus bassanus), were reported in the
area during the same period. In France, in Decem-
ber 2022, a domestic cat was infected with H5N1
from the BB clade, closely related to the virus that
had affected a nearby duck farm [51].

The spread in South America of genotype B3.2 has
caused the death of coastal birds and marine

mammals with a wide mortality of sea lions (Otar-
ia flavescens) starting from early 2023 in Peru and
Chile and then spreading to Argentina, Uruguay
and Brazil [50]. In Peru the 5% of sea lion popula-
tion died during the epizootic [52]. The identifica-
tion of mutations possibly associated to mam-
mal-adaptation in PB2 (D701N and Q591K) and
the grouping in phylogenetic trees of marine
mammal isolates into a single clade separate from
wild birds and poultry, suggests possible mam-
mal-to-mammal transmission. Meanwhile, at the
end of March, a case occurred in an inhabitant of
the Antofagasta region of Chile. The virus infect-
ing this patient belonged to the B3.2 clade and was
almost identical to the virus circulating in birds in
the same area, where infections were also reported
in marine mammals, such as porpoises (Phocoena
spinipinnis) [54] and dolphins (Cephalorhynchus eu-
tropia) [46, 53] (Figure 2).

In April 2023, the Ministry of Health of Italy re-
ported infections in two foxes (Vulpes vulpes), and
in July, a BB strain was detected in 27 fur farms in
Finland, involving foxes (Vulpes lagopus and Vul-
pes vulpes), American minks, and raccoon dogs
[55]. In addition to fur animals, the virus was
found in six black-headed gulls (Chroicocephalus
ridibundus), one common gull (Larus ganus), and
two wild mammals - a red fox (Vulpes vulpes) and
an otter (Lutra lutra) - from the same region. The
strain involved was the same responsible of the
outbreak occurred in minks in Spain in 2022 [38,
49, 50]. On July 11, 2023, WHO reported an out-
break of H5N1 infection in cats in Poland. Twen-
ty-nine out of 46 samples taken from cats, and one
from a caracal kept in captivity, tested positive for
H5N1 belonging to the BB clade and was very
similar to viruses circulating in the area in both
wild and domestic birds[56].

From 2021 to the end of 2023, at least 57 species of
mammals were reported to become naturally in-
fected with H5N1 (Table 1). Most species belong to
the order Carnivora and some of them also are fac-
ultative scavengers. Thirteen species of marine
mammals, including seven species of pinnipeds
and six of dolphins, were also involved. The most
plausible source of infection in all these animals is
close contact with infected birds, and their preda-
tion and eating. Necropsied animals showed
mainly lesions in lungs and brain [46, 50]. Regard-
ing human infections, during 2023 the cases re-
ported have been 12. In March, after nine years
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Table 1 - List of mammal species naturally infected with H5N1 strains, per year of first isolation (colours indicate
the continent in which the infection has been observed: yellow, Asia; green, Europe; orange, North America; light

orange, South America; light blue, Africa).

2022

Panthera leo*

Nyctereutes viverrinus

Year Terrestrial carnivores Other terrestrial mammals Marine mammals

Panthera tigris*/ Sus scrofa domesticus*

2004 Panthera pardus*
Felis catus™*
Canis lupus familiaris**
2005 Chrotogale owstoni*
Nyctereutes procyonoides*/ Ochotona curzoniae***

2006 Martes foina***

Neovison vison*
2010

EE

Cephalorhynchus eutropia

Delphinus delphis***

Phocoena spinipinnis***

Arctocephalus australis***

Callorhinus ursinus***

Continue >>>
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>>> Continue

Year

Terrestrial carnivores

Other terrestrial mammals

Marine mammals

Ursus maritimus***

Otaria flavescens***/

Martes americana***

Mirunga leonina***"

Lontra canadensis***

Panthera tigris*

Panthera pardus*

2023

Puma concolor***

Ursus arctos horribilis***

Ursus arctos middendorffi***

Lontra felina***

Lontra provocax***

Nasua nasua***

Panthera leo*

Bos taurus*/

2024

Capra hircus*

Vicugna pacos*

Sus scrofa domesticus*

*captive/farmed, **pet, **wild, ~epizootic.

without human cases in that country, two persons,
father and son, became infected in Cambodia with
a virus belonging to 2.3.2.1c clade, circulating
since several years in wild and domestic birds
across Africa, Asia, Europe, and the Middle East
[57]. In mid-May 2023, infections occurred in two
workers on a poultry farm in UK. Both cases were
asymptomatic and detected as part of an ongoing
surveillance of workers exposed to poultry infect-
ed with avian influenza [58].

B AND NOW THE COWS

In March 2024, juvenile goats with neurological
symptoms tested positive for HPAI A(HS5N1) and
at the same time, cases of H5N1 infection have
been reported in cows in the United States [59, 60].
It was involved a B3.13, genotype, relatively rare
in U.S. avifauna, infecting dairy cows since Febru-
ary 2024 in Texas, and subsequently spread to 16
U.S. states, in a total of 891 dairy herds (data of
December 25th). This genotype was identified in
numerous other mammals (including cats, alpac-
as, foxes, raccoons), and workers in contact with
cows or poultry.

This B3.13 genotype emerged in late 2023 from a
reassortment event between panzootic Eurasian

H5N1 genotype (EA-2020-C), and LPAI genotypes
circulating in North America, in which PA, HA,
NA, and MP are derived from the Eurasian geno-
type, while PB2, PB1, NP, and NS are derived from
American genotypes. The dairy cattle virus forms
a single clade separate from all the others in all
gene segments, which suggests a single introduc-
tion of the virus into the population and possible
cattle-to-cattle transmission [61, 62]. Several other
genomes from wild and domestic birds, but also
domestic cats and wild mammals, were included
in the monophyletic group of the dairy cattle, sug-
gesting a possible spread of the infection from cat-
tle to other animals. In addition, H5N1 virus from
cattle showed two mammalian adaptations in the
polymerase (PB2 M631L and PA497R).

A single severe human case of H5N1 infection was
also reported by the Public Health Agency of Can-
ada that have occurred in British Columbia, in-
volving a 2.3.4.4b H5N1 strain different from that
causing the dairy cattle outbreak in US, corre-
sponding to genotype D1.1 involved in an outgo-
ing outbreak in poultry in the same Region [63]. A
further severe case due to the D1.1 genotype oc-
curred in Louisiana has been reported by the CDC
on December 18™. On December 27, a total of 66
human cases of H5N1 avian influenza occurred in
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2024 have been notified to the Atlanta’s CDC, 40 of
which are related to dairy cows and 23 to poultry.
However, significant changes in the HA which can
modify the affinity for the human upper respirato-
ry tract, have not been observed and this justifies
the relatively low risk to date, of inter-human
transmissibility of this virus [61, 64].

B HOW LIKELY IS IT THAT AN H5 STRAIN
WILL BE THE NEXT PANDEMIC IAV?

It is a fact that H5 strains, although widespread
among birds since the end of the last century, have
caused serious forms of disease in only a few hun-
dred humans. Considering also the asymptomatic
and mild symptomatic cases - that are more fre-
quent, albeit occurring in people in contact with
infected animals, and not, with very few excep-
tions, through human-to-human transmission -
the estimate of the total of infections remains low.
The question therefore arises whether H5 can
adapt to human infection [65-67].

In IAVs, the protein that interacts with the recep-
tors of the target cells and plays a crucial role in
sustaining transmission is hemagglutinin (HA),
which binds to sialic acids (SA) terminally at-
tached to glycans, enabling viral endocytosis and
membrane fusion. HAs of human adapted IAVs
prefer SAs linked to galactose (Gal) in an 02,6 link-
age, whereas avian IAVs prefer an 02,3 linkage [68,
69]. For this reason, the direct passage of an avian
IAV to humans is difficult, although perhaps not
impossible [70]. The recent widening of the range
of infected species of mammals, including also
pets, is a cause of concern. Felines, as well as can-
ids, have sialic a-2,3 receptors in both upper and
lower respiratory tracts, which facilitates the di-
rect transmission of avian influenza subtypes[71,
72]. Pigs, on the other hand, have sialic receptors
of both types. On December 2024, the first cases of
H5NT1 infection in swine in the US were reported.
A high prevalence of seroconversion was also re-
ported in 2023 in pigs raised on a farm in Ostia,
Italy, where an epizootic caused by the BB clade
had occurred in poultry [73]. The finding of
asymptomatic infections in these animals raises
renewed concern for their possible role as a mix-
ing vessel for the reassortment of a future pan-
demic virus. Bovids were instead believed not to
be hosts of IAVs, which made the recent isolation
of 2.3.4.4b in these animals completely unexpect-

ed. Recent papers revealed that bovine mammary
glands are rich of avian virus-specific SA a2,3-gal
receptors, while their upper respiratory tract is de-
void of receptors for 1AV [74-76]. Cows could
therefore spread the infection through the milk,
while the ways in which they become infected and
whether they transmit the infection to each other
are currently being investigated. Preliminary data
show that 2.3.4.4b H5s from cows bound to avian
SA 02,3—gal, but not to SA a2,6-gal receptors of
the human cells[77]. However, pasteurization was
shown to inactivate H5N1 influenza virus in raw
whole milk [78].

B CLINICAL FEATURES OF HUMAN H5N1
INFECTIONS

In a study of 907 human cases reported between
1997 and 2015, the median age of patients was 19
years, with interquartile ranges of 5 to 32 years,
confirming that the infection was more commonly
observed in younger individuals. Over 90% of
these cases required hospitalization, and the fatal-
ity rate was 53.3%. The median age of deceased
patients was 30 years in North Africa and 19 years
in East Asia. The median time from symptom on-
set to death or discharge was 10 days, with inter-
quartile ranges of 7 to 15 days. Most patients
(82.5%) reported contact with poultry, while only
5.4% knew exposure to infected persons [79].

The typical incubation period for human H5N1
infections was 2-5 days, though sporadic cases
have been observed up to 7 days after presumed
exposure. Fever was a common early symptom,
often accompanied by cough, malaise, myalgia,
headache, sore throat, abdominal pain, vomiting,
and diarrhea [80-84]. Viral pneumonia leading to
severe respiratory insufficiency was the most fre-
quent cause of death. Neurological complications,
including encephalopathy and seizures, were doc-
umented in some H5N1 patients, particularly in
pediatric cases. These findings suggest the poten-
tial of the virus to cause direct or immune-mediat-
ed central nervous system damage, as observed in
various mammalian species [46, 50, 59, 85].
Survivors of H5N1 infection often experienced
long-term sequelae, such as pulmonary fibrosis,
chronic fatigue, and psychological distress, high-
lighting the significant impact of severe infection
on physical and mental health [86]. However, in-
fections contracted through contact with infected
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cows presented a markedly milder clinical course.
Of 45 reported cases, none required hospitaliza-
tion, and no fatalities were observed. Among these
patients, 42 (93%) had conjunctivitis, 22 (49%) re-
ported fever, 16 (36%) exhibited respiratory symp-
toms, and 15 (33%) presented with conjunctivitis
only [87].

B THE TREATMENT OF H5N1 INFECTION

The neuraminidase inhibitor oseltamivir is the rec-
ommended treatment for suspected, probable, or
confirmed H5NT1 cases [88]. Treatment should be-
gin as soon as possible, ideally within the first 48
hours of illness onset, even before confirmatory
test results are available. However, due to the lack
of clinical trials, the current evidence is derived
solely from observational studies, which lack ad-
equate controls. This limitation is exacerbated by
the challenges of early diagnosis, resulting in
many patients receiving antiviral treatment out-
side the optimal window for maximum efficacy.
Additionally, the early development of resistance
to oseltamivir has raised concerns about appropri-
ate dosing [89]. Resistance to antivirals has been
documented both prior to treatment initiation and
in individuals receiving neuraminidase inhibitors
as prophylaxis [90]. Gastrointestinal symptoms,
such as diarrhea, may further complicate treat-
ment by impairing drug absorption. Combination
antiviral therapies, such as oseltamivir and zana-
mivir, have been investigated in animal models
and may provide benefits in severe or resistant
H5N1 infections [91].

Adjunctive therapies, including corticosteroids
and immunomodulatory agents like intravenous
immunoglobulin (IVIG), have been used in severe
cases of H5N1 infection. However, their benefits
remain controversial, with some evidence sug-
gesting potential harm due to immune suppres-
sion [92]. For patients with severe disease, sup-
portive care, particularly ensuring adequate oxy-
genation, is essential.

Post-exposure prophylaxis with oseltamivir for 5
to 10 days is recommended for individuals in close
contact with confirmed cases [93].

B H5N1 HUMAN VACCINES

The potential for the avian influenza virus to mu-
tate drastically upon adapting to humans has

raised questions about the effectiveness of pre-
pandemic vaccines derived from circulating avian
strains. Nonetheless, three H5N1 influenza vac-
cines based on H5N1 strains that circulated in the
early 2000s - A/Vietnam /1194 /2004 (clade 1) and
A/Indonesia/5/2005 (clade 2.1) - have been li-
censed in the United States. These vaccines, avail-
able either unadjuvanted or adjuvanted with oil-
in-water adjuvants such as MF59 or AS03, are
stored in the U.S. stockpile for pandemic pre-
paredness.

A recent study demonstrated that these vaccines
generate cross-neutralizing antibodies against the
highly pathogenic H5N1 clade 2.3.4.4b influenza
virus [94]. In late July 2024, the World Health Or-
ganization (WHO) announced plans to develop a
mRNA vaccine to protect people in low- and mid-
dle-income countries from the highly pathogenic
avian influenza A(H5N1) virus [95]. This initiative
is part of WHO’s mRNA Technology Transfer Pro-
gram, launched in 2021, which aims to empower
lower-resource countries to develop and produce
mRNA vaccines for more equitable responses to
future pandemics.

B DIAGNOSIS OF H5N1 INFECTION

Diagnostic workup algorithm of suspected H5N1
is depicted in Figure 4. Hematological and bio-
chemical investigations are generally unhelpful,
as only transient lymphopenia is typically ob-
served. The diagnostic process primarily relies on
molecular methods, particularly real-time RT-
PCR, which can detect even a single viral particle
in a sample [96]. Repeated testing is necessary to
rule out false-positive results and confirm produc-
tive avian influenza infection in symptomatic or
asymptomatic individuals. Confirmed positive
samples for H5 virus should be sent to a WHO
Collaborating Centre for Reference and Research
on Influenza (WHO-CCRRI).

Positive samples are further subjected to whole
genome sequencing (WGS) to obtain detailed in-
formation about the viral genotype and identify
specific mutations, particularly those associated
with antiviral resistance [97]. Genomic surveil-
lance has become an indispensable tool for identi-
fying emerging zoonotic influenza viruses [96].
Rapid antigenic diagnostic tests developed for
avian influenza diagnosis show sensitivities of
50-80% and specificities of 90% [98]. Additionally,
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Figure 4 - Diagnostic workup of avian flu. Epidemiolog-
ical criteria: Exposure to HPAI A(H5N1) virus-infected
birds or other animals, OR exposure to an infected per-
son, OR laboratory exposure. Clinical criteria: Persons
with signs and symptoms consistent with acute upper
or lower respiratory tract infections, conjunctivitis, or
complications of acute respiratory illness of unknown
origin. Additionally, gastrointestinal symptoms, such
as diarrhea, are often reported with HPAI A(H5N1) virus
infection. Public health response: Asymptomatic indi-
viduals should be monitored and tested in accordance
with public health measure.

serological methods for detecting antibodies
against the virus are used retrospectively in epide-
miological investigations [99].

B GLOBAL PREPAREDNESS FOR AVIAN
INFLUENZA

Preparedness for avian influenza presents signifi-
cant regional and national challenges. Even coun-
tries with robust public health infrastructures and
comprehensive surveillance systems face difficul-
ties in tracking morbidity, mortality, and potential
avian influenza cases due to resource limitations
[100]. Despite advancements in molecular testing
during the COVID-19 pandemic, even in countries
with established surveillance systems specialized
testing for A (H5N1) in suspected human and ani-

mal cases is often restricted to national reference
laboratories or WHO Collaborating Centres [101].
Additionally, not all countries have the necessary
resources - such as expertise and specialized fa-
cilities (e.g., BSL3 labs) - to conduct virus charac-
terization or identify mutations that could en-
hance transmissibility, reduce antiviral effective-
ness, or alter diagnostic test accuracy. The limited
availability of diagnostic tools in many countries,
particularly for testing the clade 2.3.4.4b of the
H5N1 influenza virus, remains a major concern
among scientists [102]. Besides strengthening sur-
veillance, and the fostering of international coop-
eration, investing in research is essential to pre-
vent the H5N1 virus from igniting the next global
health crisis [103]. Technological tools, such as ar-
tificial intelligence and machine learning, could
offer significant support to forecasting, detection,
early warning and management of avian influen-
za outbreaks [104].

B CONCLUSIONS

Over the course of nearly thirty years, H5N1 has
failed to adapt to human-to-human transmission,
and we do not know whether a H5 strain will ever
be able to do so. Nevertheless, the acquisition of
the interhuman transmissibility of a such a strain,
that would be completely new to our species, pre-
dicts a scenario of billions of infected people. All
past influenza pandemics, including the 2009 flu
pandemic, which was generally mild enough to be
labelled a flop by some, have taken a heavy toll in
human lives. It must also be remembered that the
drug therapies against IAVs are far from being
completely satisfactory and that, in the event of a
pandemic, the time needed for a fully active vac-
cine to be available and administered worldwide
would not be short. However, envisaging apoca-
lyptic scenarios, without finding ways to address
the problem, more than useless, would perhaps be
harmful, as demonstrated by at least two cases in
the past, the alarm raised by the HIN1 at Fort Dix
in 1976 and that concerning the same H5N1 in
2005. Moreover, the emergence of a new pandemic
HIN1 virus in 2009 led to increased scepticism in
the media about H5N1 as a pandemic agent candi-
date [105]. It is a matter of fact, however, that at
present the abundant circulation in various animal
species of AV having genes, especially PB2, carry-
ing mutations favouring the replication in mam-
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mals, increases the possibility of reassortments of
strains potentially dangerous for humans, even
other than H5. It is therefore clear that to prevent
the emergence of a new pandemic IAV is an issue
that should be addressed urgently, from a global
health perspective[106] and with a strong interna-
tional effort.

Conflict of interest
None to declare

Funding
None to declare

B REFERENCES

[1] de Jong JC, Claas EC, Osterhaus AD, Webster RG,
Lim WL. A pandemic warning? Nature. 1997; 389: 554.
[2] Banks ], Speidel E, Alexander DJ. Characterisation of
an avian influenza A virus isolated from a human is an
intermediate host necessary for the emergence of pan-
demic influenza viruses? Arch Virol. 1998; 143(4): 781-787.
[3] Taubenberger JK, Reid AH, Krafft AE, Bijwaard KE, Fan-
ning TG. Initial genetic characterization of the 1918 “Span-
ish” influenza virus. Science. 1997; 275(5307): 1793-1796.

[4] Duan L, Campitelli L, Fan XH, et al. Characterization
of low-pathogenic H5 subtype influenza viruses from
Eurasia: implications for the origin of highly pathogenic
H5NI1 viruses. | Virol. 2007; 81: 7529-7539.

[5] Shortridge KF, Zhou NN, Guan Y, et al. Characteri-
zation of avian H5N1 influenza viruses from poultry in
Hong Kong. Virology. 1998; 252: 331-342.

[6] Shortridge KF. Poultry and the influenza H5N1 out-
break in Hong Kong, 1997: abridged chronology and
virus isolation. Vaccine. 1999; 17 Suppl 1: S26-29.

[7] Yuen KY, Chan PK, Peiris M, et al. Clinical features
and rapid viral diagnosis of human disease associated
with avian influenza A H5N1 virus. Lancet. 1998;
351(9101): 467-471.

[8] Claas EC, Osterhaus AD, van Beek R, et al. Human
influenza A H5N1 virus related to a highly pathogenic
avian influenza virus. Lancet. 1998; 351(9101): 472-477.
[9] Wang TT, Parides MK, Palese P. Seroevidence for
H5NT1 influenza infections in humans: meta-analysis.
Science. 2012; 335(6075): 1463.

[10] Chen X, Wang W, Wang Y, et al. Serological evi-
dence of human infections with highly pathogenic avi-
an influenza A(H5NT1) virus: a systematic review and
meta-analysis. BMC Med. 2020; 18(1): 377.

[11] Katz JM, Lim W, Bridges CB, et al. Antibody re-
sponse in individuals infected with avian influenza A
(H5N1) viruses and detection of anti-H5 antibody
among household and social contacts. | Infect Dis. 1999;
180(6): 1763-1770.

[12] Pereira HG, Tamova B, Law VG. Avian influenza A
viruses. Bull World Health Organ. 1965; 32(6): 855-860.
[13] Alexander DJ, Brown IH. History of highly patho-
genic avian influenza. Rev Sci Tech. 2009; 28(1): 19-38.
[14] Guan Y, Peiris JS, Lipatov AS, et al. Emergence of
multiple genotypes of H5N1 avian influenza viruses in
Hong Kong SAR. Proc Natl Acad Sci U S A. 2002; 99(13):
8950-8955.

[15] Li KS, Guan Y, Wang J, et al. Genesis of a highly
pathogenic and potentially pandemic H5N1 influenza
virus in eastern Asia. Nature. 2004; 430(6996): 209-213.
[16] Chen H, Smith GJ, Li KS, et al. Establishment of
multiple sublineages of H5N1 influenza virus in Asia:
implications for pandemic control. Proc Natl Acad Sci U
S A. 2006; 103(8): 2845-2850.

[17] Duan L, Bahl ], Smith GJ, et al. The development
and genetic diversity of HSN1 influenza virus in China,
1996-2006. Virology. 2008; 380(2): 243-254.

[18] Sims LD, Ellis TM, Liu KK, et al. Avian influenza in
Hong Kong 1997-2002. Avian Dis. 2003; 47(3 Suppl.):
832-838.

[19] Ellis TM, Bousfield RB, Bissett LA, et al. Investiga-
tion of outbreaks of highly pathogenic H5N1 avian in-
fluenza in waterfowl and wild birds in Hong Kong in
late 2002. Avian Pathol. 2004; 33: 492-505.

[20] Zhao Z, Zhang F, Xu M, et al. Description and clin-
ical treatment of an early outbreak of severe acute res-
piratory syndrome (SARS) in Guangzhou, PR China. |
Med Microbiol. 2003; 52(Pt 8): 715-720.

[21] Songserm T, Jam-on R, Sae-Heng N, et al. Domestic
ducks and H5N1 influenza epidemic, Thailand. Emerg
Infect Dis. 2006; 12: 575-581.

[22] Tiensin T, Ahmed SS, Rojanasthien S, et al. Ecologic
risk factor investigation of clusters of avian influenza A
(H5N1) virus infection in Thailand. ] Infect Dis. 2009;
199: 1735-1743.

[23] Delabouglise A, Antoine-Moussiaux N, Tatong D,
et al. Cultural Practices Shaping Zoonotic Diseases Sur-
veillance: The Case of Highly Pathogenic Avian Influen-
za and Thailand Native Chicken Farmers. Transbound
Emerg Dis. 2017; 64(4): 1294-1305.

[24] Amonsin A, Payungporn S, Theamboonlers A, et al.
Genetic characterization of H5N1 influenza A viruses
isolated from zoo tigers in Thailand. Virology. 2006;
344(2): 480-491.

[25] Chen H, Smith GJ, Zhang SY, et al. Avian flu: HSN1
virus outbreak in migratory waterfowl. Nature. 2005;
436(7048): 191-192.

[26] Liu J, Xiao H, Lei F, et al. Highly pathogenic HSN1
influenza virus infection in migratory birds. Science.
2005; 309(5738): 1206.

[27] Olsen B, Munster V], Wallensten A, Waldenstrém J,
Osterhaus AD, Fouchier RA. Global patterns of influen-
za a virus in wild birds. Science. 2006; 312(5772): 384-388.
[28] Brown JD, Stallknecht DE, Swayne DE. Experimen-
tal infection of swans and geese with highly pathogenic



H5N1 influenza A virus | 87

avian influenza virus (H5N1) of Asian lineage. Emerg
Infect Dis. 2008; 14(1): 136-142.

[29] Tian H, Zhou S, Dong L, et al. Avian influenza
H5N1 viral and bird migration networks in Asia. Proc
Natl Acad Sci U S A. 2015; 112(1): 172-177. Erratum in:
Proc Natl Acad Sci U S A. 2015; 112 (22): E2980.

[30] World Health Organization Global Influenza Pro-
gram Surveillance Network. Evolution of H5N1 avian
influenza viruses in Asia. Emerg Infect Dis. 2005; 11(10):
1515-1521.

[31] Ungchusak K, Auewarakul P, Dowell SE, et al. Prob-
able person-to-person transmission of avian influenza A
(H5N1). N Engl ] Med. 2005; 352(4): 333-340.

[32] World Organisation for Animal Health. Update on
highly pathogenic avian influenza in animals (type H5
and H7). November 4, 2008.

[33] Smith GJ, Donis RO; World Health Organization/
World Organisation for Animal Health/Food and Agri-
culture Organization (WHO/OIE/FAO) H5 Evolution
Working Group. Nomenclature updates resulting from
the evolution of avian influenza A(H5) virus clades
2.1.3.2a, 2.2.1, and 2.3.4 during 2013-2014. Influenza
Other Respir Viruses. 2015; 9(5): 271-276.

[34] Xie R, Edwards KM, Wille M, et al. The episodic
resurgence of highly pathogenic avian influenza H5 vi-
rus. Nature. 2023; 622(7984): 810-817.

[35] Salomon R, Webster RG. The influenza virus enig-
ma. Cell. 2009; 136 (3): 402-410.

[36] Zhao K, Gu M, Zhong L, et al. Characterization of
three H5N5 and one H5N8 highly pathogenic avian in-
fluenza viruses in China. Vet Microbiol. 2013; 163(3-4):
351-357.

[37] Kim HR, Kwon YK, Jang I, et al. Pathologic Chang-
es in Wild Birds Infected with Highly Pathogenic Avian
Influenza A(H5NS8) Viruses, South Korea, 2014. Emerg
Infect Dis. 2015; 21(5): 775-780.

[38] Fusaro A, Zecchin B, Giussani E, et al. High patho-
genic avian influenza A(H5) viruses of clade 2.3.4.4b in
Europe. Why trends of virus evolution are more difficult
to predict. Virus Evol. 2024; 10(1): veae027.

[39] Oliver I, Roberts J, Brown CS, et al. A case of avian
influenza A(H5NT1) in England, January 2022. Euro Sur-
veill. 2022; 27(5): 2200061.

[40] Youk S, Torchetti MK, Lantz K, et al. HSN1 highly
pathogenic avian influenza clade 2.3.4.4b in wild and
domestic birds: Introductions into the United States and
reassortments, December 2021-April 2022. Virology.
2023; 587: 109860.

[41] Hu T, Zhao H, Zhang Y, et al. Fatal influenza A
(H5N1) virus Infection in zoo-housed Tigers in Yunnan
Province, China. Sci Rep. 2016; 6: 25845.

[42] Qi X, Li X, Rider P. Molecular characterization of
highly pathogenic H5N1 avian influenza A viruses isolat-
ed from raccoon dogs in China. PLoS Orne. 2009; 4: e4682.
[43] Amonsin A, Songserm T, Chutinimitkul S, et al. Ge-
netic analysis of influenza A virus (H5N1) derived from

domestic cat and dog in Thailand. Arch Virol. 2007;
152(10): 1925-1933.

[44] Li HY, Yu KZ, Yang HL, et al. Isolation and charac-
terization of H5N1 and HIN2 influenza viruses from
pigs in China. Chin ] Prev Vet Med. 2004; 26: 1-6.

[45] Lipatov AS, Kwon YK, Sarmento LV, et al. Domestic
pigs have low susceptibility to H5N1 highly pathogenic
avian influenza viruses. PLoS Pathog. 2008; 4: €1000102.
[46] Plaza PI, Gamarra-Toledo V, Eugui JR, Lambertucci
SA. Recent Changes in Patterns of Mammal Infection
with Highly Pathogenic Avian Influenza A(H5N1) Virus
Worldwide. Emerg Infect Dis. 2024; 30(3): 444-452.

[47] Klopfleisch R, Wolf PU, Wolf C, et al. Encephalitis
in a stone marten (Martes foina) after natural infection
with highly pathogenic avian influenza virus subtype
H5N1. | Comp Pathol. 2007; 137: 155-1559.

[48] Agtiero M, Monne I, Sanchez A, et al. Highly path-
ogenic avian influenza A(H5N1) virus infection in
farmed minks, Spain, October 2022. Euro Surveill. 2023;
28(3): 2300001.

[49] Kareinen L, Tammiranta N, Kauppinen A, et a.
Highly pathogenic avian influenza A(H5N1) virus in-
fections on fur farms connected to mass mortalities of
black-headed gulls, Finland, July to October 2023. Euro
Surveill. 2024; 29(25): 2400063.

[50] Peacock TP, Moncla L, Dudas G, et al. The global
H5N1 influenza panzootic in mammals. Nature. 2025;
637(8045): 304-313.

[51] Briand FX, Souchaud F, Pierre I, et al. Highly Path-
ogenic Avian Influenza A(H5N1) Clade 2.3.4.4b Virus in
Domestic Cat, France, 2022. Emerg Infect Dis. 2023; 29(8):
1696-1698.

[52] Gamarra-Toledo V, Plaza PI, Gutiérrez R, et al. Mass
mortality of sea lions caused by highly pathogenic avi-
aninfluenza A(H5N1) virus. Emerg. Infect. Dis. 2023; 29:
2553-2556.

[563] Tomés G, Marandino A, Panzera Y, et al. Highly
pathogenic avian influenza H5N1 virus infections in
pinnipeds and seabirds in Uruguay: Implications for
bird-mammal transmission in South America. Virus
Evol. 2024; 10(1): veae031.

[54] Garcia-Cegarra AM, Hall A, Martinez-Lopez E. By-
catch and pollution are the main threats for Burmeister’s
porpoises inhabiting a high-industrialized bay in the
Humboldt Current System. Environ Res. 2024; 251(Pt2):
118621.

[55] Lindh E, Lounela H, Ikonen N, et al. Highly pathogen-
ic avian influenza A(H5N1) virus infection on multiple fur
farms in the South and Central Ostrobothnia regions of
Finland, July 2023. Euro Surveill. 2023; 28(31): 2300400.
[56] Domanska-Blicharz K, Swicton E, Swiatalska A, et
al. Outbreak of highly pathogenic avian influenza
A(H5N1) clade 2.3.4.4b virus in cats, Poland, June to
July 2023. Euro Surveill. 2023; 28(31): pii=2300366.

[57] Suttie A, Tok S, Yann S, et al. Diversity of A(H5N1)
clade 2.3.2.1c avian influenza viruses with evidence of



88 | M. Galli, A. Giacomelli, A. Lai, et al.

reassortment in Cambodia, 2014-2016. PLoS One. 2019;
14(12): €0226108.

[58] World Health Organization (30 May 2023). Disease
Outbreak News; Avian Influenza A (H5N1) — United
Kingdom of Great Britain and Northern Ireland. Availa-
ble at https://www.who.int/emergencies/disease-out-
break-news/item/2023-DON468.

[539] AVMA. Goat in Minnesota Tests Positive for HPAL
Awvailable online: https:/ /www.avma.org/news/goat-min-
nesota-testspositive-hpai (accessed on 24 April 2024).

[60] Highly Pathogenic Avian Influenza (HPAI) Detections
in Livestock. Available online: https://www.aphis.usda.
gov/livestockpoultry-disease/avian/avian-influenza/
hpai-detections/livestock (accessed on 2 May 2024).

[61] Worobey M, Gangavarapu K, Pekar JE, et al. Pre-
liminary report on genomic epidemiology of the 2024
Hb5N1 influenza A virus outbreak in U.S. cattle (Part 1 of
2). Available at: https:/ /virological.org/t/preliminary-
report-on-genomic-epidemiology-of-the-2024-h5n1-in-
fluenza-a-virus-outbreak-in-u-s-cattle-part-1-of-2 /970
(accessed January 26, 2025).

[62] Nguyen T, Carl Hutter T, Markin A, et al. Emer-
gence and interstate spread of highly pathogenic avian
influenza A(H5N1) in dairy cattle. bioRxiv 2024. Avail-
able at: https://www.biorxiv.org/content/10.1101/202
4.05.01.591751v1 (accessed January 26, 2025).

[63] Statements from Public Health Agency of Can-
adaUpdate on Avian Influenza andrisk to Canadians,
From Public Health Agency of Canada. Available at
https://www.canada.ca/en/public-health/
news/2024/11/update-on-avian-influen-
za-and-risk-to-canadians.html.

[64] H5 Flu Bird: Current Situation. Available at https://
www.cdc.gov/bird-flu/situation-summary/index.
html#human-cases.

[65] Khuntirat BP, Yoon IK, Blair PJ, et al. Evidence for
subclinical avian influenza virus infections among rural
Thai villagers. Clin Infect Dis. 2011; 53(8): e107-e116.
[66] Nasreen S, Khan SU, Luby SP et al. Highly patho-
genic Avian Influenza A(H5N1) virus infection among
workers at live bird markets, Bangladesh, 2009-2010.
Emerg Infect Dis. 2015; 21: 629-637.

[67] Horm SV, Tarantola A, Rith S, et al. Intense circula-
tion of A/H5N1 and other avian influenza viruses in
Cambodian live-bird markets with serological evidence
of sub-clinical human infections. Emerg Microbes Infect.
2016; 5(7): €70.

[68] Thanh TT, van Doorn HR, de Jong MD. Human
H5NI1 influenza: current insight into pathogenesis. Int |
Biochem Cell Biol. 2008; 40(12): 2671-2674.

[69] Zhao C, Pu J. Influence of host sialic acid receptors
structure on the host specificity of influenza viruses. Vi-
ruses. 2022; 14: 2141.

[70] Taubenberger JK, Morens DM. The 1918 Influenza
Pandemic and Its Legacy. Cold Spring Harb Perspect Med.
2020; 10: a038695.

[71] Moreno A, Bonfante F, Bortolami A, et al. Asympto-
matic infection with clade 2.3.4.4b highly pathogenic
avian influenza A(H5NT1) in carnivore pets, Italy, April
2023. Euro Surveill. 2023; 28(35): 2300441.

[72] Borland S, Gracieux P, Jones M, et al. Influenza A
Virus Infection in Cats and Dogs: A Literature Review in
the Light of the “One Health” Concept. Front Public
Health. 2020; 8: 83.

[73] Rosone F, Bonfante F, Sala MG, et al. Seroconver-
sion of a Swine Herd in a Free-Range Rural Multi-Spe-
cies Farm against HPAI H5N1 2.3.4.4b Clade Virus. Mi-
croorganisms. 2023; 11: 1162.

[74] Kristensen C, Jensen HE, Trebbien R, Webby R],
Larsen LE. 2024. Avian and human influenza A virus
receptors in bovine mammary gland. Emerg Infect Dis.
2024; 30: 1907-1911.

[75] Nelli RK, Harm TA, Siepker C, et al. Sialic acid re-
ceptor specificity in mammary gland of dairy cattle in-
fected with highly pathogenic avian influenza A(H5NT1)
virus. Emerg Infect Dis. 2024; 30: 1361-1373.

[76] Rios Carrasco M, Grone A, van den Brand JMA, de
Vries RP. The mammary glands of cows abundantly dis-
play receptors for circulating avian H5 viruses. | Virol.
2024; 98(11): e0105224.

[77] Santos JJS, Wang S, McBride R, Zhao Y, Paulson JC,
Hensley SE. Bovine H5N1 influenza virus binds poorly
to human-type sialic acid receptors. bioRxiv [Preprint].
2024 Aug 2: 2024.08.01.606177.

[78] Koopmans MPG, Barton Behravesh C, Cunning-
ham AA, et al. One Health High-Level Expert Panel.
The panzootic spread of highly pathogenic avian influ-
enza H5N1 sublineage 2.3.4.4b: a critical appraisal of
One Health preparedness and prevention. Lancet Infect
Dis. 2024; 24(12): e774-e781.

[79] Lai S, Qin Y, Cowling BJ, et al. Global epidemiology
of avian influenza A H5N1 virus infection in humans,
1997-2015: a systematic review of individual case data.
Lancet Infect Dis. 2016; 16(7): e108-e118.

[80] Tran TH, Nguyen TL, Nguyen TD, et al.; World
Health Organization International Avian Influenza In-
vestigative Team. Avian influenza A (H5N1) in 10 pa-
tients in Vietnam. N Engl | Med. 2004; 350: 1179-1188.
[81] Kandun IN, Wibisono H, Sedyaningsih ER, et al.
Three Indonesian clusters of H5N1 virus infection in
2005. N Engl | Med. 2006; 355: 2186-2194.

[82] Kandun IN, Tresnaningsih E, Purba WH, et al. Fac-
tors associated with case fatality of human H5N1 virus
infections in Indonesia: a case series. Lancet. 2008; 372:
744-749.

[83] YuH, Gao Z, Feng Z, et al. Clinical characteristics of
26 human cases of highly pathogenic avian influenza A
(H5N1) virus infection in China. PLoS ONE.2008; 3:
€2985.

[84] van Riel D, Munster V], de Wit E, et al. H5N1 virus
attachment to lower respiratory tract. Science. 2006;
312:399.



H5N1 influenza A virus | 89

[85] Uyeki TM. Human infection with highly pathogen-
ic avian influenza A (H5N1) virus: review of clinical is-
sues. Clin Infect Dis. 2009; 49(2): 279-290.

[86] Abdel-Ghafar AN, Chotpitayasunondh T, Gao Z, et
al. Update on avian influenza A (H5N1) virus infection
in humans. N Engl | Med. 2008; 358: 261-273.

[87] Garg S, Reinhart K, Couture A, et al. Highly Patho-
genic Avian Influenza A(H5N1) Virus Infections in Hu-
mans. N Engl | Med. 2024 Dec 31. Epub ahead of print.
[88] Available at https://www.cdc.gov/bird-flu/pre-
vention/hpai-interim-recommendations.html

[89] de Jong MD, Tran TT, Truong HK, et al. Oseltamivir
resistance during treatment of influenza A (H5N1) in-
fection. N Engl | Med. 2005; 353: 2667-2672.

[90] Le QM, Kiso M, Someya K, et al. Avian flu: isolation
of drug-resistant H5SN1 virus. Nature. 2005; 437: 1108.
[91] Govorkova EA, Baranovich T, Seiler P, et al. Antivi-
ral resistance and fitness in an avian influenza A (H5N1)
virus. Proc Natl Acad Sci U S A. 2010; 107(15): 7391-7396.
[92] Hui DS, Lee N, Chan PK. Adjunctive therapies and
immunomodulatory agents in the management of se-
vere influenza. Antiviral Res. 2013; 98(3): 391-399.

[93] Highly Pathogenic Avian Influenza A(H5N1) Virus:
Interim Recommendations for Prevention, Monitoring,
and Public Health Investigations. Available at https://
www.cdc.gov /bird-flu/prevention/hpai-interim-rec-
ommendations.html

[94] Khurana S, King LR, Manischewitz J, et al. Licensed
HS5N1 vaccines generate cross-neutralizing antibodies
against highly pathogenic H5N1 clade 2.3.4.4b influen-
za virus. Nat Med. 2024; 30(10): 2771-2776.

[95] Anderer S. WHO Announces Project to Develop an
mRNA H5N1 Vaccine for Humans. JAMA. 2024; 332(12):
954.

[96] ECDC, Testing and detection of zoonotic influenza
virus infections in humans in the EU/EEA, and occupa-
tional safety and health measures for those exposed at
work, 3 October 2022, available at https://www.ecdc.

europa.eu/en/publications-data/zoonotic-influen-
za-virus-infections-humans-testing-and-detection.

[97] WHO, Guidelines on laboratory diagnosis of avian
influenza, available at https://iris.who.int/han-
dle/10665/205182.

[98] Dzigbowska K, Czaczyk E, Nidzworski D. Detec-
tion Methods of Human and Animal Influenza Vi-
rus-Current Trends. Biosensors (Basel). 2018; 8(4): 94.
[99] Rowe T, Abernathy RA, Hu-Primmer J, et al. Detec-
tion of antibody to avian influenza A (H5N1) virus in
human serum by using a combination of serologic as-
says. ] Clin Microbiol. 1999; 37: 937-943.

[100] Kojima N, Adlhoch C, Mitja O, Dat VQ, Lescano
AG, Klausner JD. Building global preparedness for avi-
an influenza. Lancet. 2024; 403(10443): 2461-2465.

[101] Global Influenza Programme. Expert consultation
on diagnosis of H5N1 avian influenza infections in hu-
mans. Influenza Other Respir Viruses. 2007;1(4): 131-138.
[102] Mallapaty S. Bird flu outbreak in US cows: Why
scientists are concerned. Nature. 2024; 628(8008): 484-85.
[103] Perez-Acle T, Ravello C, Rosemblatt M. Are we
cultivating the perfect storm for a human avian influ-
enza pandemic? Biol Res. 2024; 57(1): 96.

[104] Musa E, Nia ZM, Bragazzi NL, Leung D, Lee N,
Kong JD. Avian Influenza: Lessons from Past Outbreaks
and an Inventory of Data Sources, Mathematical and Al
Models, and Early Warning Systems for Forecasting and
Hotspot Detection to Tackle Ongoing Outbreaks. Health-
care (Basel). 2024; 12(19): 1959.

[105] Galli M. Una banale influenza? Storia di una ma-
lattia sottovalutata. Raffaello Cortina Editore, 2023
pp-209-216 and 226-228

[106] Koopmans MPG, Barton Behravesh C, Cunning-
ham AA, et al. One Health High-Level Expert Panel.
The panzootic spread of highly pathogenic avian influ-
enza H5N1 sublineage 2.3.4.4b: a critical appraisal of
One Health preparedness and prevention. Lancet Infect
Dis. 2024; 24(12): e774-e781.



