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Abstract
In 1918 the Spanish influenza pandemic, caused by an avian H1N1 virus, resulted in over 50 million
deaths worldwide. Several outbreaks of H7 influenza A viruses have resulted in human cases,
including one fatal case. Since 1997, the outbreaks of highly pathogenic avian influenza (HPAI) of
the H5N1 subtype have affected a wide variety of mammals in addition to poultry and wild birds.
Here, we give an overview of the current knowledge of the determinants of pathogenicity of these
three subtypes of avian influenza A virus in mammals. Common mechanisms for acquisition of
virulence and replication of these avian influenza viruses in mammals are becoming apparent.
Therefore, monitoring these and additional genetic changes upon zoonotic infections is important.
Identification of genetic changes responsible for transmission between mammals will be an important
task for the near future.
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Introduction
Influenza A virus is a member of the Orthomyxoviridae family, comprising enveloped,
negative strand RNA viruses with a segmented genome. Influenza A viruses are characterized
based on the envelope glycoproteins hemagglutinin (HA) and neuraminidase (NA). To date,
16 subtypes of HA and 9 subtypes of NA have been found and almost all subtype combinations
(Fouchier et al., 2005; Olsen et al., 2006; Webster et al., 1992).

Although influenza A viruses are best known for the annual epidemics in humans, wild birds
form their natural reservoir (Olsen et al., 2006; Webster et al., 1992). Whereas only 3 influenza
A virus subtypes circulated in humans in the past century, all known subtypes have been
isolated from wild birds. Numerous subtypes have also been detected in poultry, generally
causing mild disease, or no disease at all. Upon introduction in poultry, viruses of the subtypes
H5 and H7 may cause outbreaks of highly pathogenic avian influenza (HPAI). The transition
of a low pathogenic avian influenza (LPAI) virus to a HPAI virus generally results from the
introduction of multiple basic amino acids at the HA cleavage site, facilitating systemic virus
replication and a mortality of up to 100% in poultry.
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Occasionally, a new subtype of influenza A virus is introduced into the human population that
is able to spread efficiently from human to human, causing a pandemic. This process is called
antigenic shift and may be the result of a reassortment event of avian and human influenza A
viruses (Scholtissek et al., 1978), or of adaptation of a fully avian virus to humans (Claas et
al., 1998; Tumpey et al., 2005a). During the past century, three such pandemics occurred. The
introduction of influenza A virus of the H1N1 subtype in 1918 is probably the best-known
example of a pandemic. An estimated 50 million people died as a result of the so-called ‘Spanish
influenza’ (Patterson et al., 1991). Introduction of the H2N2 and H3N2 subtypes caused
relatively mild pandemics in 1957 and 1968 respectively. Not all introductions of a new
influenza A virus subtype in the human population lead to a pandemic. Often, transmission is
limited because the virus does not spread easily from one person to the other. The knowledge
of the pathogenicity of avian influenza viruses in mammals has increased considerably in recent
years, sparked by the increased number of transmissions of avian influenza viruses to humans.
Here, we present the current knowledge of the determinants of pathogenicity of three important
avian influenza viruses that have caused infections in humans: the 1918 Spanish influenza
virus, HPAI H5N1 viruses and H7 viruses.

1918 Spanish influenza
The cause of the hitherto unparalleled morbidity and mortality during the Spanish influenza
pandemic in 1918 has long remained a mystery, since the influenza A virus was only discovered
more than 10 years after this pandemic. The recent reconstruction of a 1918 virus based on
archival and frozen tissue samples has shed some light on its pathogenic properties (Basler et
al., 2001; Geiss et al., 2002; Kobasa et al., 2007; Kobasa et al., 2004; Taubenberger et al.,
2005; Tumpey et al., 2005a; Tumpey et al., 2005b; Tumpey et al., 2007).

Several studies in mammals have shown that this is a very pathogenic human influenza A virus.
When ferrets were infected with 106 pfu of this virus, 2/3 animals succumbed to the infection
(Tumpey et al., 2007). Macaques infected with 7×106 pfu started to show symptoms of disease
within 24h post infection and all succumbed to the infection by day 8 (Kobasa et al., 2007).

Multiple gene segments are involved in the pathogenicity of the 1918 virus. The complete 1918
virus was 100 times more lethal for mice than a reassortant 1918 virus with the polymerases
(PB1, PB2, PA) of a human H3N2 virus (Tumpey et al., 2005a). Only 10 amino acids in the
1918 polymerase complex distinguish it from the consensus avian polymerase complex.
Among these 10 amino acid substitutions is a E627K substitution in PB2 (Taubenberger et al.,
2005). This residue has been described as a determinant of pathogenicity of HPAI H5N1 and
H7N7 viruses (see below) and may thus also play a role in the pathogenicity of the 1918 spanish
influenza virus.

HA and NA are also important determinants of pathogenicity of the 1918 virus, although the
mechanism through which they exert their effect is not yet known (Kobasa et al., 2004; Tumpey
et al., 2005a; Tumpey et al., 2005b). NA of the 1918 virus is unusual in its’ ability to enable
virus replication in the absence of trypsin in tissue culture (Tumpey et al., 2005a).

In vitro, NS1 of the 1918 virus is a potent inhibitor of the IFN pathway (Geiss et al., 2002). It
may thus also contribute to the virulence of the 1918 virus in humans. However, the role of
NS1 in the pathogenicity of the 1918 virus could not be confirmed in mice; rather, viruses with
NS1 of the 1918 virus seemed attenuated in these animals (Basler et al., 2001). Whether NS1
is not involved in pathogenesis of the 1918 virus or whether the mouse model is not a suitable
animal model remains to be determined. Experimental infection of macaques suggests that the
1918 virus induces an antiviral response different from that induced by a contemporary human
H1N1 virus (Kobasa et al., 2007). This difference may be due to NS1 of the 1918 virus.
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HPAI H7 viruses
Several outbreaks of LPAI and HPAI H7 viruses in poultry have resulted in transmission of
these viruses to humans, indicating the unusual zoonotic properties of these viruses. During
an experimental infection of seals with influenza virus A/Seal/Massachusetts/1/80, one of the
investigators developed conjunctivitis after being sneezed on by an infected seal (Webster et
al., 1981). In 1996, a LPAI H7N7 virus, A/England/268/96, was transmitted from ducks to a
43-year-old woman, resulting in a case of conjunctivitis (Kurtz et al., 1996). During a large
outbreak of HPAI H7N7 virus in the Netherlands in 2003, 89 humans became infected.
Although most of these developed conjunctivitis and in some cases mild respiratory symptoms,
one patient died as a result of severe pneumonia and related complications (Fouchier et al.,
2004; Koopmans et al., 2004). In 2004, an outbreak of HPAI H7N3 virus in Canada resulted
in conjunctivitis and mild influenza-like illness in two men that had been in contact with
infected poultry (Tweed et al., 2004). An outbreak of LPAI H7N3 virus in the UK in 2006
resulted in a case of conjunctivitis in a poultry worker; virus was also detected in a throat swab
collected from this person (Nguyen-Van-Tam et al., 2006). Finally, several people were
infected with a low pathogenic H7N2 virus during an outbreak in the UK in 2007 (ProMed,
2007). Viruses of the H7 subtype display an unusual tissue tropism compared to other subtypes,
since cases of conjunctivitis have occurred in many outbreaks of LPAI and HPAI H7 viruses,
but have rarely been reported with other subtypes.

When A/Seal/Massachusetts/1/80 (H7N7) was serially passaged in chicken embryo cells it
obtained a multibasic cleavage site in HA, rendering it highly pathogenic in chickens.
Subsequently, this virus was passaged in mouse lungs and became highly pathogenic to mice.
Two substitutions in PB2, D701N and S714R were shown to be important determinants of
virulence in mice, which was related to an increased polymerase activity (Gabriel et al.,
2005).

The pathogenicity of a conjunctivitis virus isolated during the Dutch HPAI H7N7 outbreak
and the virus isolated from the patient with the fatal outcome of H7N7 infection was compared
in a mouse model. The fatal case virus was intrinsically more pathogenic than the conjunctivitis
virus. A E627K substitution in PB2 was the main determinant of pathogenicity. HA of the fatal
case virus, containing 3 substitutions, including a substitution introducing a potential
glycosylation site near the receptor binding site, increased virus titers in the lungs of infected
mice and distribution of virus to different organs. The effect of HA on pathogenicity may be
related to subtle differences in the attachment pattern of the conjunctivitis virus and the fatal
case virus to the lower respiratory tract, as shown in virus-binding studies (Munster et al.,
2007). An E627K substitution in PB2 is often found as a determinant of pathogenicity of HPAI
viruses in mice. Adaptation of A/Equine/London/1416/73 (H7N7) to mice resulted, amongst
others, in a E627K substitution in PB2, leading to a 1000x increased virulence of this virus
(Shinya et al., 2007). Moreover, out of three viruses isolated during the outbreak of HPAI
H7N1 from 1999–2000 in Italy, the virus with lysine at position 627 of PB2 was the most
pathogenic in mice (Rigoni et al., 2007).

HPAI H5N1 viruses
During an outbreak of HPAI H5N1 in poultry markets in Hong Kong in 1997, 18 people were
infected, six of whom died. This was the first recorded direct transmission of an avian influenza
virus to humans causing fatality (de Jong et al., 1997).

Two viruses isolated from humans during this 1997 outbreak showed a different pathogenicity
in mice: A/Hong Kong/483/97, isolated from a patient with a fatal infection, caused a lethal
systemic infection in mice, whereas A/Hong Kong/486/97, isolated from a patient with
relatively mild disease, caused a non-lethal respiratory infection. This difference in
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pathogenicity was mainly determined by a E627K substitution in PB2. An I227S substitution
in HA also increased the virulence of this virus in mice (Hatta et al., 2001).

The HPAI H5N1 viruses isolated during the 1997 outbreak were able to interfere with the
innate immune response of the host in mice and pigs. Isolates from the 1997 outbreak were
more pathogenic in mice than HPAI H5 viruses isolated during previous outbreaks in the UK,
Italy and Mexico. In contrast to other HPAI H5 strains, the 1997 strains did not lead to increased
production of the proinflammatory cytokine TGF-β in serum of infected mice (Dybing et al.,
2000). Also, the 1997 virus was insensitive to IFN-α, IFN-γ and TNF-α in vitro, due to a
glutamic acid at position 92 of NS1 (Seo et al., 2002). This residue was also a determinant of
pathogenicity in pigs infected with a reassortant A/PR/8/34 virus with NS of A/HK/156/97
(Seo et al., 2002). It was shown that HPAI H5N1 viruses that are highly pathogenic to mice
induced much higher levels of inflammatory cytokines in mouse lungs (Lipatov et al., 2005).
Finally, in vitro assays using human monocyte-derived macrophages showed that HPAI H5N1
virus from 1997 induced higher levels of proinflammatory cytokines (Cheung et al., 2002).

HPAI H5N1 viruses were isolated from healthy ducks in southern China from 1999 onwards.
These viruses differed remarkably in their pathogenicity in mice. The main determinant of
pathogenicity was shown to be a D701N substitution in PB2 (Li et al., 2005).

In 2003, the HPAI H5N1 virus reemerged in Hong Kong and has spread to poultry in other
parts of South East Asia since. Since the outbreak in wild migratory birds in Qinghai Lake in
2005, the HPAI H5N1 virus has surfaced across Asia, Europe, the Middle East and Africa.
Since then, the HPAI H5N1 virus caused disease in several mammalian species such as tigers,
leopards (Keawcharoen et al., 2004), dogs (Butler, 2006) and humans (Beigel et al., 2005). In
humans, over 300 cases of HPAI H5N1 infection were detected so far, with a fatal outcome in
~2/3 of these (WHO, 2007). Based on a cohort of 18 hospitalized patients infected with H5N1
virus of whom 13 died, it was shown that lethal outcome of infection correlated with a high
viral load and a high production of cytokines and chemokines. Plasma levels of IP-10, MCP-1,
IL-8, IL-6 and IL-10 correlated with pharyngeal viral load, suggesting that the overproduction
of cytokines is a result of increased virus replication (de Jong et al., 2006).

The pathogenicity of an avian HPAI H5N1 virus, A/Chicken/Vietnam/C58/04, and a human
HPAI H5N1 virus, A/Vietnam/1203/04, was compared in mouse and ferret models. In both
species, the chicken isolate was non-lethal, whereas the human isolate caused considerable
mortality (Salomon et al., 2006). The polymerase complex contributed to the pathogenicity of
A/Vietam/1203/04. Viruses with PB2 or PB1 of the chicken virus in the background of A/
Vietnam/1203/04 were attenuated in both species, indicating the importance of adaptation of
the avian polymerase complex to the mammalian host. The polymerase activity of A/Vietnam/
1203/04 was significantly higher than that of the chicken virus polymerase complex in human
cells, again indicating that increased virus replication is related to pathogenicity. In ferrets, but
not in mice, NS was an important determinant of pathogenicity (Salomon et al., 2006).

Whereas human influenza A viruses use α-2,6-linked sialic acids (SA) as a receptor, avian
viruses use α-2,3-linked SA. This difference in receptor binding is, in part, related to the
different pathogenicity of these viruses in humans. Attachment studies using HPAI H5N1 virus
showed that this virus rarely attached to the trachea, in contrast to a human H3N2 virus that
attached abundantly to the trachea. In the lower respiratory tract, H5N1 virus attached
predominantly to type II pneumocytes, alveolar macrophages and nonciliated cuboidal
epithelial cells in terminal bronchioles (van Riel et al., 2006). This observation corresponded
with the presence of α-2,3-linked SA on nonciliated cuboidal bronchiolar cells and type II
pneumocytes and the virtual absence of these receptors in the upper respiratory tract (Shinya
et al., 2006). The attachment pattern of H5N1 virus to these cells was in concordance with the
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diffuse alveolar damage that is observed in human cases of HPAI H5N1 virus infection and
could very well be related to the pathogenicity of these viruses (van Riel et al., 2006).

Common determinants of pathogenicity
From the data above, common patterns for the acquistition of virulence of avian influenza
viruses for mammals are becoming apparent (Fig. 1). Obviously, the pathogenicity of avian
influenza viruses in mammals is a polygenic trait. Changes in the polymerase complex have
been observed in the 1918 Spanish influenza and H5 and H7 avian influenza viruses. Thus it
seems that adaptation of the avian virus polymerase complex is an important prerequisite for
replication in mammals. One of the most commonly described substitutions is the E627K
substitution in PB2. This residue is a glutamic acid in avian viruses and a lysine in human
viruses and was described as a determinant of host range in vitro (Subbarao et al., 1993). Avian
viruses lacking this E627K substitution may acquire it spontaneously upon a single passage in
mice (Li et al., 2005;Mase et al., 2006). Although the importance of this residue in pathogenesis
was described in mice for different influenza A virus subtypes, there was no correlation
between the presence of a lysine at position 627 of PB2 and the outcome of disease in HPAI
H5N1 virus infected humans (de Jong et al., 2006). However, all viruses in this cohort contained
other substitutions in the polymerase complex involved in adaptation to efficient replication
in mammals. This suggests that the ability to replicate in humans is not determined by the
E627K substitution in PB2 alone. Sequence comparison of avian and human influenza A
viruses identified 52 species-associated positions in the influenza A virus genome. Of these 52
positions, 35 are in the polymerase complex (Chen, 2006).

Specific substitutions in HA and NA can increase virulence, for instance through changes in
or near the receptor binding site (Hatta et al., 2001; Munster et al., 2007; Yamada et al.,
2006) or a substitution in NA that enables replication in the absence of trypsin (Tumpey et al.,
2005a). Moreover, avian influenza A viruses have a different receptor specificity than human
influenza A viruses and thus infect different cell types, which may be related to the pathogenesis
of these viruses (Munster et al., 2007; van Riel et al., 2006).

NS1 is also an important determinant of pathogenesis through its ability to antagonize the
innate immune response. The fact that this has not been described in vivo as often as e.g.
changes in the polymerase complex may be related to the fact that many studies were performed
in mice. The inbred mouse strains used for these studies lack a functional Mx1 gene (Staeheli
et al., 1988), while the Mx1 gene is an important factor in bringing cells in antiviral state
(Staeheli et al., 1986). This and other host-specific factors may contribute to the fact that the
role of NS1 has not been described often in vivo.

Human-to-human transmission
Now that common traits are becoming apparent of how avian influenza viruses acquire
pathogenicity, the minimal requirements for efficient human-to-human transmission need to
be elucidated. The pandemics of the past century have shown that there are two ways of
pandemic viruses arising: adaptation of an avian virus by mutation, as was probably the case
with Spanish influenza, or reassortment of an avian and a human influenza virus, as was the
case with the pandemics of 1957 and 1968. There are two minimal requirements for sustained
human-to-human transmission: efficient replication in the human host and replication in the
upper respiratory tract to enable virus transmission via the airways, e.g. by coughing and
sneezing.

Receptors for avian influenza viruses, α-2,3-linked SA, are abundantly present only in the lower
respiratory tract of humans (Shinya et al., 2006; van Riel et al., 2006). It was suggested that
this explains why HPAI H5N1 virus is not transmitted efficiently from human to human. If
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this were true, adaptation of HA to recognize α-2,6-linked SA in the upper respiratory tract
would suffice for human-to-human transmission. However, HPAI H5N1 viruses that have dual
receptor specificity for both α-2,3- and α-2,6-linked SA are currently circulating (Yamada et
al., 2006), but so far this has not resulted in efficient human-to-human transmission. This
suggests that efficient human-to-human transmission is not solely determined by receptor
recognition. Several transmission experiments have been performed in ferrets using the 1918
virus and HPAI H5N1 virus. Firstly, after introduction of two amino acid changes in HA of
the 1918 virus, thereby changing the receptor specificity from α-2,6 to α-2,3-linked SA, the
virus was no longer transmitted to contact ferrets (Tumpey et al., 2007). Secondly, reassortant
viruses consisting of the internal genes of a human H3N2 virus and HA and NA of HPAI H5N1
virus did not transmit from ferret to ferret; neither did reassortant viruses consisting of HA,
NA, MA and NS of H5N1 virus and the polymerases and NP of a human H3N2 virus, despite
the fact that virus was present in nasal washes of infected animals and sneezing was observed
in some animals (Maines et al., 2006).

A third transmission study showed inefficient transmission of 2 HPAI H5N1 viruses.
Transmission was not related to the ability of some of these viruses to recognize both α-2,3
and α-2,6-linked SA, since only one out of 2 viruses with affinity for α-2,6-linked SA as well
as α-2,3-linked SA was transmitted. Again, virus was present in the nasal washes of all ferrets,
independent of whether the virus was transmitted or not (Yen et al., 2007). Taken together, it
seems that although recognition of α-2,6-linked SA is an important determinant of
transmission, mere presence of virus in the upper respiratory tract is not the only factor of
importance. So far, all transmission experiments have been performed in ferrets; a recently
described transmission model in guinea pigs (Lowen et al., 2006) may increase our knowledge
of the determinants of transmission in mammals further.

Now that common determinants of pathogenicity of avian influenza viruses in mammals are
becoming clear, the requirements for efficient transmission in mammalian model systems need
to be elucidated. The data summarized here were almost all generated in vitro or in animal
models, and care should be taken when extrapolating these data to humans. More (post mortem)
data from humans are needed to establish with certainty the determinants of pathogenesis and
efficient human-to-human transmission.
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Figure 1.
Determinants of avian influenza virus pathogenicity in mammals. 1. HA of influenza A virus
is important for receptor binding, fusion and entry into the host cell. HA of avian viruses
preferentially bind to α-2,3-linked SA, whereas human viruses preferentially bind to α-2,6-
linked SA. 2. The influenza virus polymerase complex undergoes changes to facilitate
replication in the mammalian host cell. 3. Virus replication results in an innate immune
response to block virus replication. The NS1 protein is able to antagonize this response and
modulate production of proinflammatory cytokines and chemokines. 4. NA is essential for the
release of virus particles from the infected cell and thus for spread of the virus by destroying
α-2,3-and α-2,6-linked SA receptors.
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