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Abstract
Highly pathogenic H5N1 influenza viruses have been isolated from a number of avian and
mammalian species. Despite intensive control measures the number of human and animal cases
continues to increase. A more complete understanding of susceptible species and of contributing
environmental and molecular factors is crucial if we are to slow the rate of new cases. H5N1 is
currently endemic in domestic poultry in only a handful of countries with sporadic and
unpredictable spread to other countries. Close contact of terrestrial bird or mammalian species
with infected poultry/waterfowl or their biological products is the major route for interspecies
transmission. Intra-species transmission of H5N1 in mammals, including humans, has taken place
on a limited scale though it remains to be seen if this will change; recent laboratory studies suggest
that it is indeed possible. Here we review the avian and mammalian species that are naturally
susceptible to H5N1 infection and the molecular factors associated with its expanded host range.
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1. Introduction
Influenza A viruses belong to the family Orthomyxoviridae with the majority of viruses
maintained in wild aquatic bird reservoirs, predominantly those of the anseriform species.
Classification of these viruses is determined by the two surface glycoproteins, the
hemagglutinin (HA) and neuraminidase (NA) of which 16 HA and 9 NA subtypes have been
isolated from aquatic birds (Kim et al., 2009). The migratory nature of the aquatic fowl
reservoir results in the wide geographic spread and distribution of most circulating subtypes.
A consequence of this geographic distribution in migratory birds is the is the potential
contact of infected bird with domestic avian and mammalian species, including humans,
with novel influenza A subtypes that can cross the host range barrier and initiate local
epidemics or widespread influenza pandemics (Webster et al., 1992).

Since their detection in Asia in 1996, the highly pathogenic avian influenza (HPAI) H5N1
viruses have spread to many countries in the eastern hemisphere becoming endemic in
populations of domestic birds in a more restricted number of countries and transiently
infecting a number of other hosts along the way. The mechanism of virus spread throughout
the hemisphere is not entirely clear, but probably as a result of both wild birds and poultry
trade. While wild and domestic species may have contributed to spread, it is at the level of
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the domestic waterfowl and poultry interface that many mammalian species, humans
included, are likely at the highest risk of acquiring H5N1 infection (Fig. 1). Because of the
high potential for H5N1 to negatively impact veterinary and human health and subsequently
the global economy, understanding the host range of the virus is of utmost importance. This
review will focus on detailing the avian species susceptible to infection with HPAI H5N1
influenza viruses and the factors (and species) that influence the onward transmission to
mammalian hosts (Fig. 2).

Influenza viruses encoding HA of subtype H5 and paired with varying NA subtypes are
maintained as low pathogenic avian influenza (LPAI) forms in many anseriform species
(Sharp et al., 1997, 1993; Süss et al., 1994). In 1996 the antecedent HPAI H5N1 virus A/
Goose/Guangdong/1/96 was detected on a goose farm in Southern China causing an
outbreak in the summer and early fall with 40% morbidity in birds (Xu et al., 1999).
Reassortants of this virus were next detected in domestic poultry, ducks, and geese in Hong
Kong in 1997 (Shortridge et al., 1998) with associated human cases resulting from direct
contact with infected birds {Claas:1998jy}. Genetic analysis of all 8 gene segments from the
1997 viruses revealed substantial homology to other concomitantly circulating avian
influenza viruses; with the internal genes being donated by either A/Quail/Hong Kong/
G1/1997 (H9N2) or A/Teal/Hong Kong/W312/1997 (H6N1) viruses of domestic poultry
(Guan et al., 1999; Hoffmann et al., 2000). While the 1997 outbreak was controlled
following depopulation, H5N1 viruses continued to circulate in the wider region in at least
ducks and geese (Guan et al., 2002a) generating a number of reassortants. While the
reassortment partners of the H5N1 viruses were considered to be viruses of aquatic bird
origin, there was no evidence of infection of wild birds with the highly pathogenic virus.
This changed in 2002 when H5N1 viruses were detected in resident waterfowl and
flamingos as well as wild little egrets and gray herons and other wild migratory birds; of
particular note was the fact that the infection was lethal in some of the aquatic birds, an
atypical presentation in these hosts {Sturm-Ramirez:2004dq}. While it is unclear what hosts
were critical in maintaining the virus during the intervening time, 2004 saw the emergence
of H5N1 in an extended number of countries {Li:2004ez}. While the details of this
geographic expansion and associated genetic diversification are detailed elsewhere in this
publication, it was associated with an expansion of hosts in which the virus has been found.

2. H5N1 influenza in wild bird species
All influenza virus subtypes circulate in wild bird populations taxonomically classified in
the orders Anseriformes and Charadriiformes; the order Anseriformes is composed of
aquatic species (ducks, geese, swans) whereas shore birds (gulls, sandpipers, surf-birds,
terns) are grouped into order Charadriiformes. Though many avian species are susceptible to
infection with H5N1 influenza viruses, it is the anseriform species that have been implicated
in their global spread (Kim et al., 2009). While it is generally accepted that transition to the
highly pathogenic form of influenza virus occurs in gallinaceous poultry species and the
majority of prior HPAI outbreaks have been confined to these hosts, the HPAI H5N1 virus
has subsequently transmitted back to wild birds on a number of occasions with good
evidence of maintenance in the new host for at least limited periods of time. The large global
population of anseriform species annually undergo high population turnover allowing for the
potential maintenance of H5N1 viruses in wild bird populations (Munster and Fouchier,
2009). The following section focuses on the prevalence of H5N1 in anseriformes and factors
dictating viral persistence in host species.

2.1. HPAI H5N1 infection of anseriformes
The main reservoirs for all subtypes of Influenza A viruses are ducks in the Order
Anseriformes, family Anatidae (Kim et al., 2009). HPAI H5N1 viruses have been isolated
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from 36 species of ducks, the most frequent being Mallards (Anas platyrhynchos), Northern
Pintail (Anas acuta), and Blue-winged Teal (Anas discors) while common goose species
known to be naturally infected with H5N1 influenza virus include Bar-headed geese (Anser
indicus), Cackling geese (Branta hutchinsii), Canada geese (Branta Canadensis), and
Domestic geese (Anser anser domesticus) (Neufeld et al., 2009; Olsen et al., 2006). It is
hypothesized that the feeding behavior of waterfowl determines the prevalence of low
pathogenic influenza virus infection and there is no reason to suspect that it would be
different for highly pathogenic viruses. Dabbling ducks subsist primarily on food floating on
the surface of water where avian influenza virions accumulate, whereas diving ducks obtain
sustenance well below the water surface (Olsen et al., 2006) potentially avoiding ingestion
and respiratory contact with contaminated water. Though there may be a paucity of genetic
determinants, the behavior of avian species may be sufficient to exclude diving duck
species, yet preclude dabbling duck species for infection with influenza virus.

In ducks and geese, the primary site of most influenza virus replication is the intestine
resulting in the shedding of virus upon defecation (Webster et al., 1978). The HPAI H5N1
viruses are somewhat of an exception and can replicate in and shed from the respiratory tract
of infected birds {Go:2012dv}. While there is considerable heterogeneity in the clinical
signs in ducks after experimental HPAI H5N1 infection, unlike in chickens where the
infection is almost always lethal, the respiratory shedding phenotype is consistent. For
example, in an experimental infection of 5 duck species with two H5N1 viruses, Brown et
al. detailed consistently higher viral viral titers in oropharyngeal swabs than in cloacal swabs
(Brown et al., 2007). Geese experimentally infected with the 1997 H5N1 isolates showed
replication to moderate titers in the respiratory and intestinal tract (1–4 log 10/ml) though
with low morbidity (3/6) and mortality (1/6) (Shortridge et al., 1998). The high levels of
respiratory shedding seen with post 2004 H5N1 viruses along with the absence of clinical
signs has led to the postulation that domestic ducks are the “Trojan horses” of H5N1 spread
{Anonymous: AgkOs+sT}. As discussed below, HPAI H5N1 infection of gallinaceous birds
most often results in substantial mortality therefore is a relatively easy disease to identify
which enhances control strategies. The often mild or asymptomatic nature of H5N1 infection
in ducks in contrast can aid in undetected spread of the virus.

One of the more controversial aspects of the H5N1 outbreak has been the role of wild birds
in its dissemination. During the first few years of its spread there was limited evidence to
support such a link, but the temporal association of a large wild bird die-off in Qinghai
Lake, China, in 2005 {Chen: 2006iu} with the dissemination of the virus outside of
Southeast Asia provided at least circumstantial evidence {Gilbert: 2006kg}. Related to the
spread by wild birds has been the question of whether the different genetic clades of
circulating H5N1 viruses have different infectivity’s for different species of birds. Of note
only 2 clades, clade 2.2 and clade 2.3.2.1, of H5N1 virus have spread outside of Southeast
Asia. Each of these clades has also been associated with infection of wild birds, the clade 2.2
viruses in the 2005 Qinghai Lake outbreak and 2.3.2.1 viruses in wild birds in Hong Kong
and elsewhere. Unfortunately there have been no large scale comparative experimental
studies in wild birds to determine if various genetic backgrounds have enhanced ability to
infect different avian hosts. Surveillance studies examining Goose/Guangdong/1/96-like
viruses isolated from geese and ducks in Hong Kong during the late 1990s–early 2000s did
suggest a distinct association of virus genotypes to either duck or goose species with
reassortant viruses being isolated from both hosts (Guan et al., 2002b). Further studies are
very much needed.
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2.2. H5N1 infection in other wild bird species
In addition to ducks and geese, a wide variety of wild bird species have been shown either
experimentally susceptible or naturally infected with HPAI H5N1 virus. The remains of
migratory bird species are often found in the vicinity of H5N1 outbreaks near water sources
along migratory flyways. The Qinghai Lake outbreak involved a number of other bird
species in addition to ducks and geese (Chen et al., 2005; Liu et al., 2005). Among the
species infected included brown-headed gulls (Larus brunnicephalus), great black-headed
gulls (Larus ichthyaetus), and great cormorants (Phalocrocorax carbo) (Chen et al., 2005).
Following the Qinghai lake outbreak an increasing number of terrestrial bird species have
tested positive for H5N1 influenza raising concerns that HPAI can circulate amongst these
species of birds, many of which come into close contact with humans and other mammalian
species.

Passerines are another group of birds that have been associated with HPAI H5N1 infection.
For example, tree sparrows (Passer montanus) are wild, peri-domestic birds that have
sporadically tested positive for H5N1 influenza. The first report of H5N1 positive tree
sparrows came from the outbreaks in Penfold and Kowloon parks in Hong Kong in 2002
(Ellis et al., 2004). More extensive surveillance of tree sparrows in China by Kou et al.
(2005) found a high proportion (25/38) of birds sampled were positive. Genotypic analysis
of these tree sparrow isolates found them to be closely related to H5N1 strains circulating
contemporaneously in ducks and chickens. Experimental infection of sparrows have shown
that the viruses replicate in respiratory and gastrointestinal tracts for durations of 4–7 days
often causing lethal infections {Boon: 2007bt}; while some differences in susceptibility of
different passerines such as finches and starlings have been reported, the unifying feature is
the lack of transmission suggesting that they may be incidental hosts and not maintenance
reservoir hosts. This does not of course rule out a role for these birds in local dissemination
of virus to other bird or mammalian species.

Birds of prey, including raptors and carrion birds, are highly susceptible to H5N1 infection.
Carnivorous avian species testing positive for H5N1 include Hodgsons’s Hawk-Eagles
(Spizaetus nipalensis), Peregrine falcons (Falco peregrinus), Saker falcons (Falco cherrug),
and common buzzards (Buteo buteo) (Marinova-Petkova et al., 2012; Marjuki et al., 2009;
Van Borm et al., 2005). Molecular characterization of the raptor-isolated viruses often
indicates that they are closely related to chicken strains circulating in domestic poultry near
where the birds of prey were found indicating a likely infection route (predation on infected
poultry carcasses). In at least one instance, however, a Bulgarian buzzard isolate (A/
common buzzard/Bulgaria/38WB/2010) was more similar to exotic strains circulating in
Chinese waterfowl than to those circulating in Bulgaria (Marinova-Petkova et al., 2012).
Molecular analysis of a Falcon strain showed a single amino acid substitution, G323R, in the
multi-basic cleavage site of the HA in addition to E627K mutation in the PB2; both known
to confer increased pathogenicity in mice. Conversely, A515T and H436Y mutations in PA
and PB1, mutations known to attenuate H5N1 virus in ducks though not in mammals were
detected in the falcon strains (Marjuki et al., 2009). Interestingly a related buzzard strain
lacked mutations corresponding to increased virulence in mammals. Further study is
required to determine if the presence of these mutations are the result of host adaptive
pressure within these birds or merely a consequence of species-specific feeding behaviors.

Clinically, H5N1 infection of raptors causes a highly lethal disease with intense CNS
involvement. Experimental infection of American Kestrels (Falco sparverius) by Hall et al.
(2009) resulted in severe clinical signs (feather fluffing, ataxia, anorexia, tremors, and
weight loss) and euthanasia within 4–5 days of inoculation. These findings are consistent
with results obtain from the experimental infection of Gyr-Saker hybrid falcons (Lierz et al.,
2007). Oropharyngeal swabs from both Kestrels and hybrid falcons reached peak RNA titers
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one day post-infection and remained positive for the remainder of both studies while cloacal
swabs showed a one day delay, peaking at 3–4 days post-infection (Hall et al., 2009; Lierz et
al., 2007). Together these studies show raptors are highly susceptible to H5N1 influenza
though the natural route of infection and the role of predatory birds in influenza ecology
remain unclear.

3. H5N1 in gallinaceous birds
The first detected HPAI H5N1 infections of gallinaceous poultry occurred during the 1997
Hong Kong outbreak causing high mortality (~75%) on three chicken farms in Hong Kong,
SAR, China (Shortridge et al., 1998). Surveillance of poultry markets found approximately
20% of chickens and 2% of ducks to be positive for HPAI H5N1. Characterization of
representative isolates from chicken, ducks, and geese showed them all to be highly
pathogenic in chickens killing all infected study animals within 3 days post-infection; as
expected for a virus with a multibasic cleavage site (Shortridge et al., 1998). Although many
countries have experienced HPAI H5N1 in the ensuing years, the virus has remained
endemic in Bangladesh, China, Egypt, India, Indonesia, and Vietnam (“CDC – Seasonal
Influenza (Flu) – H5N1 in Birds and Other Animals,” 2012).

HPAI H5N1 infection manifests intense pathology in domestic chickens. Other gallinaceous
bird such as pheasants, quail and guinea fowl are similarly sensitive to H5N1 infection.
Outward signs of infection include depression, anorexia, and respiratory congestion in
addition to edematous comb and wattles, and hemorrhage of the conjunctiva and bursa of
Fabricius (Bahgat et al., 2009; Jeong et al., 2009; Nakamura et al., 2008; Suarez et al.,
1998). In studies of chickens experimentally infected with HPAI H5N1,
immunohistochemical and histopathological analysis detected viral antigens in vascular
epithelial cells, alveolar macrophages and the parenchyma of all major internal organs: lung,
colon, brain, spleen, liver, kidney and heart. The presence of viral antigen staining in organ
tissue sections was accompanied by severe inflammation and apoptosis (Isoda et al., 2006;
Jeong et al., 2009; Karpala et al., 2011; Kwon et al., 2011; Suarez et al., 1998; Suzuki et al.,
2009; Wasilenko et al., 2009). Identification of the molecular determinants of H5N1
transmission and virulence in poultry is critical for future influenza surveillance and
therapeutic development.

4. Molecular markers of H5N1 replication in different avian hosts
Comparative genetic characterization studies of HPAI and LPAI H5N1 strains have
identified molecular markers conferring efficient viral replication and high pathogenicity in
domestic poultry. The past decade has seen an increase in our understanding of how point
mutations, deletions, and specific gene constellations can influence the initiation of infection
in avian hosts and how these genetic alterations contribute to the virulent phenotype of
highly pathogenic H5N1.

Single gene reassortant studies highlight the contribution of the HA to host range and
virulence of HPAI H5N1 viruses. Genetic characterization of the HA protein showed that all
viruses isolated from the initial 1997 Hong Kong out break encoded a multi-basic cleavage
site (RERRRKKR) and mutations at amino acid residue 158 of HA1 nullifying a
carbohydrate site (Shortridge et al., 1998). HPAI H5 hemagglutinin proteins isolated from
chickens continue to encode a multi-basic cleavage site emphasizing a lack of selection for
LPAI derivatives. Though the amino acid motif is present, mutations changing the
consensus RRRKKR/G sequence, characteristic of A/goose/Guandong/1/97, to RRRKR/G
seen in contemporary isolates has been observed (Pfeiffer et al., 2009). More recently,
surveillance of Egyptian poultry identified several recurring mutations in the multi-basic
cleavage site (K346R, E340K, R341K) highlighting the high level mutation displayed by
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H5N1 (Kayali et al., 2011). Because of their high susceptibility to H5N1 and close
proximity to humans and other mammals, identifying additional factors influencing host
range of H5N1 in domestic birds (especially chickens) is of utmost importance.

In addition to the multi-basic HA cleavage site, receptor binding specificity of 1997 H5N1
viruses has been implicated as a determinant of host range. The HA of avian influenza
viruses recognizes and binds to Siaα2,3Gal gangliosides. H5 HA binding to Siaα2,3Gal
gangliosides differs between strains based on the length of the oligosaccharide moiety
(Gambaryan et al., 2003). Duck viruses bind with high affinity to α2,3 sialic acid bound to a
type 1 core (Galβ1-4GlcNAc). In contrast, chicken H5 viruses isolated from the 1997 Hong
Kong outbreak bind with higher affinity to cells expressing the type 2 core
(Galβ1-4GlcNAcβ); a moiety expressed on mammalian cells but lacking on duck cells. The
highly glycosylated chicken H5, incorporating the glycosylation site at 158, may influence
receptor binding affinity (Matrosovich et al., 1999). Expression of type 2 sialic acid core in
both chickens and humans has been hypothesized to promote human infection with chicken
origin H5N1 viruses (Gambaryan et al., 2004). Differences in sialic acid core expression
between avian species identifies an intrinsic difference between ducks and chickens that
directly effects virus host range pointing to a phenotypic change required for duck H5N1
viruses to infect and circulate in domestic chickens. Experiments examining the effect of
sialic acid core type on the receptor binding preference of H5N1 from domestic ducks,
geese, and mammals are needed to elucidate the full contribution of core binding in H5N1
host range.

Chicken H5N1 isolates from the initial Hong Kong outbreak in 1997 encode a truncated NA
protein, characterized by a 19 amino acid deletion in the stalk region. The truncated NA of
chicken/Hong Kong/97-like viruses results in the reduced elution efficiency of virions bound
to chicken red bloods cells compared to duck isolates (Matrosovich et al., 1999). In addition,
the 19 amino acid deletion removed three glycosylation sites though the functional
significance of this deletion is unknown (Zhou et al., 1999). Removal of glycosylation sites
in the NA globular head reduce the pathogenicity of recombinant viruses by delaying viral
clearance in experimentally infected chickens (Hulse et al., 2004), further indicating the NA
as a source of phenotypic diversity in H5N1 infected chickens.

The host range of H5N1 viruses can be influenced by mutations in internal gene segments;
altering replicative, packaging, and dampening of the innate immune response in infected
hosts. Studies with reassortants of a HPAI chicken and a LPAI duck virus show that
reassortants encoding the PB2 and NP gene segments from chicken viruses have increased
lethality in chickens compared with reassortants encoding duck PB2 and NP gene segments.
The chicken virus segments enhanced polymerase activity in chicken embryonic fibroblasts
and minigenome replicon systems (Tada et al., 2011).

The Influenza A virus NS1 protein is an antagonist of interferon signaling and inactivating
mutations can result in virus attenuation (García-Sastre et al., 1998). NS1 variants of the
archetypal strain A/goose/Guandong/1/96 are pathogenic in geese yet are unable to replicate
in chickens, indicating that a functional NS1 protein plays a role in adaptation of H5N1 to
chickens. Molecular analysis identified the V149A mutation in the NS1 of A/goose/
Guandong/2/96 as the specific factor causing the inability of this virus to replicate in
chickens (Li et al., 2006). Mutations in neighboring amino acids (E148G) have been shown
to reduce virus replication of the more contemporary H5N1 isolate A/chicken/Indonesia/
7/2003 in chicken embryonic fibroblasts (Wasilenko et al., 2009). Interestingly, the
mutations identified in these studies are immediately adjacent, located in the effector-
binding domain near the dimerization site (Bornholdt and Prasad, 2006), suggesting that a
deficiency in NS1 dimerzation reduces NS1 function attenuating the virus for chicken hosts.

Kaplan and Webby Page 6

Virus Res. Author manuscript; available in PMC 2014 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While there is much to learn, the data clearly show that HPAI H5N1 viruses cannot be
treated as a homogeneous viral population and the range of hosts infected is a consequence
of a combination of factors including minor differences in the virus itself.

5. HPAI H5N1 infection in mammals
The initial 1997 Hong Kong outbreak of HPAI H5N1 in chickens coincided with the first
human cases of H5N1 infection. Influenza viruses with the ability to cross the species
barrier, jumping from birds to mammals, have been responsible for previous influenza
pandemics, though reassortment contributed to those in 1957 and 1968 (Webster et al.,
1992). Surveillance efforts have been stepped up, with increased monitoring of H5N1
infection in mammals. Findings from influenza surveillance show that most mammalian
cases of H5N1 occur simultaneously with outbreaks in domestic poultry, indicating contact
with poultry as the primary route of interspecies HPAI H5N1 transmission (Fig. 1). Though
H5N1 viruses are known to cause infections in mammals there has been no documented
evidence of sustained intra-species transmission, possibly associated with the quick
identification and response stemming from surveillance efforts. The primary mode of
influenza virus transmission in mammals is through respiratory droplet transmission and the
inability of H5N1 to display sustained respiratory droplet transmission prohibits the
initiation of a pandemic.

5.1. Human infection with H5N1
The first human cases of H5N1 occurred in 1997 coinciding with a simultaneous outbreak in
domestic chickens. The initial outbreak resulted in the identification of eighteen individuals
causing 6 deaths. Molecular analysis of virus isolates revealed all gene segments to be of
avian origin evincing direct avian to human transmission (Subbarao, 1998). As of June 4,
2013, 630 confirmed human cases and 375 deaths from H5N1 infection (“WHO |
Cumulative number of confirmed human cases of avian influenza A(H5N1) reported to
WHO,” n.d.). Though several instances of human-to-human transmission have been reported
(Normile, 2006; Ungchusak et al., 2005), sustained human transmission has not occurred,
prohibiting a pandemic.

5.1.1. Molecular markers associated with increased human infection—Animal
models, combined with reverse genetics generated mutants, have proved invaluable in
deepening our understanding of the molecular factors required for avian H5N1 virus to cross
the species barrier and infect mammals. In particular, the mouse and ferret models of H5N1
infection have allowed for the study of virus pathogenicity and transmission. Receptor
binding preference has long been known to be a major factor of virus host range. Avian
influenza viruses bind to Siaα2,3Gal moieties found on cell surfaces where as human
viruses preferentially bind to Siaα2,6Gal moieties (Connor et al., 1994; Gambaryan et al.,
2003; Matrosovich et al., 1997). Mutations in receptor binding site at amino acid residues
Q226L and N224K of the HPAI H5N1 virus A/Vietnam/1203/04, alter its receptor binding
preference from Siaα2,3Gal to Siaα2,6Gal in solid phase binding assays and with the
additional N158D mutation allowing for improved replication and transmission in vivo (Imai
et al., 2012). Transmission studies in the ferret (Mustela putorius furo) model show that
additional mutations outside of the receptor-binding site are required for efficient aerosol
transmission. For example, in the study above, the HA mutation T318I served to confer
mammalian H1-like fusogenic properties to the H5 virus. In a similar experiment, receptor-
binding mutants of A/Indonesia/5/2005 with the Q222L and G224S mutations were used to
serially inoculate ferrets for 10 passages. Serial passage resulted in the accumulation of
H103Y and T156A mutations in HA of the ferret-adapted virus (Herfst et al., 2012).
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Mutations conferring enhanced replication in mammals have also been identified in internals
proteins. Known to be a determinant of host range, replacement of glutamate (E) with lysine
(K) located at position 627 in the polymerase subunit PB2 alters the permissive temperature
of avian influenza viruses, allowing for efficient replication at 33C, the approximate
temperature of the mammalian respiratory tract (Massin et al., 2001; Subbarao et al., 1993).
Experiments utilizing reassortant virus strains inserting the HA and PB2 gene segments
from the reconstructed 1918 pandemic influenza virus on an A/Duck/Alberta/35/76 (H1N1)
backbone allowed for efficient aerosol transmission of viruses in the ferret model (van
Hoeven et al., 2009). Structural analysis of the PB2 protein found amino acid 627K located
on superficial fold with the lysine side chain exposed (Tarendeau et al., 2008).
Mechanistically the 627K mutations increases the interaction of PB2 with mammalian
Importinα1 resulting in enhanced replication in mammalian cells (Gabriel et al., 2008; Resa-
Infante et al., 2008). Currently circulating H5N1 virus strains have the 627K mutation,
causing increased pathogenicity in birds and mice, that could further affect the replicative
ability of H5N1 in mammalian hosts (Li et al., 2009; Schat et al., 2012).

5.1.2. Epidemiologic factors associated with Human H5N1 Infection—
Epidemiology has been useful in identifying risk factors (both medical and behavioral)
associated with H5N1 infection in humans. Exposure to infected birds, especially among
poultry workers, is associated with a high risk of infection with H5N1 influenza. From 2006
to 2010, 96% of all human H5N1 cases were associated with contact to potentially infected
poultry. Human H5N1 case numbers are highest in the northern hemisphere winter and
spring (Fiebig et al., 2011), possibly resulting from the introduction of novel H5N1 viruses
into domestic flocks from annual bird migration. Analysis of the distribution of confirmed
human H5N1 cases from 2004 to 2006 found a correlation with age noting a higher rate of
infections in people aged 29 years or younger than in those over 30 years of age. Whether
the skewing of human H5N1 infections by age is due to biological or behavioral factors is
unknown, though (based on statistical modeling) it has been suggested that persons older
than 35 years of age possess immunoglobulins cross-reactive against H5 subtype influenza
from exposure to previously circulating strains (Smallman-Raynor and Cliff, 2007).

Extensive epidemiological studies have been conducted in concurrence with H5N1
outbreaks in Egypt. Studies done by Kayali et al. (2011) found that in 5 years (March 2006–
December 2010) the 119 human cases of H5N1 influenza in Egypt showed seasonal
dependence, predominantly occurring in the winter and spring months. Consistent with
previous epidemiological data, a majority (62%) of H5N1 positive individuals were younger
than 18 years of age though the highest case-fatality rates (65 and 61%) were observed in
the 19–29 and 30–39 years age groups. Additionally, the authors report increased mortality
rates amongst women (47%) which they attribute to culture practices though biological
effects should not be overlooked.

5.2. HPAI H5N1 in swine
Domestic swine are naturally susceptible to infection with influenza A viruses. Subtypes of
influenza viruses naturally circulating in swine are of H1 and H3 and N1 and N2. Influenza
in swine is a febrile disease with outward clinical signs including inactivity, nasal discharge,
coughing, sneezing, labored breathing, and conjunctivitis. Swine influenza is endemic in
most regions of the world with high morbidity (~100%) and low mortality (<1%) seen (Ma
et al., 2009; Neumann et al., 2009; Webster et al 1992).

Little is known about the prevalence of H5N1 infection in pigs although the available
evidence suggests that they are not a highly susceptible host. The paucity of epidemiologic
of HPAI H5N1 in swine is attributed to lack of clinical disease. In swine, H5N1 infection
manifests as a mild, non-life threatening disease. HI testing of swine sera from
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slaughterhouses in Vietnam during 2004 showed a low percentage (0.25%) of pigs had been
exposed to H5N1 virus (Choi et al., 2005). Surveillance of swine herds in Fujian, China
found no evidence of H5N1 infection among pigs from 2004 to 2007, though a low
percentage of the sample population (1% in 2004, 2.6% in 2007) had HI titers against the H9
subtype (Song et al., 2010). Further surveillance efforts in Indonesia from 2005 to 2007
were able to isolate 52 viruses (7.4% success rate) from domestic pig farms. Phylogenetic
analysis of the Indonesian swine H5N1 isolates showed clustering of both the HA and NA
with those circulating in domestic poultry (Nidom et al., 2010). Together, these studies show
that pigs can be directly infected with avian H5N1 viruses, which can co-circulate with other
influenza subtypes, though H5N1 display low morbidity in domestic swine.

The extent of porcine H5N1 virus infection has been studied in laboratory settings. Pigs
experimentally infected with HPAI H5N1 virus exhibited mild to no changes in food
consumption or behavior compared to controls infected with swine H3N2 and H1N1 viruses,
which displayed lethargy and listlessness. Despite the lack of outward clinical signs, several
study animals showed significant weight loss (5–15% initial body weight) on days 1–4 post-
infection, though lost body weight was recovered by day 5 (Choi et al., 2005; Lipatov et al.,
2008). In these studies, limited pathology correlated with low levels of virus replication.
Experimentally infected swine shed H5N1 influenza virus at titers well below those
observed following H5N1 infection in ferrets or mice. Lipatov et al. (2008) report only one
piglet out of 12 shed HPAI H5N1 at titers above log 3 EID50/ml after day 3 post-infection
with no virus being detected at 7 days post infection. These results are consistent with
results from Choi et al. (2005) and Manzoor et al. (2009) showing that wild-type H5N1
replicates to moderate titers and is shed for approximately 6 days in experimentally infected
pigs. Together these studies demonstrate the low incidence and pathogenicity of H5N1
viruses in swine.

Limited data exists on swine-to-swine transmission and the molecular factors associated
with increased replication in porcine hosts. The best evidence for inter and intra species
come from surveillance studies done by Takano et al. (2009) in Indonesia. Phylogenetic
analysis of the five viruses isolated from chickens and pigs raised on the same farm were
highly related, highlighting repeated incidents of direct transmission to pigs from poultry.
Full genome sequencing of chicken and swine isolates belonging to clade 2.1.3 uncovered
three mutations present in one of two swine isolates not found in the closely related chicken
virus. The mutations identified in PB2 (Q13H and G150V) and NA (G41R) highly attenuate
the virus in mice, suggesting multiple passages in swine reduced the virulence of the chicken
H5N1 strain (Takano et al., 2009). Further mutations in PB2 allow for increased replication
in mammals, i.e. D256G and E627K (Manzoor et al., 2009).

Though circulation of H5N1 viruses in swine is limited, isolation of attenuated virus strains
from swine in China show significant divergence from closely related avian strains. Of two
H5N1 viruses isolated form infected swine in the Fujian province of China, a 15-nucleotide
deletion at position 612–626 is present in the NS gene segment, resulting in a five amino
acid deletion in the NS1 protein at positions 191–195 (Zhu et al., 2008). This deletion was
shown to reduce weight loss in mice and attenuate the virus in chickens through inefficient
dampening of the interferon response. It is unclear what selective advantage is conferred by
a reduced ability to control host immune responses, though these data are consistent with the
idea that continued circulation of virus in a population can lead to reduced virulence.

5.3. HPAI H5N1 in other mammalian species
HPAI H5N1 viruses have a remarkable ability to infect a number of mammalian species,
many being classified in the order Carnivora. Spread of the virus amongst carnivores is
likely attributed to predatory habits, as H5N1 has been isolated from the meat of infected

Kaplan and Webby Page 9

Virus Res. Author manuscript; available in PMC 2014 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



animals (Tumpey et al., 2002) and ingestion of infected meat can cause infection (Kuiken,
2004). Captive tigers (Panthera tigris) and leopards (Panthera pardus) succumbed to H5N1
infection at zoos in Thailand following an outbreak of H5N1 influenza in wild-birds in 2003
and 2004 (Amonsin et al., 2006; Keawcharoen et al., 2004; Thanawongnuwech et al., 2005).
In addition to tigers and leopards, a 2009 H5N1 outbreak occurring in the Phnom Tamao
Wildlife Rescue Centre in Cambodia caused 100% mortality in lions (Panthera leo), Asiatic
golden cats (Catopuma temminckii), and clouded leopard (Neofelis nebulosa) (Desvaux et
al., 2009). Necropsy of H5N1 infected tigers revealed intense pulmonary pathology and
multi-organ spread (Keawcharoen et al., 2004). The tiger H5N1 isolates clustered with
genotype Z viruses that were circulating in chickens and detected in humans at that time.
Notably, the HA gene contained a multibasic cleavage site and possessed Q222 and G224 at
the receptor binding site, both amino acids dictating preferential binding to the avian α2,3
sialic acid receptor. Additionally, the tiger isolates acquired the amino acid lysine at position
627 of PB2, a mutation associate with adaptation to mammals (Amonsin et al., 2006;
Keawcharoen et al., 2004). These results indicate no prior adaptation is needed for the
infection of Panthera species with avian lineage H5N1 influenza and that big cat species
may represent a novel avenue for the adaptation of avian influenza viruses to mammalian
species.

Carnivora species from the family Felidae are particularly susceptible to infection with
H5N1. Reports of H5N1 infection of domestic cats (Felis catus) began in Thailand in 2004
coinciding with outbreaks in poultry (Kuiken, 2004; Thiry et al., 2007). More recent
infections of domestic cats have occurred in Austria and Iraq both coinciding with H5N1
outbreaks in birds (Leschnik et al., 2007; Yingst et al., 2006). Experimentally infected cats
show increased body temperature, weight-loss, and decreased activity similar to H5N1
infection in humans. In studies examining different routes of infection (intratracheal and
oral), experimentally infected cats displayed acute clinical disease with virus replicating to
moderate titers (2–5 log TCID50/ml) at day 7 post-infection from pharyngeal, nasal, and
rectal swabs (Kuiken, 2004; Rimmelzwaan et al., 2006). Interestingly, naïve animals placed
in direct contact with infected animals became infected and exhibited a similar disease
pattern compared to directly infected animals. These findings indicate cats can be infected
through multiple routes of infection and shed virus through nasal secretion and feces both of
which may be important for horizontal transmission in felids (Rimmelzwaan et al., 2006;
Vahlenkamp et al., 2010).

Laboratory confirmed cases of H5N1 influenza have also been identified from other
mammalian species in isolated incidents. In 2004, the remains of a domestic dog (Canis
familiaris) tested positive by RT-PCR for H5N1 days after feeding on the carcass of ducks
from H5N1 infected areas (Songserm et al., 2006). In Egypt, isolates of H5N1 were
collected from the nasal swabs of donkeys (Equus africanus asinus) in 2009 following close
contact of the animals with infected poultry (Abdel-Moneim et al., 2010). Additionally, a
wild stone marten (Martes foina) (Klopfleisch et al., 2007) and Owston’s civets (chrotogale
owstani) (Roberton et al., 2006) have tested positive for H5N1 infection in Germany and
Vietnam, respectively. Finally, red foxes (Vulpes vulpes) have been shown to be susceptible
to H5N1 infection in experimental studies (Reperant et al., 2008).

6. Discussion
HPAI H5N1 viruses have the potential to infect a diverse range of animal species which can
contribute to high levels of genetic diversity. Because of this, the potential for the spread of
H5N1 to uninfected countries and novel hosts remains high. Increased active surveillance
efforts will ensure the movement of H5N1, and other influenza subtypes and viruses, is
minimal. The risk of continued human and animal infection with HPAI H5N1 is, at present,
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not completely appreciated and can only be fully understood through continued
experimentation.

In particular, gain-of-function studies will be invaluable in identifying the contributions of
molecular mutations to H5N1 host range. Because of the unprecedented diversity of H5N1
and other influenza subtypes in nature, direct experimentation on the agents in question is
the most efficient way to maximize our understanding of factors contributing to host range.
Studies like those of Imai et al. (2012) and Herfst et al. (2012) serve as prime examples of
the value of gain-of-function research. The findings from these papers are immediately
applicable to influenza surveillance efforts. Future studies employing ferret adapted virus
are necessary to increase our understanding of H5N1 transmission beyond the identification
of individual mutations, but to characterize the underlying biochemical and biophysical
properties contributing aerosol transmission in mammalian hosts.

Concurrently, fully understanding the dynamic interplay of H5N1 transmission between
domestic and wild avian species is necessary for the protection of fragile ecosystems.
Massive die offs of wild birds, like those seen at Qinghai Lake (Chen et al., 2005). In
addition the susceptibility of endangered mammalian species, such as leopards and tigers
(Amonsin et al., 2006; Keawcharoen et al., 2004; Thanawongnuwech et al., 2005; Desvaux
et al., 2009), may lead to the continued decline of threatened species. Further work is
required to detail the role of wild birds in the spread of H5N1, the role of domestic animals
in maintaining H5N1, and the species susceptible to H5N1 infection.

HPAI H5N1 has been at the forefront of public health and surveillance efforts for nearly 15
years. Despite intense surveillance efforts and laboratory studies a full understanding of the
ecology and molecular mechanisms dictating host range still eludes us. The consequences of
this knowledge gap include a continuing threat to human health, large scale agricultural
losses and irreversible changes. Only through further, unrestricted study will the biological,
behavioral, and ecological factors contributing to the uncanny promiscuity of H5N1
influenza be elucidated.
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Fig. 1. Routes of H5N1 species distribution
H5N1 influenza viruses cross the species barrier through close contact with infected birds, in
particular domestic poultry. Contact with domestic poultry (chickens, ducks, etc.) has
resulted in the inter-species transmission of H5N1 to non-avian hosts. Infrequently
documented is the transmission of H5N1 from wild migratory birds to domestic and/or
captive mammals. Though not documented, swine to human transmission of influenza
subtypes H1N1, H2N2, and H3N2 does occur in nature.
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Fig. 2. Global distribution of H5N1 infection
Countries shaded in red have concurrent H5N1 outbreak in domestic poultry and humans.
Blue countries signify outbreaks only in wild avian species. Additional cases of mammalian
H5N1 are depicted as shaded figures (http://www.fao.org/avianflu, http://www.oie.int/
wahis2/public/wahid.php/Diseaseinformation/Diseasedistributionmap, http://www.who.int/
influenza/humananimalinterface/ENGIP20120810CumulaCumulativeN5N1cases.pdf).
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