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REVIEWS

INFLUENZA: LESSONS FROM PAST
PANDEMICS, WARNINGS FROM
CURRENT INCIDENTS

Influenza viruses belong to the Orthomyxoviridae
family. Antigenic differences in their nucleoprotein
(NP) and matrix protein (M1) allow influenza viruses
to be classified as types A, B or C (FIG. 1). For type A
viruses, further subtyping is based on the antigenicity
of the HaemacGLuTININ (HA) and NEurRaMINIDASE (NA)
surface glycoproteins'. Currently, 16 HA (H1-H16)
and 9 NA (N1-N9) subtypes have been identified in
type A viruses>*.

Type A influenza viruses have been isolated from
various animals, including humans, pigs, horses,
sea mammals and birds. Phylogenetic studies of
type A isolates have revealed that the viral genes form
species-specific lineages, and aquatic birds are thought
to be the source of all influenza A viruses in other ani-
mal species*. Influenza viruses usually do not produce
disease in wild aquatic birds, indicating that they have
achieved an optimal level of adaptation in this natu-
ral reservoir. All 16 HA and 9 NA subtypes of type A
viruses are maintained in aquatic bird populations,
especially ducks, shorebirds and gulls*.

Past influenza pandemics

Spanish influenza (1918-1919). The so-called Spanish
influenza was caused by an HIN1 virus and was
responsible for the deaths of at least 40 million people
in 1918-1919 (REE 5). Although its clinical symptoms
and pathological manifestations were largely confined
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Abstract | Recent outbreaks of highly pathogenic avian influenza A virus infections (H5 and H7
subtypes) in poultry and in humans (through direct contact with infected birds) have had important
economic repercussions and have raised concerns that a new influenza pandemic will occur in
the near future. The eradication of pathogenic avian influenza viruses seems to be the most
effective way to prevent influenza pandemics, although this strategy has not proven successful so
far. Here, we review the molecular factors that contribute to the emergence of pandemic strains.

to the respiratory tract®, almost 50% of deaths (the case
mortality rate in the USA averaged 2.5%) occurred in
an unusually young age group, 20-40-year-olds’. The
biological properties of the virus that was responsible
for the Spanish influenza still remain obscure, owing
to the lack of viral isolates available for study. However,
the available data on gene sequences of the 1918 virus,
obtained from lung tissue samples, suggest ‘an unusual
avian precursor’® (FIG. 2). The three-dimensional struc-
ture of the HA of the 1918 virus indicates that, despite
retaining the residues in the host-receptor-binding
site that are characteristic of an avian precursor HA*'°,
the 1918 virus HA could bind human cell-surface
receptors, an observation that is consistent with recep-
tor-binding assays carried out with a recombinant
virus carrying the HA from the 1918 virus''. Recent
studies with viruses generated by reverse GeNeTICs that
carry genes derived from the 1918 virus indicate that
the HA of this virus had a role in its increased virulence
in a mouse model'"". Indeed, the lung infiltration by
inflammatory cells and the haemorrhagic pneumonia
seen in these mice were hallmarks of the illness in
humans in the original panpEmIC!",

Other pandemics. Other, less serious pandemics
occurred in 1957 (Asian influenza, H2N2), 1968 (Hong
Kong influenza, H3N2), and 1977 (Russian influenza,
HIN1)"“, The 1957 virus consisted of HA (H2),
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HAEMAGGLUTININ

Type I integral membrane
glycoprotein that binds to
cell-surface receptors and
facilitates fusion between the
viral envelope and endosomal
membrane. It is the main target
antigen of the humoral immune
response in host animals.

NEURAMINIDASE

Type II integral membrane
glycoprotein, which facilitates
viral release from cells by
removing sialic acid from
sialyloligosaccharides on the
cell and viral surface.

REVERSE GENETICS

A method that allows the
production of viruses that
possess genes derived from
cloned cDNA.

PANDEMIC

Global influenza infection
caused by the emergence of a
virus with an HA subtype to
which most of the human
population lacks immunity.

REASSORTANT

A virus with gene segments
derived from more than one
virus, achieved by co-infection
of a single cell by these viruses.

Negative-

ssRNA

Figure 1 | Schematic diagram of an influenza A virus
virion. Two surface glycoproteins, haemagglutinin (HA) and
neuraminidase (NA), and the M2 ion-channel protein are
embedded in the viral envelope, which is derived from the host
plasma membrane. The ribonucleoprotein complex comprises
a viral RNA segment associated with the nucleoprotein (NP)
and three polymerase proteins (PA, PB1 and PB2). The matrix
(M1) protein is associated with both ribonucleoprotein and the
viral envelope. A small amount of non-structural protein 2 is
also present, but its location within the virion is unknown.

NA (N2) and a viral RNA polymerase gene segment,
PB1 (polymerase basic 1), from an avian virus, with
the other gene segments derived from a previously
circulating human virus'>'®. The 1968 virus had avian
HA (H3) and PBI1 segments in a background of human
viral genes'>'®. The acquisition of avian surface anti-
gens allowed these viruses to circumvent the human
immune response. Why both of these pandemic strains
also carried the gene that encodes PB1 from an avian
virus remains unclear. In view of a recently identified
North American swine virus, a triple ReassorTanT that
combined swine, human and avian viral genes and
possessed the genes that encode PB1 and HA from the
same human virus'’, one could argue that the genes
that encode HA and PB1 interact functionally, either
at a protein or nucleic acid level, in ways that enhance
the replicative ability of hybrid viruses.

The Russian influenza HIN1 strain was essentially
identical to those HINT strains that had circulated in
humans in the 1950s (FIG. 2) (REE. 18), and it is thought
likely that the virus was maintained in a freezer until
it was somehow reintroduced into the general popula-
tion. The magnitude of this outbreak was limited, as most
individuals over 27 years of age had some immunological
memory to the virus.

Properties of avian influenza viruses

Influenza pandemics are caused by viruses that possess
an HA molecule to which most of the population lacks
immunity. Recently, purely avian influenza viruses,
including the H5N1, HIN2 and H7N7 subtypes, have
been directly transmitted to humans, raising concern
over the possibility of a new influenza pandemic among
the world’s immunologically naive populations. As the

viruses responsible for pandemics in the past century
were all characterized by the acquisition of HAs from
avian viruses, with the exception of the Russian influ-
enza virus, clues to the molecular changes that give rise
to human pandemic strains can be found in the avian
reservoir.

Avian influenza viruses can be sorted on the basis
of virulence: highly pathogenic avian influenza (HPAI)
viruses cause systemic lethal infection, killing birds as
soon as 24 hours post-infection, and usually within
one week, whereas low-pathogenic avian influenza
(LPAI) viruses rarely generate outbreaks of severe
disease in the field, and their associated morbidity and
mortality rates are lower than those of HPAI viruses®.
Phylogenetic studies of avian influenza viruses have
revealed two geographically separate sublineages
(Eurasian and American), which probably reflects the
separation of viruses owing to the distinct migratory
patterns of the host birds in these two regions. Both
HPAI and LPAI viruses are found within these two
sublineages, indicating that viral pathogenicity is not
determined by geographical distribution. Without
exception, all of the HPAI viruses belong to the H5 or
H7 subtype, for reasons that are still unclear. There do
not seem to be any associations of specific NA subtypes
with HPAI viruses.

Susceptibility and pathology. Many domestic and wild
avian species are susceptible to influenza virus infection,
although viruses that are highly pathogenic in one avian
species might not be pathogenic in another”. For exam-
ple, ducks tend not to succumb to viruses that are lethal
in chickens, even though virus can be detected in vari-
ous internal organs and in the blood of infected ducks.
Among domestic avian species, chickens and turkeys
are the most frequently involved in outbreaks of HPAI-
virus-related disease. The host factors that determine
differences in susceptibility to avian influenza viruses
in different avian species are unknown.

LPAI viruses replicate mainly in intestinal and res-
piratory organs, and are shed in the faeces of infected
birds. Therefore, transmission of viruses through the
faecal-contaminated-water-oral route is an impor-
tant mechanism of LPAI-virus dissemination among
aquatic birds. High concentrations of HPAI viruses,
which replicate systemically in poultry, are also shed
in faeces. However, these viruses are more readily
transmitted among birds in densely populated flocks
by the nasal and oral routes through contact with
virus-contaminated materials. LPAI viruses cause
localized infections in the respiratory and/or intesti-
nal tract, resulting in mild or asymptomatic infection.
In chickens infected with HPAI viruses, common
symptoms include swelling of the microvascular endo-
thelium, multifocal haemorrhages and thrombosis'*".
HPALI viruses can replicate efficiently in vascular
endothelial and perivascular parenchymatous cells,
which aids viral dissemination and systemic infec-
tion. Additionally, involvement of the cardiovascular
system is indicated, as HPAI antigens have been found
in necrotic cardiac myocytes®.
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Figure 2 | Past and potential future pandemic influenza viruses. Evidence indicates
that the 1918 Spanish influenza pandemic was caused by an H1N1 avian influenza virus
that was transmitted to humans. A reassortant H1N1 virus possessing three avian gene
segments (PB1, haemagglutinin (HA) and neuraminidase) caused the 1957 pandemic
(Asian influenza; H2N2 subtype). The H1N1 virus subsequently disappeared from human
circulation. In 1968, another reassortant, carrying the genes that encode PB1 and HA from
an H3 avian virus and the remaining gene segments from an H2N2 human virus, emerged
as a new pandemic strain (Hong Kong influenza; H3N2 subtype); the H2N2 virus then
disappeared from circulation. In 1977, an H1N1 virus that was genetically almost identical
to the H1N1 virus from the 1950s spread rapidly among immunologically naive younger
people (Russian influenza). The HIN1 and H3N2 viruses that have evolved from the strains
responsible for the Russian and Hong Kong influenzas, respectively, continue to circulate
in humans and produce annual epidemics. Since 1997, purely avian influenza viruses,
including H5N1, H7N7 and HON2 subtypes, have been directly transmitted to humans,
raising concern over the possibility of a new influenza pandemic equal in impact to, or
greater than, the Spanish influenza.

HA and pathogenicity. The HA surface glycoprotein
mediates virus binding to host-cell receptors and pro-
motes the release of the viral RNA that is complexed
with polymerase and NP (ribonucleoprotein, RNP)
through membrane fusion. A precursor HA molecule
undergoes post-translational cleavage into HA1 and
HA2 subunits by host proteases, with the generation
of a fusogenic domain at the amino terminus of HA2
that mediates fusion between the viral envelope and the
endosomal membrane?. Proteolytic activation is there-
fore essential for viral infectivity and dissemination?,
and the HA glycoprotein has a key role in influenza
virus pathogenicity*.

The HAs of LPAI viruses possess a single arginine
at the cleavage site (FIGS 3,4) and are usually cleaved
in only a limited number of organs, resulting in
mild or asymptomatic infection. Proteases capable of
cleaving the HAs of LPAI and HPAI viruses are often
called ‘trypsin-like’ enzymes, and in vitro include
blood-clotting factor Xa, tryptases, mini-plasmin and
bacterial proteases®~?, although the enzymes respon-
sible for HA cleavage in vivo are still unidentified. By
contrast, the HAs of HPAI viruses possess a series
of basic amino acids at the cleavage site, which are
cleaved by ubiquitous proteases, such as furin and
PC6 (proprotein convertase 6), which are present in
a broad range of different host cells, supporting lethal
systemic infection in poultry***. A carbohydrate
side chain near the cleavage site can affect HA cleav-
ability by interfering with the accessibility of the host
proteases to the cleavage site***!. Therefore, HA cleav-
ability is considered the main determinant of the tissue
tropism of avian influenza viruses®, and differences in
the tissue distribution of proteases and HA suscepti-
bility to these enzymes can determine the outcome of
virus infection.

The acquisition of enhanced HA cleavability is
an essential event in the conversion of avirulent
avian influenza viruses to virulent strains, as was
found in Pennsylvania (H5N2) in 1983 (REF. 30),
in Mexico (H5N2) in 1994 (REFS 33,34), in Italy
(H7N1) in 1997 (REF. 35), in Chile (H7N3) in 2002
(REFE. 36) and in Canada (H7N3) in 2004 (REF.37).
Sequence conversion could be caused by polymerase
slippage or non-homologous recombination between
the gene that encodes HA and other genes at the
cleavage site.

Direct transmission to humans

In general, as avian influenza viruses do not repli-
cate efficiently in humans, direct transmission of
avian viruses to humans is probably an extremely
rare event, and high doses of avian virus are
required to produce a quantifiable level of replica-
tion in human volunteers®®. The restricted growth
of avian influenza viruses in humans was thought
to be a barrier to the emergence of new pandemic
strains by direct avian-to-human transmission.
However, this perception changed in 1997, when
an H5N1 avian virus was transmitted directly to
humans from birds.
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REYE SYNDROME

A rare syndrome characterized
by encephalopathy and fatty
degeneration of the liver,
occuring primarily in children
upon a viral infection, including
influenza. Although this
syndrome has been
epidemiologically associated
with the use of aspirin and other
salicylates, the exact
pathogenesis of the disease
remains unknown.

ANTIGENIC DRIFT

Change in the antigenicity of
the haemagglutinin and
neuraminidase owing to point
mutations.

ANTIBODY SEROCONVERSION
The presence in serum of
antibodies specific for antigens
as a result of an infection.

Avian isolates Cleavage site

Avirulent strain (H5) PQ----RETH l G
Avirulent strain (H7) PEXP---KXR ¢
Virulent strain (H5) PQ - - G
Virulent strain (H7) PEPS G

Human isolates: pandemic strains

1918 Spanish flu (H1N1) PS----IQSR G
1957 Asian flu (H2N2) PQ----IESR G
1968 Hong Kong flu (H3N2) PE----KQTR G
1977 Russian flu (HIN1) PS----IQSR ¢

Human isolates: avian strains from humans

1997 Hong Kong (H5N1) PQORE G
1999 Hong Kong (HON2) PQ----RssR ¢

2003 the Netherlands (H7N7) P E I P - G
2004 Asian (H5N1) PQRE®®RREKKR G

Figure 3 | HA cleavage site sequence of influenza A
viruses. Basic amino acids are shown in blue boxes. Dashes
are for the purpose of alignment only.

H5NI virus. In May 1997, an H5N1 virus (A/Hong
Kong/156/97) was isolated from a 3-year-old boy in
Hong Kong®*!, who later died of extensive influenza
pneumonia complicated by reve synproME. By the
end of 1997, a total of 18 people had been infected
by this virus, six of whom died. The clinical features
of infection included onset of fever and upper-respi-
ratory-tract infection, typical of classical influenza.
Some patients had severe complications, mainly
pneumonia, gastrointestinal manifestations, elevated
liver enzymes and renal failure®. In general, children
fared better than adults. Epidemiological studies
suggested direct transmission of the virus from birds
and serological evidence of human-to-human trans-
mission was limited to a few cases®, indicating that
the virus had not become fully adapted to its human
host. The slaughter of all poultry in Hong Kong suc-
cessfully eradicated the threat of a major outbreak of
H5N1 virus infection.

The human H5NT1 isolates were not reassortants like
the 1957 and 1968 pandemic strains; instead, all of the
viral genes originated from a Eurasian avian virus®*!.
The gene that encodes HA was derived from a H5N1
virus first isolated from a goose that died in Guangdong
Province, China (A/goose/Guangdong/1/96)*. From
1997 through 2001, H5N1 viruses with an HA of the
same genetic lineage continued to circulate in birds in
southeastern China®*. In 2002, another H5N1 virus
showing antigenic prir emerged in Hong Kong and was
highly pathogenic in ducks and other aquatic birds, a
property rarely associated with HPAI viruses*. In early
2003, an H5N1 virus infected a family in Hong Kong*
— the father and son (from whom the H5N1 virus was
isolated) developed severe respiratory illness and the
father died. The daughter also died of a respiratory
infection of undiagnosed origin.

The most devastating outbreak of influenza associ-
ated with H5N1 HPAI viruses occurred in 2003-2004
in Asian countries, including Vietnam, Thailand,
Indonesia, Cambodia, Laos, Korea, Japan and China
(and later Malaysia)®. Although not officially reported,
such viruses first appeared in July 2003 in poultry in
Vietnam, Indonesia and Thailand. Extensive phylo-
genetic analysis of the viruses isolated from poultry
in Hong Kong and mainland China revealed multiple
genetic reassortants representing multiple genotypes
(proposed definition: genotypes A, B, C, D, E, V, W,
X, 5 Y, Z and Z*), although each of the reassortant
viruses possessed an HA similar to that of the HA
from the A/goose/Guangdong/1/96 strain®'. Similarly,
nine different genotypes were identified in domestic-
duck isolates in mainland China (proposed definition:
A-I), which were not related to the genotypes that were
described for poultry isolates™.

The H5N1 viruses with a dominant Z genotype were
responsible for the outbreaks in Vietnam, Thailand
and Indonesia®>*, and had been detected in wild,
migrating aquatic birds in Hong Kong in November
2002. Although the 2003 human isolate in Hong Kong
showed genetic similarity to this aquatic-bird virus, it
lacked a deletion in the NA ‘stalk region that is found
in Z genotype viruses and was therefore given a Z* geno-
type®’. By contrast, viruses isolated in 2004 in Japan,
where one human case of H5 ANTIBODY SEROCONVERSION
was confirmed®, and in Korea belonged to genotype
V. Their polymerase acid protein (PA) gene segments
differed considerably from those of the genotype Z
virus, although the remaining segments are related
to this virus®>*°. Therefore, at least two H5N1 geno-
types, Z and V, seem to be responsible for the Asian
outbreak in 2003-2004. Whether changes in the gene
that encodes PA alone account for the different capaci-
ties of these viruses to infect humans and cause severe
disease is unknown. Taken together, these observations
indicate that domestic ducks and land-based poultry
in southern China probably had a central role in the
generation and maintenance of the H5N1 virus and
that wild birds might have contributed to the broad
spread of the virus.

Although outbreaks of HPAI viruses were confined
to poultry (mainly chickens) in most countries, there
was substantial transmission to humans, resulting in a
total of 53 deaths in three countries: 37 of 76 infected
persons in Vietnam, 12 of 17 infected persons in
Thailand and all of four infected persons in Cambodia.
The clinical presentations of fever, cough, diarrhoea,
shortness of breath, rapid respiratory rate, lympho-
paenia and abnormalities on chest radiography were
similar to those noted during the 1997 H5N1 outbreak
in Hong Kong, although diarrhoea was a more promi-
nent feature in the Vietnamese patients”. The mortality
rate in this outbreak was significantly higher than in the
1997 outbreak (54.6% versus 33.3%, calculated within
the numbers of hospitalized cases reported officially),
although both rates are undoubtedly overestimated
owing to a lack of reliable denominators. Unlike the
1997 isolates, the Vietnamese human isolates were
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LPAI
Proteases localized in respiratory and
intestinal organs

HPAI
Ubiquitous proteases

HAQ

B HA2 J= - HAT
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Figure 4 | Haemagglutinin (HA) as a major determinant of the pathogenicity of
avian influenza viruses in poultry. Post-translational proteolytic cleavage of the HA
precursor molecule (HAQ) into HA1 and HA2 subunits by host proteases generates a
fusogenic domain at the amino terminus of HA2 (shown in grey), which mediates fusion
between the viral envelope and the endosomal membrane. Therefore, proteolytic activation
of the HA molecule is essential for viral infectivity. The HAs of low-pathogenicity avian
influenza (LPAI) viruses do not contain a series of basic amino acid (RETR) at the protease
cleavage site and are cleaved by proteases that are localized in respiratory and intestinal
organs, resulting in mild localized infections. By contrast, the HAs of high-pathogenicity
avian influenza (HPAI) viruses possess multiple basic amino acids at the cleavage site
(RERRRKKR), which are cleaved by ubiquitous proteases in a wide range of organs,
resulting in lethal systemic infection.

PANZOOTIC

Global prevalence of an
infection in non-human animal
hosts.

resistant to the anti-influenza drugs amantadine and
rimantadine (an amantadine derivative). There was no
compelling evidence of human-to-human transmission
in the more recent outbreak, with the exception of a
few cases in Vietnamese” and Thai* families.
Information on the pathological features of
human infection associated with avian H5N1 viruses
is limited. The results of postmortem examination,
reported for only two fatal cases of infection with the
1997 virus, showed reactive haemophagocytic syn-
drome as the most prominent feature, which involves
diffuse alveolar damage with interstitial fibrosis,
extensive necrosis of the hepatic central lobe, acute
renal tubular necrosis and lymphoid depletion®.
Elevated levels of cytokines such as interleukin-6 and
interferon-y (IFN-Yy) were also detected, indicating
that initial virus replication in the respiratory tract
might trigger hypercytokinaemia, leading to reac-
tive haemophagocytic syndrome. Similarly, patients
infected with the 2003 H5N1 virus had unusually
high serum concentrations of chemokines, such as
IFN-inducing protein-10 and monokines induced
by IEN-y*. Therefore, cytokine dysregulation might
contribute to the pathogenesis of H5N1 disease in
humans. A similar cytokine/chemokine disorder
has been detected in mice infected with viruses that
express the HA from the 1918 influenza virus'"".
Interestingly, H5N1 viruses isolated from appar-
ently healthy domestic ducks in southern China
became progressively more pathogenic in mice after

2000 (REE 52). Also, domestic cats and tigers died after
eating poultry infected with H5N1 viruses®, and
the susceptibility of cats to H5SN1 (REE 61) and H7N7
(REE 62) viruses has been demonstrated by experimen-
tal infection. Therefore, cats might serve as a biological
vector, facilitating the transmission of H5N1 viruses
to humans.

HIN2 virus. In 1999, one of two antigenically different
HYN?2 influenza viruses (A/quail/Hong Kong/G1/
97-like and A/duck/Hong Kong/Y280/97-like) was
transmitted from birds to two persons in Hong Kong,
causing mild respiratory disease. In mainland China,
five human cases of HON2 virus infection were con-
firmed®**. The G1-like virus, isolated from a human
case in Hong Kong, is thought to have been involved
in the generation of the HPAI H5N1 virus in 1997, as
the two viruses share the same evolutionary origin of
their six internal gene segments®. The HON2 viruses
were also detected in pigs in Hong Kong and are now
PANZOOTIC in poultry in Eurasia®. In December 2003,
an HIN2 (Y280-like) virus again infected humans
in Hong Kong, causing mild respiratory disease in a
child®. Therefore, in addition to H5N1 viruses, HON2
viruses also pose a pandemic threat to humans, with
their capacity to be transmitted to, and cause disease
in, immunologically naive humans.

H?7 viruses. Previously, several self-limiting human
infections with H7 viruses have been documented®"".
In 1996, an H7N7 avian influenza virus was isolated
from a woman with conjunctivitis in England”’. The
source of the virus was considered to be waterfowl, as
the woman tended a collection of ducks that mixed
freely with feral waterfowl on a small lake. The entire
HA gene of this human isolate showed close homology
with an H7N7 virus isolate from a turkey in Ireland in
1995 (REE. 72).

Between February and May 2003, an HPAI H7N7
virus infected poultry in the Netherlands and was
then transmitted to at least 89 people, 83 of whom
presented with conjunctivitis. Cases of influenza-like
illness were limited and mild”>"*, although there was
one fatal case of pneumonia in combination with acute
respiratory distress syndrome’. Human-to-human
transmission of the H7N7 virus was documented in
three cases, in which the virus was acquired from a
family member with conjunctivitis. Antibodies were
also detected in 59% of the household contacts of
infected poultry workers. Approximately 50% of the
500 persons examined who had contact with infected
poultry during the epidemic had antibodies against the
virus. It is estimated that at least 1,000 individuals were
infected with the H7N7 virus during this epidemic in
the Netherlands™.

In 2004, an HPAI H7N3 virus emerged in poultry in
British Columbia, Canada, and was apparently trans-
mitted to two persons, whose clinical signs included
conjunctivitis and mild respiratory symptoms””. The
molecular basis for the ability of H7, but not H5, viruses
to cause conjunctivitis in humans is unknown.
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Molecular determinants of human infection

It should be stressed that multiple genetic factors
contribute to the efficient growth and pathogenicity of
influenza viruses in any host. Nonetheless, key deter-
minants have been elucidated and others are beginning
to emerge.

HA. As already mentioned, the HA glycoprotein is
involved in host-cell recognition and is therefore an
important determinant of host range. Human viruses
preferentially recognize host-cell receptors contain-
ing sialyloligosaccharides terminated by N-acetyl
sialic acid linked to galactose with an 02,6 linkage
(NeuAco2,6Gal), whereas avian viruses preferentially
recognize host-cell receptors containing N-acetyl
sialic acid linked to galactose by an 02,3 linkage
(NeuAco2,3Gal)”®*". The epithelial cells in the human
trachea contain mainly NeuAco2,6Gal (REE 82),
whereas those in duck trachea and intestine contain
mainly NeuAco2,3Gal linkages® (FIG. 5). In the pig
trachea, epithelial cells contain both NeuAco.2,6Gal
and NeuAco2,3Gal linkages®, explaining why pigs are
highly susceptible to both human and avian viruses and
are thought by some to be a ‘mixing vessel’ for avian
and human viruses, reassortment of which might give
rise to pandemic strains. However, there is no evidence
that the 1957 Asian and 1968 Hong Kong pandemic
viruses were generated in pigs.

The crucial residues determining 2,3 or 0.2,6
specificity differ among HA subtypes. For example,
for the H3 HA, Leu226 found in human virus HAs,
instead of GIn226 found in avian viruses, confers 02,6
specificity”, whereas for the H1 HA, Asp190 found in
swine and human viruses, but not Glu190 found in
avian viruses, is responsible for this specificity, as pre-
dicted by sequence comparison®* and crystallographic
analysis of the 1918 virus HA*', and confirmed by a
direct receptor specificity assay'!.

The index 1997 human-isolated H5N1 virus prefer-
entially recognized the avian receptor, NeuAco:2,3Gal
(REE 85). Recently, 02,3-linked sialic acids were iden-
tified on ciliated cells in differentiated cultures of
human tracheobronchial epithelium, and avian, but
not human, viruses infected these cells®. So, there are
cells in the human airway that are susceptible to avian
viruses. The prevalence of cells possessing 0.2,3 and/or
02,6-linked sialic acids in the lower respiratory tract,
including epithelial cells in bronchiole and alveolar
cells, is still unknown. Also, it is highly probable that
the receptor specificity of the H5N1 virus could be
converted to a human type during repeated replica-
tion in humans or pigs®. The earliest isolates from the
1918, 1957 and 1968 pandemics preferentially recog-
nized NeuAco2,6Gal (REE 84), even though their HAs
were derived from an avian virus. This indicates that
conversion of receptor specificity to NeuAco2,6Gal is
an alteration that might be necessary for the generation
of a virus with pandemic potential.

An intriguing concept that might account for the
emergence of some pandemic viruses was recently pro-
posed. It states that the receptor specificity of viruses

Endosome

Membrane fusion
and pore formation

§

=
0680000
900

Figure 5 | Schematic representation of mechanism of
action of influenza A haemagglutinin (HA). HA mediates
virus binding to sialic-acid-containing host-cell receptors.
Following binding, the virus is internalized by endocytosis.
Acidification of the endosome environment induces
conformational changes in the HA trimer, mediating fusion
between the viral envelope and the endosomal membrane,
which allows delivery of the viral ribonucleoprotein into host
cells. Image modified with permission from REE 81 © (2000)
Annual Reviews.

circulating in land-based poultry differs from that of
viruses circulating in aquatic birds®*. In support of this
hypothesis, H5N1 viruses isolated from chickens had
a substantially lower affinity for NeuAco2,3Gal than
did aquatic bird viruses®, and this reduced affinity was
similar to that of human influenza viruses, although
the H5N1 chicken isolates did not show NeuAco2,6Gal
specificity. Moreover, the H5N1 chicken isolates with
reduced receptor-binding affinity had acquired an
additional glycosylation site in the globular head
region of the HA, as well as a deletion in the NA stalk
region — molecular features found in the glycoproteins
of human viruses®. Strikingly, HON2 viruses isolated
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FLUMIST

A live attenuated influenza
vaccine based on cold-adapted
viruses.

Box 1 | Options for pandemic control

Antivirals

Amantadine inhibits virus uncoating by interfering with the activity of the M2 ion-channel protein

17 However, a

single mutation in human and avian influenza viruses can confer resistance to amantadine'®. Moreover, the 2004
H5N1 Vietnam and Thailand isolates were resistant to amantadine because of mutations in the M2 gene segment’.
Therefore, the potential of amantadine and amantadine derivatives for controlling pandemics might be limited.

By contrast, anti-influenza neuraminidase (NA) inhibitors, such as oseltamivir, which interfere with virus release from
cells'®!0, efficiently blocked the NA activity of 2004 H5N1 viruses in in vitro assays™, indicating that they would be
effective for chemotherapy and prophylaxis against H5N1 virus infection. Although resistance to these compounds

emerges less frequently than resistance to amantadine, resistant viruses have been identified in vitro

111 112

and in vivo''?,

emphasizing the need for careful monitoring whenever NA inhibitors are used to control pandemic influenza.

Vaccines

Although vaccination is one of the most effective means to control influenza, the pathogenicity of the H5N1 viruses
creates many problems and safety concerns for vaccine manufacture. New vaccines are being developed, based on

reverse genetics technology'*-'1>

and the knowledge that high-pathogenicity avian influenza (HPAI) viruses carry

multiple basic amino acids at the haemagglutinin (HA) cleavage site, whereas low-pathogenicity avian influenza
(LPAI) viruses lack such sequences® (TABLE 1). Conversion of the HA cleavage site sequence of HPAI viruses to that
of LPAI viruses attenuates viral virulence but does not affect antigenicity*>. Using this rationale, several research
groups have produced candidate H5N1 vaccine strains whose HA and NA are derived from a human H5N1 virus,
with the remainder of the genes coming from a virus that grows well in eggs''*"*%. Clinical trials with one of these

strains'!*!2

will be carried out in several different countries in the near future. One of the main concerns with this

vaccine is that it might not induce sufficient protective immunity, as exemplified by recent experience with
alternative H5 (REFS 121,122) or H9 (REFS 123,124) vaccines. Therefore, an adjuvant or an alternative immunization
route (for example, nasal inoculation) might be required. A live H5N1 vaccine based on a recently licensed product,
rLuMisT (MedImmune Vaccines, Inc.), is also an option'?’; however, it could not be used until the H5N1 virus has
become widespread among humans, unless the vaccine strain could be genetically modified to ensure that it does

not reassort with human field strains.

from land-based poultry, but not from aquatic birds,
showed a receptor specificity that was similar to that of
human isolates®®. These findings indicate that avian
viruses in land-based poultry might pose a greater
infectious threat to humans than the same viruses in
aquatic birds.

Enhanced HA cleavability owing to the presence
of multiple basic amino acids at the cleavage site is
essential for the high pathogenicity of avian viruses
in poultry. All of the avian viruses that have killed
humans possessed a highly cleavable HA*'”, indicat-
ing that this requirement also extends to pathogenicity
in humans. Indeed, the virulence of an H5N1 mutant
virus in which the HA cleavage-site sequence was
changed to an avirulent type was attenuated in a mouse
model®. The HIN?2 viruses isolated from humans in
1999 displayed a human-receptor specificity***, but
did not cause fatal infections, probably because they
lacked a highly cleavable HA. The evidence reported
to date indicates that HPAI viruses, of either the H5
or H7 subtype, have the potential to cause devastating
pandemics in the future.

PB2. The 1997 H5N1 isolates from humans in Hong
Kong formed two groups based on their pathogenicity
in mice, which generally corresponded to the severity of
disease in humans®*. A reverse genetics study revealed
that the amino acid at position 627 of PB2, a subunit
protein of the viral RNA polymerase, determines the
efficiency of virus replication in mice: Lys627, instead
of the Glu627 that is found in avian viruses, is cru-
cial for high virulence®. However, this amino acid

does not determine the cell tropism of the virus®, but
instead enhances viral growth in mice and probably in
humans. This finding is supported by earlier studies
of a single-gene reassortant virus (containing the PB2
gene from an avian virus and all other gene segments
from a human virus) that displayed a restricted host-
range phenotype characterized by efficient replication
in avian, but not mammalian, cells**. In this virus, resi-
due 627 in the PB2 protein was shown to be responsible
for host-cell restriction (Glu627 in avian and Lys627 in
human viruses)®. Interestingly, the 2003 H7N7 virus
isolated from the fatal human case of pneumonia in the
Netherlands also possessed Lys627 in PB2, in contrast
to avian viruses isolated during the outbreak and other
human isolates from non-fatal cases of conjunctivitis’.
Similarly, many, but not all, of the 2004 H5N1 viruses
isolated from humans in Vietnam harboured Lys627
in PB2. These findings implicate Lys627 in PB2 as an
important determinant of virus replicative ability and
host-cell tropism in humans.

NS1. Unlike most human, avian and swine viruses, the
1997 H5N1 viruses are resistant to the antiviral effects of
IFNs and tumour-necrosis factor-o. (TNFE-or). Therefore,
a recombinant human HIN1 virus that contains the
non-structural (NS) gene segment from the 1997
H5NT1 virus showed increased pathogenicity in pigs®®”.
Indeed, previous studies had indicated that the NS1
gene functions as an antagonist of the host IFN defence
system in multiple ways®*~'®°. The idea of a crucial role
for the NS1 gene segment of the 1997 H5N1 virus in
determining pathogenicity in humans is supported by
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NA INHIBITORS

Compounds, produced based
on the three-dimensional
structure of the neuraminidase
(NA), that inhibit NA sialidase
activity, preventing efficient
viral release from cells.

another report, which shows that a recombinant virus
containing the NS gene from the 1918 Spanish influenza
virus blocked the expression of IFN-regulated genes
in human lung cells more efficiently than a wild-type
virus''. So, counteracting the host’s innate immunity at
an early phase of infection seems to be an important step
for the efficient replication of avian viruses in human
cells. Interestingly, infection with viruses containing the
NS gene from the 1997 Hong Kong H5N1 virus led to
increased transcription of proinflammatory cytokine
genes (such as TNF-o. and IFN-f) in human primary
monocyte-derived macrophages in vitro compared with
infection with other types of viruses'®. Such an upregu-
lation of cytokine function at later phases of infection
might explain the unusual clinical presentation and
severity of disease associated with human H5N1 infec-
tion. Overall, these results indicate that an NS1-induced
cytokine imbalance, similar to the hypercytokinaemia
associated with the 1997 and 2003 H5N1 viruses, prob-
ably contributes to the extreme pathogenicity of avian
viruses in humans.

Other gene products. The 1997 H5N1 chicken and
human viruses contained a 19-amino-acid deletion in
the NA stalk region that probably decreased NA enzy-
matic activity®>. Whether this deletion is involved in the
pathogenicity of the H5N1 viruses in humans is unclear,
although a similar change is probably required for the
adaptation of influenza viruses from wild aquatic birds to
chickens and has been recognized in HPAI viruses'®.

The genes encoding the internal proteins of viruses
other than PB2 also probably influence host specifi-
city'®!%. For example, replacement of the PB1 gene of
a human virus with that of an avian virus resulted in
attenuation of viral replicative ability in cells of mam-
malian origin (MDCK cells) and in squirrel monkeys,
but not in chicken kidney cells'®. However, these find-
ings can be interpreted either as incompatibility among
viral gene products or solely as a contribution of these
gene products to host range restriction. Together with
the lack of appropriate animal models, this type of ambi-
guity in interpreting experimental results poses consid-
erable difficulties in determining the factors responsible
for the restriction of avian viruses in humans.

Emergence of pandemic strains

Historically, influenza pandemics have been caused by
viruses possessing avian-virus-derived HAs to which
human populations lack immunity; this mechanism
of emergence will probably continue. Whether these
viruses are introduced directly or indirectly into
human populations is uncertain. Pandemics in the
previous century were caused by the introduction of
a wholly avian virus or an avian-human reassortant',
Phylogenetic and virological studies of isolates from
these global outbreaks suggest the following two possi-
bilities. Firstly, transmission of viruses from land-based
poultry. In this scenario, viruses from quails, chickens
or other types of land-based poultry, for which the
receptor specificity has been altered during adapta-
tion in these birds towards that of a human virus®%8,

directly infect humans and undergo further adapta-
tion, with mutations in genes that encode both surface
and internal proteins, or reassort with a human virus,
acquiring genes that encode internal proteins required
for efficient viral replication. Second, involvement of
pigs. In this scenario, avian viruses are transmitted to
pigs, where they adapt for efficient growth in humans
by acquiring mutations in the HA that are necessary to
recognize 0:2,6-linked sialic acids* and possibly also in
the genes encoding internal proteins. Alternatively, both
avian and human viruses are transmitted to pigs, where
they reassort, and the resultant reassortant viruses can
be transmitted to humans: the classic ‘pigs-as-mixing
vessels’ concept.

Regardless of the scenario, further adaptive muta-
tions in the gene segments that encode both surface
and internal proteins are probably introduced after the
viruses enter human populations. Therefore, viruses
can infect humans and trigger pandemics even when
they are not optimally adapted for growth in the human
host, while continued replication in humans allows the
viruses to ‘fine tune’ their replicative machinery.

In addition, accidental release of a virus that was
previously circulating in, but had since disappeared
from, human populations might also lead to a pandemic.
In fact, this was probably the case for the outbreak of
Russian influenza in 1977.

Concluding remarks

The recent influenza outbreaks in Asia provide a
warning that any type A influenza virus has the poten-
tial to trigger a pandemic and that avian viruses do not
need to reassort with a human virus first, nor do they
require an intermediate mammalian host. Although
Spanish influenza exacted a frightening toll of victims in
1918-1919, its mortality rate seems to have been
lower than the rates reported for the recent H5N1
human influenza in Hong Kong, Vietnam and
Thailand. Whether H5N1 viruses will acquire the
ability to spread rapidly through human populations
is uncertain. Past pandemics indicate that a change
in host-cell-receptor specificity, and possibly in other
properties of the viral gene products, is required for
efficient human-to-human transmission of the virus.
If this occurs, and if the virus continues to have such
a high mortality rate, the resultant pandemic will
have a devastating global impact. Additionally, it is
uncertain whether H5N1 viruses will emerge that
are resistant to anti-influenza drugs, especially the
Na iNHIBITORS. Nonetheless, a lack of other options has
led to efforts to stockpile these drugs, while work
to produce an effective vaccine is underway (BOX 1).
Alternatively, one could efficiently prevent a pan-
demic outbreak by stopping the transmission of H5N1
viruses from poultry to humans. Although national
and regional governments have been collaborating on
strategies to achieve this goal, the results remain inad-
equate. The investment of time and money needed to
control H5N1 viruses in poultry might seem excessive,
but could easily be justified in terms of the number of
human lives spared.
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