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ABSTRACT The H4 subtype of avian influenza virus
(AIV) exhibits a wide host range and is commonly found
in migratory waterfowl. Recent studies have revealed
that the HAN6 AIV can infect guinea pigs via aerosol
transmission without prior adaptation. Additionally, the
Q2261 /G228S substitutions in the receptor-binding site
have led to structural changes in globular head of H4

AIV, resulting in a configuration similar to that of pan-
demic H2N2 and H3N2 human influenza viruses. This
article provides an updated review of the historical evolu-
tion, global distribution, adaptive mutations, receptor-
binding preferences, and host range of H4 AIV. The
insights presented herein will help in assessing the poten-
tial risk of future H4 ATV epidemics.
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INTRODUCTION

Avian influenza virus (AIV), a member of the Ortho-
myxoviridae family, can be classified into 2 distinct
pathogenicity groups: highly pathogenic avian influenza
virus (HPAIV) and low pathogenic avian influenza
virus (LPAIV), based on their impact on poultry
(Long, et al., 2019). HPAIV, particularly subtypes H5
and H7, have the capacity to precipitate severe disease
outbreaks in poultry, leading to significant economic
ramifications and potential public health concerns
(Chatziprodromidou, et al., 2018; Luo, et al., 2021;
Swieton, et al., 2020). In contrast, LPAIV typically elic-
its mild or no clinical symptoms in poultry, with H4 ATV
serving as a prime example. However, it has been
observed that H4 AIV can co-circulate and undergo
reassortment with other AIV subtypes, giving rise to
novel viruses with increased pathogenicity (Liang, et al.,
2016; Shi, et al., 2016; Quan, et al., 2018). Notably, the
emergence of HPAIV H5NG6, a reassortant virus with
PB1 genes derived from H4N2, in Korea in 2016 exem-
plifies this phenomenon (Si, et al., 2017). Reassortment
events involving H4 AIV and various hemagglutinin
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(HA) subtypes can indeed culminate in the emergence
of novel HPAIV strains. Therefore, enhancing surveil-
lance and monitoring efforts targeting H4 AIV assumes
paramount importance, as it enables us to gain a deeper
understanding of this virus and respond effectively to
potential outbreaks.

The H4 subtype of AIV exhibits a wide range of host
diversity and has been extensively documented in both
wild and domestic avian species spanning multiple coun-
tries (Zhang, et al., 2012; Kang, et al., 2013; Yuan,
et al., 2015; Hollander, et al., 2019). While waterfowl are
considered the natural reservoir of H4 AIV, its presence
has also been detected in various other avian species,
such as parrots, quails, and turkeys, as well as in mam-
mals including seals and swine (Matsuoka, et al., 1979;
Kayali, et al., 2009; Wong, et al., 2014; Wu, et al., 2015;
Xu, et al., 2020; Stallknecht, et al., 2022). Moreover,
studies have demonstrated the ability of certain strains
of H4 ATV to infect mice without prior adaptation, with
respiratory droplets facilitating transmission in guinea
pigs (Liang, et al., 2016). Swine, often referred to as the
"mixing vessel" for AIV, can serve as a conduit for the
reassortment of influenza viruses from diverse host spe-
cies (Tto, et al., 1998; Skelton and Huber, 2022). Nota-
bly, the H4N6 swine influenza virus exhibits a preference
for human «-2,6 sialic acid (SA) receptors, augmenting
its potential to infect humans (Song, et al., 2017). There
is no report of human infection with swine influenza H4,
but it has been reported that humans have been infected
with H4 subtype AIV. For example, in Lebanon, where
migratory routes of wild birds converge, 3 backyard
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poultry farmers tested positive for H4 AIV through
microneutralization assay, with titers of 1:10, 1:80, and
1:160, respectively (Kayali, et al., 2009; Kayali, et al.,
2011). Given the close proximity between humans,
swine, and poultry, the dissemination of AIVs capable of
affecting both humans and animals has become increas-
ingly prevalent, thereby emphasizing the significance of
H4 AIV as a potential public health threat warranting
attention. This review aims to provide an up-to-date
overview of the surveillance and global distribution of
H4 viruses among different hosts, as well as the adaptive
mutations and receptor binding preferences of the H4
subtype of AIVs.

SURVEILLANCE OF H4 VIRUSES IN
POULTRY AND WILD BIRDS

Domestic Poultry

Since its initial identification in a duck in 1956, the H4
strain of AIV has been detected across the globe. The
phylogenetic analysis of the HA gene reveals 2 distinct
lineages: North America and Eurasia (Donis, et al.,
1989; Song, et al., 2017; Khan, et al., 2018). The surveil-
lance of live poultry markets (LPMs) plays a pivotal
role in evaluating the potential risk of AIV transmission
to humans and in unveiling the origins of AIV out-
breaks. From 2014 to 2021, a comprehensive sampling
effort in China, encompassing 388,645 specimens col-
lected from LPMs, slaughterhouses, farms, and back-
yard flocks, yielded a positive isolation rate of 0.09%o for
the H4 subtype (Bo, et al., 2022). Notably, all H4 iso-
lates traced back to southern China, with the majority
being identified in December.

In the province of Guangxi, China, between 2016 and
2019, a total of 7,567 samples sourced from LPMs
resulted in the successful isolation of 974 strains of
LPAIV, H3, H4, H6, and H9 were the most prevalent
subtypes, with the H4 subtype constituting 5.03% of the
isolates, among which mixed infections accounted for
8.62%. Interestingly, a significant portion of H4 isolates
were recovered during the summer season. Among cases
of mixed infection, the combination of H3 and H4 was
the most prevalent, representing 33.33%, while H4 and
H6 accounted for 11.90% (Luo, et al., 2021).

In the region of Sichuan, China, between 2014 and
2015, a total of 516 samples obtained from LPMs led to
the isolation of 65 H4 AIV strains, predominantly align-
ing with the Eurasian lineage (Quan, et al., 2018). Fur-
thermore, during the period from 2013 to 2014, 3,210
cloacal swab samples collected from domestic ducks in
LPMs in Zhejiang, China, yielded 109 AIV strains, with
23 H4 AIV were isolated from domestic ducks. Genetic
analysis confirmed that these H4 AIV strains shared
genetic traits consistent with the Eurasian lineage (Wu,
et al., 2015). In 2009, 3,787 oral and pharyngeal swab
samples were obtained from ducks and chickens in
LPMs in Shanghai, China, eight H4 AIVs were isolated
from domestic ducks (Shi, et al., 2016).

Among 4,308 waterfowl samples collected from 4
LPMs in Bangladesh between 2007 and 2012, 191 were
positive for ATV, of which eight strains of H4 subtype
were identified (IChan, et al., 2018). However, in a sur-
veillance study of AIV in poultry and wild birds in Korea
from 2012 to 2014, it was found that H4 AIV was iso-
lated more frequently in wild bird habitats than in poul-
try farms, but was not isolated in LPMs (Lee, et al.,
2017). Notably, in LPMs in central Vietnam where dis-
infection interventions were conducted to reduce AIV
transmission, two H4 AIVs were still isolated from envi-
ronmental samples and from apparently healthy poultry
oropharynx and cloaca (Chu, et al., 2016). LPMs are
widely recognized as the primary source of AIV trans-
mission and interspecies spread. Numerous studies have
consistently shown the presence of H4 in LPMs, often
coexisting with other AIV subtypes. Investigations con-
ducted in Chinese LPMs have consistently revealed that
the isolated H4 AIV strains belong to the Eurasian line-
age, with no strains from the North American lineage
detected. Nevertheless, reports regarding LPMs in other
countries are limited, lacking a specific focus on the H4
subtype, and failing to delineate its lineage as Eurasian
or North American.

Wild Birds

A1V is disseminated extensively by wild birds, making
them invaluable surveillance species. Researchers col-
lected a total of 8,594 fresh fecal samples from wild birds
living in wetlands along the Yangtze River in central
China’s Hubei province from November to March, 2013
to 2017. Interestingly, only one strain of the H4 subtype
AIV (A/Mallard/Hubei/chenhu VI109/2015) (H4NS8)
was isolated from these samples (Wang, et al., 2021).
Similarly, in China from 2015 to 2019, 10,910 fecal sam-
ples were collected from migratory birds in natural
reserves along the East Asian-Australasian (EA) flyway
(lakes and wetlands in Hunan, Hubei, and Jiangxi prov-
inces, but no H4 AIV was isolated (Yao, et al., 2022).
China exhibits a higher detection rate of H4 in LPMs
compared to the habitats or stopover sites of migratory
birds. From autumn 2019 to 2021, a total of 4,451 throat
swabs, cloacal swabs and fecal samples were collected in
the habitats of migratory birds in Shanghai. Notably,
the highest prevalence of the H4 virus was observed. H4
was predominantly detected in the environment, with
Anseriformes being the primary avian hosts. It is worth
mentioning that all isolated H4N2 viruses belonged to
the Eurasian lineages (Xu, et al., 2023).

In the Israel Hula Valley, a crucial waterbird habitat
situated on a migratory bird route, Lublin et al. col-
lected fecal samples from 53 wild mallards (Anas platyr-
hynchos) in 2018 and identified 5 strains as the H4N6
AIV (Lublin, et al., 2022). Monitoring surveys con-
ducted from 1976 to 2015 in the Mississippi Migratory
Flyway (MMF) and Central Migratory Flyway
(CMF) indicated a positive rate of 11% for AIV, with
H4 (26.2%) being one of the prominent subtypes
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Table 1. Isolation positive rate of H4 subtype avian influenza virus in different countries reported in the literature.

Country Region Period Object Sample Total' H4 Ref
China Multiple regions 2014-2021 Environment - 388,645 0.09%0 (Bo, et al., 2022)
Guangxi LPM 2016-2019 Domestic chickens, Throat and cloacal 7,567 0.65%  (Luo, et al., 2021)
Ducks, Geese swab swabs
Sichuan LPM 2014—2015 Domestic chicken Unspecified 516 12.60% (Quan, et al., 2018)
and duck,
Environment
Zhejiang LPM 2013-2014 Domestic ducks Cloacal swabs 3,210 0.72%  (Wu, et al., 2015)
Shanghai LPM 2009 Domestic ducks and ~ Oropharyngeal 3,787 0.21%  (Shi, et al., 2016)
chickens swabs
Chenhu Wetland, 2013 - 2017 wild bird Fresh faeces 8,594  0.01% (Wang, et al., 2021)
Honghu Wetland,
Wanghu Wetland
Shanghai habitat of ~ 2019-2021 Wild birds Environmental sam- 4,451 1.03%  (Xu, et al., 2023)
migratory birds ples (feces) and
swab samples
Bangladesh Multiple regions 2007-2012 Domestic waterfowl ~ Oropharyngeal, Clo- 4,308 0.19%  (Khan, et al., 2018)
acal, Fecal
Vietnam Thua Thien Hue 2014 Domestic ducks, Oropharyngeal and 3,045 0.07%  (Chu, et al., 2016)
province muscovy ducks, cloacal swabs
chickens and the
environment
Israel Hula valley 2018 Anas platyrhynchos  Fresh faeces 53 9.43%  (Lublin, et al., 2022)
USA and Canada Mississippi Migra- 1976-2015 Migratory waterfowl Cloacal, Oropharyn- 77,969  2.83%  (Diskin, et al., 2020)
tory Flyway geal swabs, Blood
(MMF) and Cen-
tral Migratory Fly-
way (CMF)
USA Minnesota 2014, 2015, 2017, Anas platyrhynchos  Cloacal and oropha- 2,972 5.69%  (Stallknecht, et al.,
2018 in September ryngeal swabs 2022)
Minnesota 2007-2016 Waterfowl Oropharyngeal and 13,228  4.27%  (Hollander, et al.,
cloacal swabs 2019)
Korea Unspecified 2004-2010 Domestic ducks, Cloacal swabs or 30,881  0.17%  (Kang, et al., 2013)
Wild birds faeces
India West Bengal State 2009-2011 Environment, Fecal droppings, 5,722 0.26%  (Pawar, et al., 2012)
Migratory birds, Tracheal, cloacal
Domestic ducks swabs, Tissue,
and poultry Serum
Sweden Oland 2002-2010 Anas platyrhynchos  Fresh faeces or cloa- 22,229  1.31%  (Latorre-Margalef,
cal swabs et al., 2014)
Ottenby Bird 2002-2009 Anas platyrhynchos  Cloacal or faecal 18,643  1.55%  (Wille, et al., 2022)
Observatory swabs

The total number of samples collected mentioned in the literature.

(Diskin, et al., 2020). These strains were mainly concen-
trated in the summer and autumn seasons. Similarly, a
survey conducted in Minnesota, USA from 2007 to 2018
indicated that H3 and H4 subtypes were prevalent in
migratory mallards, particularly H3N8 and H4N6 (Hol-
lander, et al., 2019; Stallknecht, et al., 2022).

A total of 291 H4 isolates from 22,229 fresh stool or
cloacal swabs collected on the island on Oland Island,
Sweden, between 2002 and 2010 were identified
(Latorre-Margalef, et al., 2014). From 2002 to 2009, 289
H4 strains were isolated from 18,643 cloacal or fecal sam-
ples from migratory mallards in Sweden, with H4N6
being the most prevalent subtype, accounting for 79% of
H4 isolates (Wille, et al., 2022). In India, from 2009 to
2011, 15 strains of the H4 subtype of AIV were isolated
from 1,604 poultry samples (Pawar, et al., 2012). In
South Korea’s national survey from 2004 to 2010, a total
of 30,881 samples were collected, with 52 isolated strains
of H4 from wild bird fecal samples. The majority of these
strains belonged to the Eurasian lineage, with a few
belonging to the North American lineage (Kang, et al.,
2013). Overall, the H4 subtype is prevalent among
migratory mallards carrying AIV, thereby elevating

the risk of poultry infection during their migratory
journeys.

The H4 subtype of AIV is frequently detected in
migratory birds, highlighting the importance of monitor-
ing its potential to infect poultry during migration. A
summary of H4 subtype AIV in different countries
reported in the literature is shown in Table 1. Nonethe-
less, it remains uncertain whether the frequent mixed
infections of H4 with other ATV subtypes, particularly
H3+H4, in both migratory mallards and poultry mar-
kets contribute to the adaptation of the H4 subtype of
ATV to poultry. Therefore, it is crucial to promptly com-
prehend the evolutionary dynamics of the H4 subtype of
AIV. Such understanding is vital for comprehending its
transmission capacity and predicting potential out-
breaks in both livestock and humans.

GLOBAL DISTRIBUTION OF H4NX VIRUS

The Influenza Research Database (IRD), housed
within the Bacterial and Viral Bioinformatics Resource
Center (BV-BRC), has been harnessed to construct a
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Figure 1. Global distribution of H4Nx influenza viruses. This figure displays the distribution of all currently available sequenced H4 viruses on
the IRD (fludb.org). The maps represent the following: 1 = H4N1, 2 = H4AN2, 3 = H4N3, 4 = H4N4, 5 = H4N5, 6 = H4NG, 7 = HAN7, 8 = H4ANS,

and 9 = H4N9. The graphics are visualized by www.mapchart.net.

comprehensive global distribution map of H4Nx AIV, as
exemplified in Figure 1. The quantity and total count of
distinct H4 subtypes isolated in various countries, across
different time periods and species, have been compiled in
Table 2. Additionally, the distribution of each HA sub-
type in the sequences deposited in GISAID between
2000 and 2023 is illustrated in Figure 2. Furthermore,
temporal variations in the cumulative count of H4 ATV
isolates have been presented in Figure 3. Notably, from
2000 to 2023, the predominant H4 subtype AIV isolates
were H4NG, followed by HAN8 and H4N2.

PREVALENCE OF H4 IN DIFFERENT HOSTS
Waterfowl

The risk of AIV infection in poultry is increased due to
frequent contact between wild birds and waterfowl, as
waterfowl can serve as silent carriers of various subtypes
of AIV (Liu, et al., 2020). Transmission of AIV among
waterfowl primarily occurs through fecal-oral routes and
water-related activities such as preening infected feath-
ers and cloacal drinking (Wille, et al., 2018). Among
waterfowl, dabbling ducks, particularly Anas platyrhyn-
chos (Olsen, et al., 2006), are the primary carriers of
AIV. The H4 subtype of AIV has been identified as pre-
dominant in Anas platyrhynchos (Hollander, et al.,
2019; Stallknecht, et al., 2022; Wille, et al., 2022), sug-
gesting its potential role in the dissemination of H4 sub-
type AIV and the provision of internal genes for highly
pathogenic strains. For instance, the HSN6 highly path-
ogenic AIV, isolated from migratory birds in South
Korea, represents a novel reassortant virus incorporat-
ing genetic material from at least 3 different subtypes
(H5N6, HAN2, and HIN1), with the H4N2 subtype con-
tributing the PB1 gene (Si, et al., 2017). While the evo-
lutionary rate of the 3 internal genes (PA, PB1, PB2) of
H4 AIV in wild birds is slower compared to that of

H5N1 in poultry (Fourment and Holmes, 2015), it is cru-
cial to monitor the evolutionary dynamics of H4 in a
timely manner as it is indeed evolving in wild birds.

Chicken

Studies have indicated that the adaptability of H4
AIV in chickens is not as strong as in ducks (Shi, et al.,
2016; Luo, et al., 2021). In 2012, an H4N2 virus (A/
Quail/California/D113023808/2012) was isolated from
quail brain tissue, which exhibited a preference for «-2,6
type receptors and contained a polybasic CS motif
S2PEKRRTR/G*? (Wong, et al., 2014). This virus
showed low pathogenicity in chickens. However, H4 has
the potential to enhance its adaptability in chickens
through reassortment with H5N1 subtypes, regardless of
the T327K /R substitution in the CS motif (Veits, et al.,
2012; Gischke, et al., 2020). It was observed that low
pathogenic LPAIV A /Mallard/Germany/1240/1/2007
(H4N6) acquired a polybasic HA cleavage site (CS)
after co-transfection with the highly pathogenic strain
A /Swan/Germany/R65/2006 (H5N1). Subsequently,
the LPAIV H4 variant, featuring multiple basic CS,
exhibited a level of pathogenicity in chickens compara-
ble to that of the HPAIV H5 strain, with a chicken intra-
venous pathogenicity index (IVPI) of 2.79. The
reassortant strain exhibited the HA-F2811 substitution
following passage in chicken embryos (Veits, et al.,
2012). Reassortment of the H4 subtype with other
highly pathogenic HPAIV is a feasible process. While
clinical symptoms resulting from LPAIV infections in
poultry are generally milder compared to those caused
by HPAI, they are not entirely absent. Typical manifes-
tations of LPAIV in poultry may include mild respira-
tory issues, slight reductions in egg production, and a
low mortality rate, usually below 5%. It is crucial to rec-
ognize that more severe clinical outcomes can occur,
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Table 2. All H4 hemagglutinin (HA) sequences currently available on Influenza Research Database- Sequence Search (fludb.org) with
the corresponding years of detection and sampling source.

Country Period  Subtype Species No. of sequenced strains  Total
Argentina 2011 H4N2 Duck (unspecified) 1 5
2011-2016  H4NG6 Teal, Duck(unspecified) 3
2011 H4NS Duck (unspecified) 1
Australia 1994 H4N2 Duck (unspecified) 1 20
1979 H4N4 Gray Teal 3
1979-2001 H4N6 Gray Teal, Duck (unspecified) 7
1980-2004 H4NS8 Red-Necked Stint, Duck (unspecified) 9
Bangladesh 2013-2017 H4N6 Duck (unspecified) 8 8
Barbados 2004 H4N3 Blue-Winged Teal 1 1
Belgium 2018 H4N2 Mallard 1 4
2016-2018 H4NG6 Mallard 3
Bulgaria 2019-2010 H4N2 Duck (unspecified) 4 4
Canada 1976-1998 H4N1 Waterfowl, Mallard, Mallard Duck 3 317
1978-2009 H4N2 Mallard, Mallard Duck, Blue-Winged Teal, Pintail Duck 9
1977-2007 H4N3 Mallard, Blue-Winged Teal 3
1977-1983 H4N4 Mallard, Mallard Duck 2
1990 H4N5 Blue-Winged Teal 1
1976-2018 H4NG6 Waterfowl, Duck, Mallard, Redhead Duck, Gadwall, Canvasback, Blue- 274
Winged Teal, Northern Pintail, Pintail Duck, Swine, Green-Winged
Teal, American Black Duck, Spot-Billed Duck, Environmental Sample
2007 H4NT7 Mallard 1
1977-2016  H4NS8 American Black Duck, Mallard, Blue-Winged Teal, Duck (unspecified), 19
Pintail
2009-2010 H4N9 Blue-Winged Teal, American Black Duck, Mallard 5
Chile 2015-2016  H4N2 Yellow-Billed Teal, Mallard, Yellow-Billed Pintail 3 [
2013 H4NG6 Yellow-Billed Pintail 3
China 1980-2009 H4N1 Swine, Duck (unspecified) 2 134
1976-2014 H4N2 Duck, Goose, Chicken 36
1977-2009 H4N3 Duck (unspecified) 2
1978-2015 H4NG6 Mallard, Duck (unspecified), Chicken, Goose 75
1998 H4NT Duck (unspecified) 1
1998-2015 H4NS Duck (unspecified), Chicken, Goose, Swine 12
1977-2012  H4N9 Duck (unspecified), Environmental Sample 6
Czech Republic 1956-2010 H4N6 Mallard, Duck (unspecified) 9 9
Georgia 2011 H4N2 Garganey 1 20
2016 H4N6 Mallard, Duck (unspecified) 19
Guatemala 2011-2012 H4N2 Blue-Winged Teal, Northern Shoveler, American Wigeon 9 16
2011 H4N3 Blue-Winged Teal 3
2012 H4NG6 Blue-Winged Teal 1
2011-2013 HA4NS Blue-Winged Teal 3
Iceland 2011 H4N8 Gull 1 1
India 2009-2017 H4N6 Chicken, Mallard, Bird 4 4
Japan 2004-2016 H4N2 Waterfowl, Avian, Mallard 4 34
2006 H4N3 Duck (unspecified) 1
2001 H4N5 Waterfowl, Duck 2
1977-2017 H4NG6 Budgerigar, Duck (unspecified), Avian, Waterfowl, Swan 13
2012 H4N7 Stint 2
2006 H4NS8 Slaty-Backed Gull, Gull, Rufous-Necked Stint, Red-Necked Stint, 9
2006-2017 H4N9 Waterfowl, Mallard 3
Kazakhstan 2006 H4N6 Common Pochard, Common Coot 2 2
Mexico 2011 H4N2 Environmental Sample 1 1
Mongolia 2013 H4N1 Waterfowl 1 42
2019 H4N2 Duck (unspecified) 2
2007-2011 H4N3 Duck (unspecified), Waterfowl 3
2009-2019 H4N6 Eurasian Wigeon, Waterfowl, Velvet Scoter, Duck (unspecified), Mallard, 33
Teal, Shelduck,
2002 H4NT Duck (unspecified) 1
2011-2012  H4NS Duck (unspecified), Waterfowl 2
Netherlands 2001-2012 H4N2 Mallard 5 39
2014 H4N3 Mallard 1
2006 H4N5 Black-Headed Gull 1
1999-2017 H4NG6 Mallard, Eurasian Wigeon, European Herring Gull, Mute Swan, Mallard, 31
Bewick’s Swan
2006 H4N8 Common Eider 1
New Zealand 1976-2004 HANG Mallard, Duck (unspecified) 3 3
Pakistan 2010-2011  H4NG6 Duck (unspecified), Chicken 2 2
Portugal 2006 H4NG6 Mallard 1 1
Russia 2000-2012 H4N6 Sea Mammal, Mallard, Duck (unspecified), Shoveler, Gull, Shoveler, 22 22
Muskrat, Pochard
South Africa 2004-2013 H4NS8 Red-Billed Teal, Cape Shoveler, Duck (unspecified) 3 3

(continued)
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Table 2 (Continued)
Country Period  Subtype Species No. of sequenced strains  Total
South Korea 2007 H4N3 Duck (unspecified) 1 23
2005-2017 H4N6 Mallard, Duck (unspecified), Bird, Waterfowl 20
2008 H4NT Mallard 1
2018 H4NS8 Waterfowl 1
Sweden 2006 H4N1 Mallard 1 213
2002-2008  H4N2 Mallard 17
2002-2009 H4N3 Mallard 5
2006 H4N5 Mallard 1
2002-2010 H4N6 Mallard, Dunlin 187
2002-2009 H4N9 Mallard 2
Thailand 2011-2012 H4N6 Duck (unspecified) 2 2
USA 1977-2014 H4N1 Mallard, Northern Pintail 7 1072
1976-2017 H4N2 American Wigeon, Mallard, Blue-Winged Teal, Green-Winged Teal, Tur- 80
key, Duck(unspecified), Northern Shoveler, American Black Duck,
Northern Pintail, Quail, Turkey, Environmental Sample, Eurasian Teal
1976-2017 H4N3 Green-Winged Teal, Pintail, Environmental Sample, Northern Shoveler, 8
Mallard, Blue-Winged Teal, Northern Pintail
2008-2014 H4N4 Northern Shoveler, Northern Pintail, Gull, 15
1982-2019 H4N5 Sea Mammal, Mallard, Northern Pintail, Green-Winged Teal, Ruddy 11
Turnstone
1974-2011 H4N6 American Wigeon, Green-Winged Teal, Unknown, Duck, Mallard, Blue- 739
Winged Teal, Northern Shoveler, American Black Duck, Environmental
Sample, Northern Pintail, Cinnamon Teal, Gadwall, Swine, Eurasian
Teal, American Green-Winged Teal, Goose, Bufflehead, Gull, Ring-
Necked Duck, Snipe, Ruddy Turnstone, Red Knot, Shorebird, Water-
fowl, Pintail, White-Winged Scoter
2007-2017 H4N7 American Wigeon, Northern Pintail, Mallard, Gull 4
1975-2018 H4NS Chicken, Mallard, Blue-Winged Teal, Duck, Black Duck, Turkey, Buffle- 196
head, Least Sandpiper, Northern Pintail, Ring-Necked Duck, Grebe,
American Green-Winged Teal, Environmental Sample, Common Gold-
eneye, Ruddy Turnstone, Greater Scaup
1986-2017 H4N9 Mallard, Ruddy Turnstone, American Black Duck, Blue-Winged Teal 12
United Kingdom 2014 H4N6 Chicken 2 2
Viet Nam 2009-2015 H4N6 Duck (unspecified), Muscovy Duck 4 4
Zambia 2008 H4N6 Goose 1 1
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Figure 2. Proportion of AIV subtypes isolated globally from 2000 to 2023. The data is based on the GISAID database and includes all hemag-
glutinin (HA) subtypes of influenza viruses (except human). The combination includes H11-H16, accounting for a total of 3%, with detailed propor-

tions shown in the bar chart.
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Figure 3. Temporal Evolution of Total H4 Avian Influenza Viruses (AIVs) Worldwide from 2000 to 2023. Each color represents a different
neuraminidase (NA) subtype, and the length of the cylinder corresponds to the quantity of H4Nx.

especially in cases of coinfections with other pathogens,
such as bacteria. The H4N6 subtype of ATV was identi-
fied in the UK within a laying flock exhibiting escalating
daily mortality rates and decreased egg production over
a b-d period. Postmortem examinations of deceased
birds revealed bronchitis, pulmonary congestion, air sac-
culitis, secondary peritonitis, and ovarian degeneration
(Liu, et al., 2003; Reid, et al., 2018). In experiments con-
ducted by Morales et al., most instances of H4 infection
did not induce significant clinical disease or visible
lesions, although one strain of H4N9 resulted in the
death of a turkey and moderate respiratory symptoms
and depression in a chicken (Morales, et al., 2009).
While H4 AIV currently poses a limited threat to chick-
ens, it is important to acknowledge that the H4 subtype
of AIV may serve as a genetic reservoir for highly patho-
genic AIV through genetic reassortment and adaptive
mutations.

Swine Influenza

The H4N6 subtype of swine influenza virus (A /Swine/
Ontario/01911-1/99 and A /Swine/Ontario/01911-2/
99) was first identified in naturally infected swine in
Canada in 1999, with affected pigs displaying symptoms
like coughing, respiratory distress, weight loss. The
internal genes (PB2, M, NS) of this strain originated
from H9 and LPAIV H7 subtypes, all sourced from avian
hosts (Karasin, et al., 2000a; Karasin, et al., 2000b). In
China, H4 ATV was also detected in pigs (Ninomiya,
et al., 2002). In 2009, the H4N1 subtype (A/Swine/
HuBei/06,/2009) was isolated from a severely ill pig with
respiratory syndrome in China, with all viral genes
exhibiting avian characteristics and sharing high
sequence similarities (Hu, et al., 2012). Another strain,
H4AN8 (A/Swine/Guangdong/K4/2011(H4NS)), was

found in swine in Guangdong, China, with its NP gene
originating from H5N1 ATV (Su, et al., 2012). Notably,
two H4 swine influenza virus strains from China fea-
tured Q226 and G228 in the receptor binding site (RBS)
of the HA protein, displaying a preference for @-2,3 SA
receptors.

In 2015, an H4NG6 strain (A/swine/Missouri/
A01727926/2015) was isolated from swine in the United
States, causing flu-like symptoms but showing limited
transmissibility among swine (Abente, et al., 2017).
Hayashi et al. identified avian H4N6 virus with antigenic
similarity to A /swine/Missouri/A01727926/2015, lead-
ing to the development of an inactivated whole-virus
vaccine  against  A/swan/Hokkaido/481102/2017
(H4N6) (Hayashi et al., 2020). Amino acid sequence
analysis revealed that the HA of Canadian and Ameri-
can swine isolates contained the L226/S228 configura-
tion, which has an affinity for human «-2,6 SA
receptors. Presently, there are no documented cases of
human infection with the H4 subtype of swine influenza
virus.

Human

Two cases of human infection with avian H4 virus
have been documented. In a study conducted between
July and September 2010, 200 volunteers with poultry
contact and 50 without were recruited, and blood sam-
ples were successfully obtained from 248 participants.
Utilizing a microneutralization assay, the results indi-
cated that backyard poultry growers may have been pre-
viously infected with H4 and H11 AIV, suggesting the
potential for H4 and H11 influenza viruses to cross the
species barrier and infect humans (Kayali, et al., 2011).
Additionally, a US study carried out between March
2007 and April 2008 involving 95 professional turkey
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workers (57 turkey growers, 38 turkey meat processing
plant workers) and 82 unexposed controls revealed that
backyard and free-range turkey farmers had been
infected with AIV of H4, H5, H6, H9, and H10 subtypes.
This was determined through the evaluation of 170
blood samples using microneutralization and hemagglu-
tination inhibition tests (Kayali, et al., 2010) .

Ferrets, Mice, and Guinea Pigs

Ferrets, mice, and guinea pigs are commonly used ani-
mal models for studying influenza virus pathogenicity
and transmission in humans (Belser, et al., 2011; Bouv-
ier, 2015). Recent studies have indicated that the H4
subtype of AIV may have the ability to directly infect
mammalian hosts. H4 viruses can replicate in the respi-
ratory organs of infected mice without requiring pre-
adaptation (Kang, et al., 2013; Wu, et al., 2015; Liang,
et al., 2016). A study conducted in Korea found that the
replication titer of H4 virus in quails and mice was rela-
tively higher compared to ducks (Kang, et al., 2013).
Additionally, Bui VN et al. isolated an H4N8 virus from
shorebirds that caused mortality in mice (Bui, et al.,
2012). Experiments conducted in guinea pigs have
revealed that certain H4 viruses can be transmitted
through direct contact, while others can be transmitted
via respiratory droplets, albeit with limited efficiency
(Liang, et al., 2016). Consequently, it is crucial to under-
take additional research on the droplet and aerosol
transmission capabilities of H4 viruses, with the utiliza-
tion of ferret models being particularly valuable in
assessing the risk of H4 virus transmission to humans.

ADAPTATION AND MUTATIONS IN H4NX
VIRUSES

Hemagglutinin (HA)

Several glycosylation sites (GS) near the apex of the
HA spike can influence the binding affinity between HA
molecules and host SA (Luo, 2012; Pralow, et al., 2021).
In the context of BV-BRC, the HA protein of the H4
subtype exhibits 5 potential N-GS, namely NYT,
BNGT, 'NLT, *''NIS, and “*NGT. In-depth analysis
reveals that while the GS of H4 remains relatively con-
served, the amino acid at position HA-315 can undergo
an Isoleucine to Valine mutation. However, the signifi-
cance of this mutation remains to be investigated.

The RBS of H4 is highly conserved and comprises the
130-loop, 190-helix, and 220-loop. The asparagine resi-
due at position 193 is believed to play a pivotal role in
H4's binding to the human receptor «-2,6 SA (Abente,
et al., 2017; Liang, et al., 2016). The dominant combina-
tion of Q226/G228 is observed among the 2,252 stored
H4 HA sequences in the IRD database, indicating that
most H4 viruses exhibit a preference for binding to SA
receptors with 2,3-linkages in avian species. The 1.226/
S228 combination has only been identified in 3 strains
isolated from naturally infected swine and has the ability

to enhance the infectivity of H4 virus in primary swine
and human respiratory epithelial cells (Bateman, et al.,
2008; Liang, et al., 2016). Nevertheless, a single Q226L
mutation alone is insufficient to facilitate the spread and
sustained infection of H4 virus in swine (Abente, et al.,
2017). Song et al. demonstrated that the HA-Q226L/
G228S mutation combination, when present in avian
species, alters the conformation of the avian RBS by
increasing the distance between the 130-loop and 220-
loop. Consequently, avian H4 viruses acquire a prefer-
ence for binding to human receptors and exhibit recep-
tor-binding characteristics similar to those of the
pandemic H2N2 and H3N2 viruses (Song, et al., 2017).
Conversely, the swine isolate H4N6 (A /Swine/Ontario/
01911-1/99) carrying the HA-226L-228S mutation dem-
onstrates notable distinctions when compared to H2N2
and H3N2 viruses (Figure 4). It is important to note
that this mutation combination has not been observed
in avian species thus far. Following continuous passage
in mice, H4N6 virus displayed substitutions of L3311
and G453R in the HA2 region of the HA protein.
Although these mutations do not affect the receptor
binding preference of H4N6 virus, the combination of
L331I and G453R enhances the pathogenicity of H4NG
in mice (Xu, et al., 2020). Further investigations are
required to determine whether the substitution of this
mutation combination in other species would increase
the virulence of H4 virus.

Neuraminidase (NA)

AIVs have evolved adaptations to thrive in terrestrial
poultry populations by undergoing deletions in the NA
stalk region. In 2009, no deletion was detected in the H4
NA isolated from LPMs in Shanghai (Shi, et al., 2016).
And, 2010-2011, waterfowl habitat separation from
Mexico H4N2 strain in NA area did not appear the lack
of handle (Ornelas-Eusebio, et al., 2015). On the other
hand, Yuan et al. identified H4N6 AIV in ducks from
China in 2012, which did exhibit the deletion in the NA
protein stalk region. Interestingly, these H4N6 strains
had not yet developed the E119V and R292K substitu-
tions that provide resistance to NA inhibitors (Yuan,
et al., 2015). However, the current literature on H4 ATV
is limited, and the downloading of H4 subtype NA
sequences from the GISAID database revealed few NA
stem deletions. Additionally, residues E119 and R292
were found to be conserved.

Internal Genes

The PB1-F2 protein, a pro-apoptotic protein found in
influenza A viruses, has been identified as playing a
pathogenic role in mouse models. Even a single amino
acid substitution in PB1-F2 can lead to an increase in
viral virulence. For example, the N66S amino acid
change has been associated with enhanced virus patho-
genicity (Zamarin, et al., 2006; Conenello, et al., 2007;
Kamal, et al., 2017). During a survey of LPMs in China
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A 190-helix

220-loop

Avian H4-Q226L-G228S/human receptor
1957-H2N2 HA/human receptor

C 190-helix

220-loop

Swine H4N6 HA
1957-H2N2 HA/human receptor

130-loop

B 190-helix

Avian H4-Q226L-G228S/human receptor
1968-H3N2 HA/human receptor

190-helix

220-loop 130-loop

Swine H4N6 HA
1968-H3N2 HA/human receptor

Figure 4. Structural binding of human receptor analogues to avian H4-Q226L-G228S mutants and swine H4N6 HA. The HAs from the 1957
pandemic (A /Singapore/1/1957 H2N2, PDB: 2WR7) are shown in cyan, the 1968 human H3N2 (A /Aichi/2/1968 H3N2, PDB: 2YPG) in magenta,
the HA-Q226L-G228S site-directed mutant (Avian HA-Q226L-G228S A /duck/Czechoslovakia/1956 H4NG, PDB: 5XLD) in green, and the Swine
H4NG6 (A /swine/Ontario/01911-1/99 HANG, PDB: 5XL2) in red. The complex structures were compared for the following: (A) Avian H4-Q226L-
(G228S with 1957-H2N2 HAs bound to the human receptor analog, (B) Avian H4-Q226L-G228S with 1968-H3N2 HAs bound to the human receptor
analog, (C) Swine H4N6 with 1957-H2N2 HAs bound to the human receptor analog, and (D) Swine HAN6 with 1968-H3N2 HAs bound to the human

receptor analog.

in 2009, a strain with the PB1-N66S mutation was dis-
covered (Shi, et al., 2016). Additionally, an H4NG strain
with this substitution was isolated during monitoring
efforts in India between 2016 and 2017 (Pawar, et al.,
2021). In 2006, an H4ANS strain was isolated from sea-
gulls, and although its PB1-F2 protein consisted of 101
amino acids, the N66S mutation was not detected. The
study did, however, identify a K482R substitution in its
PB2 protein, but the significance of this substitution has
yet to be demonstrated (Bui, et al., 2012; Cheng, et al.,
2014; Jiao, et al., 2014; Liu, et al., 2018). Investigations
conducted in Korea and China have not detected the
E627K substitution in the H4 PB2 protein, nor have
they found the K526R, A588V, and D701N substitu-
tions (Kang, et al., 2013; Song, et al., 2014; Liang, et al.,
2016; Liu, et al., 2018; Quan, et al., 2018). Nonetheless,
the mouse-adapted strain BJ21-MA exhibited E158K
and /or E627K mutations in the PB2 protein, which sig-
nificantly increased polymerase activity, virus replica-
tion, and virulence (Xu, et al., 2020). Several H4 strains
have exhibited mutations in the M2 protein, such as
L26F and V271, which confer resistance to the anti-influ-
enza drugs amantadine and rimantadine (Kang, et al.,
2013; Liang, et al., 2016; Shi, et al., 2016). In 2012, an
E92D substitution was discovered in the NS1 gene of a
duck-origin H4NG6 strain isolated in China, and this sub-
stitution is known to be associated with severe pathol-
ogy in mammals (Yuan, et al., 2015). Therefore,
continuous monitoring of H4 is crucial as it possesses the

ability to enhance its pathogenicity or alter its receptor
binding preference through substitutions at specific
sites. While other AIV subtypes have shown relatively
few substitutions that enhance pathogenicity, certain
H4 strains have exhibited resistance to influenza drugs,
which may impede future prevention and control efforts.
Consequently, prioritizing the development of effective
H4 vaccines is of utmost importance in order to prevent
and control H4 mutations and reassortment. We have
summarized a table of amino acid substitutions men-
tioned above that affect the virulence and receptor pref-
erence of H4 subtype avian influenza viruses in Table 3.

RECEPTOR BINDING CHARACTERISTICS
OF H4NX VIRUS

Human influenza viruses have a preference for binding
to a-2,6 SA receptors in a cis-configuration, whereas
ATV primarily show a preference for a-2,3 SA receptors
in a thin and straight trans configuration (Bateman,
et al., 2008; Long, et al., 2019). Notably, a-2,3-sialylated
glycans are abundant in human alveolar cells, while
a-2,6 linkage is dominant in epithelial cells of the nasal
mucosa, paranasal sinuses, pharynx, terminal bronchiole
walls, and respiratory bronchiole walls (Liu, et al.,
2018). Despite their higher affinity for «-2,3-linked gly-
cans, certain H4 AIV strains can also recognize a-2,6 SA
receptors (Liang, et al., 2016; Abente, et al., 2017). This
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Table 3. Mutations impacting the virulence/receptor preference of H4Nx AIVs.

Protein Strain Mutation Host” Effect Refs
HA A /swine/Ontario/01911-1/99 Q226L/G228S Swine Increased affinity for swine and ~ (Karasin, et al., 2000a;
(H4NG) human-type receptor Karasin, et al., 2000b)
A /swine/Ontario/01911-2/99 Q226L/G228S Swine Increased affinity for swine and (Karasin, et al., 2000a;
(H4NG) human-type receptor Karasin, et al., 2000b)
A /swine/Missouri/ Q226L Swine Only minor damage to the (Abente, et al., 2017)
A01727926,/2015(HANG) lungs
A /mallard/Beijing/21-MA / L3311/G453R Mice ‘When occurring concurrently, (Xu, et al., 2020)
2011(H4NG6)" creates increased virulence
PB1-F2  A/duck/Shanghai/421-2/2009 N66S Domestic duck Creates increased virulence (Shi, et al., 2016)
(HANG)
A /migratory bird/India/ N66S Migratory bird Creates increased virulence (Pawar, et al., 2021)
1722760,/2017 (HANG)
A /slaty-backed gull/Japan/ K482R Slaty-backed gull ~ Unstudied (Bui, et al., 2012)
6KS0185/2006(HANS)
PB2 A /mallard /Beijing/21-MA / E158K and/or E627TK ~ Mice Enhanced replication and (Xu, et al., 2020)
2011(H4NG)" virulence
M2 A /duck/Guangdong/S1469/10 V271 Duck Resistance - related substitu- (Liang, et al., 2016)

(H4N2),A /duck/Hubei/
$2213/12(H4N2),A /duck/
Hubei/S2227/12(HAN2)

A /duck/Anhui/S2193/12 S3IN Duck

(HANG)

A /chicken/Guangdong/
S1010/10(H4NS)

A /duck/Shanghai/MH-2/2009  V27L
(H4NG6), A /duck/Shanghai/
44-2/2009 (HANG), A /duck/
Shanghai/46-2/2009 (H4NG),

A/ duck/Shanghai/67-2/
2009 (HANG)

L26F/ V271

Domestic duck

tion of anti-influenza drugs
amantadine and rimantadine

Chicken

The amantadine resistance
marker

(Shi, et al., 2016)

'H3 numbering used.

*Host the virus was isolated from in the relevant study: (e.g., A /mallard /Beijing/21-MA /2011(H4N6), the mutation was identified when serially pas-

saged in mice, not in the original avian isolate).

contrasts with Song et al.’s findings, where they demon-
strated that avian H4 viruses only bind to «-2,3-linked
glycans. Song et al. further showed that the HA-Q226L
substitution is crucial for avian H4 viruses to bind to
human receptors, while the HA-G228S/A substitutions
enable dual receptor binding ability (Song, et al., 2017).

It is important to note that the HA-Q226L substitu-
tion has not been observed in avian H4 viruses in the
BV-BRC database. However, strains with the HA-
G228S  substitution (A/northern pintail/Interior
Alaska/10BM07242R0/2010(H4N6)) and 2 strains with
the HA-G228A substitution (A /mallard/Minnesota/sg-
00824/2008(mixed)) and (A/American green-winged
teal /Interior Alaska/10BM08226R0/2010(H4NG6)) have
been identified. Nevertheless, there has been no research
conducted to analyze the ability of these substituted
strains to bind to human receptors, as well as their path-
ogenicity or transmissibility. While human infection
with H4 AIV currently does not show clinical signs, it is
crucial to consider the potential risk of cross-species
transmission with H4 AIV strains, especially as they
may acquire substitutions that are compatible with
human SA receptors.

CONCLUSIONS AND PERSPECTIVES

In summary, the study of the H4 subtype of AIVs
remains limited, despite its wide host range, spanning
from wild waterfowl to marine animals, poultry, and

even mammals. While it is predominant among wild
waterfowl, its adaptability in chickens is compromised.
However, in LPMs or backyard farms, it can intermingle
with other ATV subtypes, leading to reassortment and
increased fitness in chickens. The ability of certain H4
viruses to transmit via respiratory droplets in guinea
pigs poses a potential threat to human health. It is essen-
tial to enhance the understanding of the receptor bind-
ing characteristics of avian H4 viruses through the use of
more sensitive methodologies.

Additionally, the non-compulsory reporting of H4 sub-
types has resulted in a lack of recent submissions of H4
sequences to the IRD database, making its latest evolu-
tionary dynamics elusive. Recent human fatalities caused
by H3NS8 infections in China have been reported, with
mixed infections of H4 and H3 subtypes being most prev-
alent in LPMs. Further investigation is needed to explore
the relationship between these subtypes. Notably, the
prevalence of H4 ATV varies significantly along different
bird migratory routes. Therefore, it is crucial to enhance
surveillance of H4 AIV, elucidating the circulating sub-
types and their evolutionary patterns. Such efforts can
help assess the risk of cross-species transmission of H4
AlV.
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