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Emergence and pandemic potential of
swine-origin HIN1 influenza virus

Gabriele Neumann', Takeshi Noda® & Yoshihiro Kawaoka">**

Influenza viruses cause annual epidemics and occasional pandemics that have claimed the lives of millions. The emergence of
new strains will continue to pose challenges to public health and the scientific communities. A prime example is the recent
emergence of swine-origin HINT1 viruses that have transmitted to and spread among humans, resulting in outbreaks
internationally. Efforts to control these outbreaks and real-time monitoring of the evolution of this virus should provide us
with invaluable information to direct infectious disease control programmes and to improve understanding of the factors

that determine viral pathogenicity and/or transmissibility.

he genomes of influenza viruses are plastic, owing to point

mutations and reassortment events that contribute to the

emergence of new variants or strains with epidemic or

pandemic potential. Inasmuch, influenza A viruses have
caused several pandemics during the last century, and continue to
cause annual epidemics. Both epidemics and pandemics have sub-
stantial economic impact owing to the costs of prevention and treat-
ment, work absenteeism, physician visits and excess hospitalizations.
Therefore, a detailed understanding of the mechanisms that deter-
mine pathogenicity and interspecies transmission, combined with
the availability of effective preventative and therapeutic measures,
is critical to the control of influenza virus infections.

Influenza A viruses

Influenza A viruses belong to the family Orthomyxoviridae. On the
basis of the antigenicity of their haemagglutinin (HA) and neuramini-
dase (NA) molecules, they are classified into 16 HA subtypes (H1—
H16) and 9 NA subtypes (N1-N9). Influenza A viruses contain a
genome composed of eight segments of single-stranded, negative-
sense RNA that each encodes one or two proteins (Fig. 1). The HA
protein is critical for binding to cellular receptors and fusion of the
viral and endosomal membranes (Fig. 2). Replication and transcrip-
tion of viral RNAs (vRNAs) are carried out by the three polymerase
subunits PB2, PB1 and PA, and the nucleoprotein NP. Newly synthe-
sized viral ribonucleoprotein (VRNP) complexes are exported from
the nucleus to the cytoplasm by the nuclear export protein (NEP,
formerly called NS2) and the matrix protein M1, and are assembled
into virions at the plasma membrane. The NA protein facilitates virus
release from infected cells by removing sialic acids from cellular and
viral HA and NA proteins. The functions of the ion channel protein
M2, the interferon antagonist NS1, and the PB1-F2 protein are
discussed in more detail later.

Influenza pandemics

Influenza A viruses cause recurrent epidemics and global pandemics.
Pandemics are typically caused by the introduction of a virus with an
HA subtype that is new to human populations. Two mechanisms that
are not mutually exclusive, reassortment and interspecies transmis-
sion, result in the introduction of viruses with new HA subtypes into
human populations (Fig. 3). The recently emerged swine-origin

HINI influenza viruses (S-OIVs) are being detected in an increasing
number of countries, and their global spread would undoubtedly
result in a considerable number of infected individuals. At present,
the mortality rate associated with S-OIV infections seems to be com-
parable to that of seasonal influenza virus outbreaks; however,
increased surveillance activities could reveal a higher rate.

‘Spanish’ influenza (HIN1). The pandemic of 1918-1919 killed as
many as 50 million people worldwide, and remains unprecedented in
its severity. A first, mild wave in the spring of 1918 was replaced by a
second wave in September to November of 1918 that resulted in
mortality rates of over 2.5%, compared to less than 0.1% typically
recorded for influenza outbreaks. A third wave with equally high
mortality rates swept around the world in 1919.

The mortality pattern of the ‘Spanish’ influenza was unusual with
high mortality rates for young adults. The atypical mortality pattern
observed with the Spanish influenza remains unexplained to this day.
In contrast, the morbidity pattern was similar to other pandemics—
thatis, children under the age of 15 experienced the highest attack rates.

The Spanish influenza virus was restricted to the respiratory tract;
lack of systemic infection has also been observed in non-human
primates experimentally infected with reconstituted 1918 virus'.
Most patients died of bacterial pneumonia®, which may be attributed
to the lack of antibiotics in 1918-1919; however, many others died
owing to viral pneumonia.

Although the Spanish influenza virus was not isolated during the
outbreak in 1918-1919, the genomic sequences of this virus were
determined™* and revealed an avian-like HIN1 virus that contains
human-like signature amino acids in several proteins. The Spanish
influenza virus lacks a multibasic HA cleavage site*, a hallmark of
highly pathogenic avian influenza viruses (see ‘Role of HA in viral
pathogenicity’).

Reverse genetics® allowed the re-creation of the Spanish influenza
virus® and its characterization. The Spanish influenza virus elicits
aberrant innate immune responses in mice’ and in non-human
primates', a feature that it shares with highly pathogenic H5N1
viruses® and that probably contributes to pathogenicity and mortality
in humans. Further studies showed that the HA protein®, the rep-
lication complex®'>"?, the NS1 protein'!, and the PB1-F2 protein'®
contributed to its virulence, and that the HA and PB2 proteins were
critical to its transmissibility'.
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Figure 1| Schematic diagram of influenza A viruses. Virions are decorated
with two surface glycoproteins, HA and NA. The genome is composed of
eight segments of single-stranded RNA that interact with the nucleoprotein
and the components of polymerase complex (PB2, PB1 and PA).

‘Asian’ influenza (H2N2). The ‘Asian’ influenza originated in
Southern China in February 1957. From there, it spread to
Singapore (March 1957), Hong Kong (April 1957), Japan (May
1957), and the United States and the United Kingdom (October
1957). A second wave was detected in January 1958. In the United
States, excess mortality was estimated to be 70,000. The pandemic
was caused by a human/avian reassortant that introduced avian virus
H2 HA and N2 NA genes into human populations (Fig. 3).
Furthermore, the Asian influenza virus also possessed a PB1 gene
of avian virus origin.

‘Hong Kong’ influenza (H3N2). In 1968, viruses of the H2N2 sub-
type were replaced by another human/avian reassortant that possessed
an H3 HA gene of avian virus origin (Fig. 3). Again, the PB1 gene of the
pandemic virus was derived from an avian virus. The virus was first
isolated in Hong Kong in July 1968 and caused a pandemic in the
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Figure 2 | Schematic diagram of the influenza viral life cycle. After
receptor-mediated endocytosis, the viral ribonucleoprotein (VRNP)
complexes are released into the cytoplasm and subsequently transported to
the nucleus, where replication and transcription take place. Messenger RNAs
are exported to the cytoplasm for translation. Early viral proteins, that is,
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winters of 1968-1969 and 1969-1970. In the United States, an esti-
mated 33,800 people died from the ‘Hong Kong’ influenza.
‘Russian’ influenza (HIN1). In May 1977, an influenza virus out-
break was reported in China that affected young adults in the
northern hemisphere in the winter of 1977-1978. The outbreak
was caused by influenza viruses of the HIN1 subtype that closely
resembled viruses that had circulated in the early 1950s'¢, suggesting
accidental release of this virus. The re-emerging HIN1 virus did not
replace the H3N?2 viruses circulating at the time, and both subtypes
are co-circulating in humans to this day. Reassortment between
viruses of these subtypes resulted in the emergence of HIN2 viruses
in human populations in 2001. However, these HIN2 viruses have
since disappeared.

Highly pathogenic H5N1 influenza viruses

The infection of 18 individuals in Hong Kong in 1997 with highly
pathogenic avian influenza viruses of the H5N1 subtype, which
resulted in six fatalities'”'®, marked the first reported fatal infections
of humans with avian influenza viruses. This outbreak was brought
under control with the depopulation of live birds in poultry markets
in Hong Kong. After a period of local and sporadic outbreaks, a new
outbreak started in 2003. H5N1 viruses have since reassorted
frequently'** and have spread to Europe and Africa and/or become
enzootic in poultry populations in many Southeast Asian countries®.

The highly pathogenic H5N1 viruses have several remarkable
features. First, they are not only lethal in chickens, but some highly
pathogenic H5N1 viruses also kill waterfowl, the natural reservoir of
influenza A viruses. Second, they replicate and cause lethal infection
in mice without prior adaptation. Third, they have fatally infected
several mammalian species. Non-lethal pig infections have been
detected at low rates. Fourth, their pathogenicity in ferrets has
increased over the years, indicating the acquisition of mutations that
increase pathogenicity in mammalian species. Fifth, and of most
concern, is their continued transmission to humans, resulting in
severe respiratory infection with high mortality rates.
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those required for replication and transcription, are transported back to the
nucleus. Late in the infection cycle, the M1 and NS2 proteins facilitate the
nuclear export of newly synthesized vRNPs. PB1-F2 associates with
mitochondria. The assembly and budding of progeny virions occurs at the
plasma membrane.
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Figure 3 | Emergence of pandemic influenza viruses. The Spanish influenza
was probably caused by the transmission of an avian influenza virus to
humans. In 1957, the introduction of avian virus H2 HA, N2 NA and PB1
genes into human populations resulted in the Asian influenza. Similarly, the
introduction of avian virus H3 HA and PB1 genes into human populations
led to the Hong Kong influenza in 1968. In 1977, HIN1 viruses reappeared,
which closely resembled strains that had been circulating in the mid-1950s.

As of 15May 2009, 424 human infections with H5N1 have been
confirmed, resulting in 261 deaths (http://www.who.int/csr/disease/
avian_influenza/country/cases_table_2009_05_15/en/index.html).
Although several family clusters of H5N1 virus infection have been
described, sustained human-to-human infection has not occurred.
Hence, these H5N1 viruses are characterized by a high mortality rate
but inefficient spread among humans; in contrast, S-OIVs seem to
spread efficiently among humans but have caused a limited number of
fatal infections.

Several reports indicate that highly pathogenic avian H5N1 viruses
replicate mainly in the lower respiratory tract of humans®*, and that
the viral load correlates with the outcome of the infection®. Human
H5NI infections cause severe pneumonia and lymphopenia®* ¢, and
are characterized by high levels of cytokines and chemokines**”*, a
finding that was also confirmed in in vitro studies®*’. The induction of
hypercytokinemia and hyperchemokinemia may thus be associated
with the level of virus replication®.

Outbreak of swine-origin HIN1 viruses

Epidemiological data now indicate that an outbreak of influenza-like
respiratory illness started in the Mexican town of La Gloria, Veracruz,
in mid-February of 2009 (ref. 31; Table 1). In early April, public
health authorities in Mexico began investigating high numbers of
pneumonia/influenza-like illness, and informed the Pan American
Health Organization (PAHO), the regional office of the World
Health Organization (WHO), of a possible outbreak. In the United
States, the Centers for Disease Control (CDC) identified S-OIVs in
two specimens independently collected in Southern California in
mid-April. On 23 April, the Public Health Agency of Canada also
detected S-OIVs in specimens received from Mexico. Further cases
and the finding that the Mexican and Californian cases were caused
by similar viruses triggered alerts by the CDC and WHO on 24 April.

Table 1| Timeline of swine-origin HIN1 virus outbreak (see also ref. 32)

REVIEWS

By the end of April, international spread and clusters of human-to-
human transmission prompted the WHO to increase the pandemic
alert from phase 3 to phase 4, and shortly after, to phase 5 (human-to-
human spread in at least two countries, and signs of an imminent
pandemic). In Mexico, substantial social-distancing measures were
implemented. Moreover, massive campaigns were undertaken to
educate the public about precautionary hygiene measures. As of 21
May 2009, 41 countries have reported 11,034 cases, including 85
deaths. Most cases outside Mexico and the United States have
been caused by travellers from Mexico. Most infections seem to be
mild and do not require hospitalization®. Careful monitoring will
be necessary during the following months (that is, during the
winter season in the southern hemisphere) to be prepared for the
potential emergence of more virulent variants, as observed with the
1918 pandemic.

Data on the genetic composition of the virus became available
soon after viral isolation from the initial cases®. The S-OIVs probably
resulted from the reassortment of recent North American H3N2 and
HIN?2 swine viruses (that is, avian/human/swine ‘triple’ reassortant
viruses) with Eurasian avian-like swine viruses® (Fig. 4). As a result,
these viruses possess PB2 and PA genes of North American avian
virus origin, a PB1 gene of human H3N2 virus origin, HA (HI),
NP, and NS genes of classical swine virus origin, and NA (N1) and
M genes of Eurasian avian-like swine virus origin (hence their
original description as ‘quadruple’ reassortants). However, the
human-like PB1 gene and the avian-like PB2 and PA genes have been
circulating in pigs since 1997-1998 (when triple reassortant swine
viruses were first isolated), and have probably undergone adaptation
to pigs. These viruses do not possess markers associated with high
pathogenicity (see the following sections on the role of viral proteins
in pathogenicity for more details). Unlike negatively stained virions
from S-OIVs that appeared spherical (http://www.cdc.gov/h1nlflu/
images.htm), our transmission electron microscopic analysis of cells
infected with S-OIVs revealed virions of a distinctively filamentous
shape (Fig. 5).

Role of HA in viral pathogenicity

Influenza virus pathogenicity is multigenic, and the determinants of
pathogenicity may differ among animal species. However, the HA
protein has an important role in expressing high pathogenicity in
many animal species. It mediates the binding of the virus to host cells,
and the subsequent fusion of the viral and endosomal membranes for
VRNP release into the cytoplasm. These functions assign a critical role
to HA in the viral life cycle.
Receptor distribution on host cells. Influenza virus host specificity
can be explained in part by the difference in receptor-binding spe-
cificity for human and avian influenza viruses. Human influenza
viruses preferentially bind to sialic acid that is linked to galactose
by an 02,6-linkage (SA02,6Gal)*. This preference is matched by
SAa2,6Gal on epithelial cells in the human trachea. In contrast, avian
influenza viruses preferentially recognize SA«2,3Gal that is matched
by SA02,3Gal on epithelial cells in the intestinal tract of waterfowl**
(the main replication site of avian influenza viruses).

The receptor-binding specificity of human and avian influenza
viruses suggests that avian influenza viruses need to acquire the ability

Date Event

Mid-February Outbreak of respiratory illness in La Gloria, Veracruz, Mexico®

12 April Mexican public health authorities report outbreak in Veracruz to the PAHO

15 April CDC identifies S-OlIVs in the specimen of a boy from San Diego, California

17 April CDC identifies S-OIVs in the specimen of a girl from Imperial, California

21 April CDC alerts doctors to a new strain of HIN1 influenza virus

23 April The Public Health Agency of Canada identifies S-OIVs in specimens from Mexico

24 April WHO issues Disease Outbreak Notice

27 April International spread and clusters of human-to-human transmission prompt WHO to raise the pandemic alert from phase 3 to 4
29 April WHO raises the pandemic alert from phase 4 to 5 (human-to-human spread in at least two countries in one WHO region)
21 May 41 countries report 11,034 cases, including 85 deaths
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Figure 4 | Genesis of swine-origin HIN1influenza viruses. In the late 1990s,
reassortment between human H3N2, North American avian, and classical
swine viruses resulted in triple reassortant H3N2 and HIN2 swine viruses
that have since circulated in North American pig populations. A triple
reassortant swine virus reassorted with a Eurasian avian-like swine virus,
resulting in the S-OIVs that are now circulating in humans.

to recognize human-type receptors to cause a pandemic. Indeed, the
earliest isolates of the 1918, 1957 and 1968 pandemics possessed HA
that, although of avian origin, recognized human-type receptors. In
light of these findings, the infection of humans with highly pathogenic
avian H5N1 viruses seemed to be surprising, particularly because the
H5NI1 viruses isolated from infected individuals in Hong Kong in
1997 preferentially recognized SAo2,3Gal*. However, studies showed

Figure 5 | Electron microscopic picture of recently emerged swine-origin
H1N1 viruses. Madin-Darby canine kidney cells were infected with
A/California/04/09 (H1N1) virus and observed by thin-section electron
microscopy 24 h later. Most virus particles showed a filamentous shape of
more than 1 pum in length. Scale bar, 1 um.
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avian-type receptors on human epithelial cells that line the respiratory
bronchiole and the alveolar walls, but human-type receptors on
human epithelial cells in nasal mucosa, paranasal sinuses, pharynx,
trachea and bronchi**”. Another study, however, showed the ex vivo
infection of human upper respiratory organs with an H5N1 avian
virus®®. Still, the finding of avian-type receptors in human lungs
explains the severe pneumonia seen in humans with highly pathogenic
avian H5N1 viruses.

HA receptor specificity. The differences in receptor-binding specifi-
city of human and avian viruses are determined by the amino acid
residues in the HA receptor-binding pocket. Gln at position 226 and
Gly at position 228 of H2 and H3 HAs confer binding to avian-type
receptors, whereas Leu and Ser at these positions determine binding
to human-type receptors. For H1 HAs, amino acids at position 190
and 225 (H3 numbering) determine receptor-binding specificity.
HA-Asp 190 and HA-Asp 225 (found in human H1 HAs) confer
binding to human-type receptors, whereas HA-Glu 190 and HA-
Gly 225 (found in avian H1 HAs) confer binding to avian-type recep-
tors®. Two viruses that differ in receptor recognition were circulating
during the 1918 pandemic: one recognizing only human-type recep-
tors that transmits efficiently among ferrets, and one recognizing
both avian- and human-type receptors that transmits inefficiently
in this animal*. The recently emerged S-OIVs possess the ‘human
virus’-type amino acid at positions 190 and 225, probably supporting
efficient transmissibility of these viruses in humans. Interestingly,
some S-OIV isolates possess an amino acid substitution at position
135 or 226 that has been found in H5NI viruses isolated from
humans and has been shown to affect receptor binding (S. Yamada
and Y.K., unpublished data). These mutations may thus reflect viral
adaptation in humans, an assumption that needs to be tested.

For H5N1 viruses, amino acid changes at positions 133, 138, 186,

192 and 227 (H3 numbering) have been identified in human isolates
and confer human-type receptor recognition* . Experimental
changes at positions 226 and 228 (GIn226Leu and Gly228Ser), but
not at position 190 (Glul90Asp), resulted in the recognition of
human-type receptors as well as avian-type receptors*'; however,
the respective amino acid changes at positions 226 and 228 have
not been detected in human H5N1 virus isolates.
HA cleavage. HA cleavage is essential for viral infectivity because
exposure of the amino terminus of HA2 (the so-called ‘fusion pep-
tide’) mediates fusion between the viral envelope and the endosomal
membrane, an essential step for vVRNP release to the cytoplasm. HA
cleavability is determined by the amino acid sequence at the cleavage
site. Low pathogenic avian viruses and non-avian influenza viruses
(with the exception of H7N7 equine influenza viruses) possess a
single Arg residue at the cleavage site that is cleaved by proteases in
the respiratory and/or intestinal organs, and hence restricts viral
replication locally. In contrast, highly pathogenic H5 and H7 viruses
possess several basic amino acids at the HA cleavage site*> (Table 2).
This motif is recognized by ubiquitous proteases, such as furin and
PC6 (also known as PCSK5), and leads to systemic infections. For
several outbreaks in poultry, increased pathogenicity of avian influ-
enza viruses has been linked to the acquisition of multibasic HA
cleavage sites, a finding that underscores the significance of the HA
cleavage motif for virulence.

Role of PB2 in pathogenicity and host specificity

Recently, the viral replication complex has been recognized as an
important contributor to viral pathogenicity, probably by affecting
viral growth. The amino acid at position 627 of the PB2 protein was
first described as a host range determinant, on the basis of cell culture
studies*. The respective amino acid change was shown to determine
the pathogenicity of H5SN1 influenza viruses in mice*. Viruses with
lysine at this position were pathogenic in mice, whereas those with
glutamic acid were non-pathogenic in these animals*’ (Table 2).
Notably, almost all human influenza viruses possess lysine at this
position, whereas most avian viruses (with the exception of the
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Table 2 | Determinants of viral pathogenicity
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Protein Position Pathogenicity Swine-origin HIN1 viruses Function Reference
Low High
PB2 627 Glu Lys Glu Replicative ability in some mammals, including 46, 47
humans
701 Asp Asn Asp Nuclear import kinetics affecting replicative 53,55
ability in mice
PB1-F2 66 Asn Ser Truncated (11 aa) Induction of apoptosis 74
HA Cleavage site  Single basic aa Multiple basic aa Single basic aa HA cleavage 45
NS1 92 Asp Glu Asp Unknown (interferon response?) 65
C terminus Arg-Ser-Glu-Val, Glu-Ser-Glu-Val 11 C-terminal aa truncated Unknown 69, 70
deletion

aa, amino acid(s).

‘Qinghai Lake’ lineage of H5N1 viruses and their descendants)
possess glutamic acid at PB2-627. Lysine at position 627 of PB2 is
now recognized as a determinant of viral pathogenicity in several
mammalian species.

Several studies have addressed the mechanism by which PB2-
Lys 627 affects virulence. The amino acid change does not affect tissue
tropism in mice but viral replicative ability. This may result from an
inhibitory activity in mammalian cells that prevents efficient replica-
tion by polymerase complexes possessing PB2-Glu 627 (ref. 48), and/
or from inefficient interaction of PB2-Glu 627 with mammalian-type
NP protein®. Viruses possessing PB2-Lys 627, but not those posses-
sing PB2-Glu 627, grow efficiently in the upper respiratory tract of
mammals®®, which may be explained by the fact that PB2-Lys 627
confers efficient replication at 33 °C (the temperature of the upper
airway in humans) whereas PB2-Glu 627 does not>'. In contrast, both
variants mediate efficient replication at 37 °C*>". Collectively, these
findings suggest that PB2-Lys 627 allows efficient replication not only
in the lower, but also in the upper respiratory tract of mammals, a
feature that may facilitate transmission. In fact, replacement of PB2-
Lys 627 with Glu reduced the transmissibility of human influenza
viruses in a guinea-pig model™.

The amino acid at position 701 of PB2 has also emerged as a
determinant of virulence®»** (Table 2), a role probably related to its
facilitation of binding of PB2 to importin o (a cellular nuclear import
factor) in mammalian cells®. The recently emerged S-OIVs possess
the ‘low pathogenic’-type amino acids at positions 627 and 701 (that
is, Glu and Asp).

Recently, the PB2 and HA proteins of the Spanish influenza virus
were shown to be critical for droplet transmission'’. The underlying
mechanism and the amino acids in PB2 that are critical for this
function remain to be determined.

In addition to PB2, other components of the replication complex
may also contribute to viral pathogenicity®®. A recent study also
suggested that the replication complex, particularly the PB1 protein,
contributes to the virulence of the 1918 pandemic virus in ferrets'.

Structural data are now becoming available for the viral polymerase
complex that may help in the interpretation of mutational analyses; in
fact, two studies®”*® showed that PB2-Lys 627 is part of a basic groove
that is disrupted after replacement with Glu.

Role of NS1 in viral pathogenicity

The NS1 protein is an interferon antagonist® that blocks the activa-
tion of transcription factors and IFN-f-stimulated gene products,
and binds to double-stranded RNA (dsRNA) to prevent the
dsRNA-dependent activation of 2'-5" oligo(A) synthetase, and the
subsequent activation of RNase L, an important player in the innate
immune response. Recently obtained structural data are expected to
help in the identification of domains that are critical for the biological
functions of NS1.

Innate immune responses are stimulated after the recognition of a
pathogen by a pathogen-recognition receptor. Several classes of
pathogen-recognition receptors have now been described, including
retinoic acid inducible gene-I (RIG-I, also known as DDX58) and
melanoma differentiation antigen 5 (MDAS5, also known as IFIH1),

and Toll-like receptors (TLRs) 3, 7 and 8. Influenza virus infections
activate RIG-I signalling, which is counteracted by the viral NS1
protein®, possibly by forming a complex with RIG-1. Furthermore,
influenza virus infection affects TLR7 (refs 62, 63) and TLR4 (ref. 64)
signalling, and TLR4-deficient mice do not develop acute lung injury
after infection with H5N1 viruses®. The direct contribution of NS1
to these signalling events is not known at present.

The NS1 proteins of H5N1 viruses confer resistance to the antiviral
effects of interferon and are associated with high levels of pro-inflam-
matory cytokines*****>%; the resulting cytokine imbalance probably
contributes to the high mortality of H5N1 virus infections in humans.
Several amino acids in NS1 have now been shown to affect viru-
lence®>*%* (Table 2). The S-OIVs possess the low-pathogenic-type
amino acid at these positions. However, available data suggest that
these amino acid changes affect virulence in a strain-specific manner,
whereas a multibasic HA cleavage sequence and PB2-Lys 627 seem to
be universal determinants of viral pathogenicity.

The four carboxy-terminal amino acids of NS1 form a PDZ ligand
domain motif that was identified by large-scale sequence analysis®.
Introduction of the PDZ ligand domains of highly pathogenic H5N1
viruses or the pandemic 1918 virus into an otherwise human virus
conferred slightly increased virulence in mice’® (Table 2). This
increase in virulence was not paralleled by increased interferon pro-
duction. The S-OIVs lack the 11 C-terminal amino acids of NS1, and
hence lack the PDZ domain motif. The biological significance of this
finding is unknown at present.

Role of PB1-F2 in viral pathogenicity

The PB1 gene of most avian and human influenza A viruses encodes a
second protein, PB1-F2, that is expressed from the +1 reading
frame”'. The length of PB1-F2 of swine influenza viruses differs
depending on their origin; classical swine viruses possess truncated
PB1-F2 proteins of 8—11 amino acids, whereas Eurasian avian-like
swine viruses possess full-length PB1-F2 proteins (87-89 amino
acids). The S-OIVs encode a truncated PB1-F2 protein of 11 amino
acids. PB1-F2 induces apoptosis, probably by interaction with two
mitochondrial proteins’"”?, enhances inflammation in mice, and
increases the frequency and severity of secondary bacterial infec-
tions'. It may also affect virulence by interacting with the PB1
protein to retain it in the nucleus for efficient viral replication”. A
recent study demonstrated that the amino acid at position 66 of PB1-
F2 affects the pathogenicity of an H5N1 virus in mice’ (Table 2).
This finding is of great interest because the pandemic 1918 Spanish
influenza virus possessed the ‘high pathogenic’-type amino acid, and
its replacement attenuated this virus™.

Interspecies transmission

Wild waterfowl are the natural reservoir of influenza A viruses.
Besides the continuing transmission of highly pathogenic avian
H5NI influenza viruses to humans, avian influenza A viruses were
transmitted to pigs in Europe in 1979, to horses in China, and to seals.
Moreover, an avian influenza virus reassorted with a human virus in
pigs and transmitted from there to humans.
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Human infections with avian or swine influenza viruses have been
reported, but they have typically been self-limiting. It is in this con-
text that the recently emerged HINT1 viruses, which are of swine
origin and transmit among humans, raise great concern over an
imminent pandemic.

Pigs can be naturally and experimentally infected with avian
viruses and express both human- and avian-type influenza virus
receptors on epithelial cells in trachea™, supporting the concept of
arole as ‘mixing vessel’ in which human and avian viruses reassort. In
North American pig populations, classical swine HIN1 virus domi-
nated for nearly six decades. In 1997-1998, however, H3N2 triple
human/avian/swine reassortant viruses emerged that have spread
widely within North American pig populations. The emergence of
human/avian/swine triple reassortant viruses in pigs further indicates
that this species can be infected with human and avian influenza
viruses and may provide a platform for reassortment. The triple
reassortant viruses that emerged in North American pigs in 1997—
1998 are the progenitors of the S-OIVs (Fig. 4).

Prevention and control

For the prevention and control of influenza virus infections, both
vaccines and antiviral drugs are available. Nonetheless, the global
community is probably not well prepared for a pandemic: antiviral
drugs may not be in sufficient supply and the virus may acquire
resistance to the available antiviral drugs. On the other hand, the
production of a vaccine to a newly emerging strain would take 3-6
months—during which time a virus could spread globally and sub-
stantially strain health care systems and the global economy.
Antiviral drugs. Two classes of antiviral drugs—ion channel inhibi-
tors and neuraminidase inhibitors—are at present licensed for use
against influenza A viruses.

Adamantanes (that is, amantadine hydrochloride and rimanta-
dine) block the ion channel formed by the M2 protein, which is critical
in the release of VRNPs into the cytoplasm. Resistance to adamantanes
arises quickly and frequently, and most circulating human HIN1 and
H3N2 viruses, some H5N1 viruses, and most European porcine
H1N1, HIN2 and H3N2 viruses, are resistant to adamantanes. The
S-OIVs are also resistant to ion channel inhibitors™.

Two neuraminidase inhibitors, oseltamivir and zanamivir, are
licensed at present. Neuraminidase inhibitors interfere with the
enzymatic activity of the NA protein, which is critical for the efficient
release of newly synthesized viruses from infected cells.

In clinical trials, the emergence of resistance to NA inhibitors was
rare, and oseltamivir-resistant influenza viruses were attenuated in
vitro and in vivo. Hence, the dissemination of these viruses was not
considered an important issue, despite the frequent use of the drug in
some countries. However, a study in clinical settings indicated higher
(18%) than expected rates of oseltamivir-resistance in children
treated with this drug”. Recently, the rate of oseltamivir-resistant
HIN1 influenza viruses in the United States has increased from
0.7% in the 2006—-2007 influenza season to 98.5% in the 20082009
influenza season’. Similar numbers have been reported for other
countries. Equally alarming, oseltamivir-resistant H5N1 viruses have
been reported”””®. Oseltamivir-resistant human HIN1 viruses may
have emerged in immunocompromised patients in which prolonged
replication”*' may have resulted in the selection of mutations that
increase the fitness of oseltamivir-resistant viruses. The S-OIVs are
sensitive to neuraminidase inhibitors when tested in vitro in enzy-
matic assays®”. Recent structural data provide an explanation for
oseltamivir-resistance®”, and suggest strategies for the design of
improved compounds. In clinical settings, resistance to zanamivir
has been reported for an influenza B virus isolated from an immu-
nocompromised child®.

Several experimental antiviral drugs that target the NA or poly-
merase proteins are now in different stages of development.

Peramivir, an NA inhibitor that was developed through structure-
based design®, is active in in vitro tests against viruses of all nine NA
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subtypes, including highly pathogenic H5N1 viruses. Phase II clinical
trials are now underway to assess the efficacy of intramuscularly
administered peramivir against seasonal influenza.

CS-8958, a pro-drug of the new NA inhibitor R-125489 (ref. 85), is
a long-acting neuraminidase inhibitor that was found to be effective
in phaseII clinical trials against seasonal influenza. We also found
that CS-8958 has prophylactic and therapeutic efficacy against highly
pathogenic H5N1 influenza viruses (M. Kiso, M. Yamashita and Y.K.,
unpublished data).

T-705 acts as a nucleoside analogue that interferes with the poly-
merase activity of influenza A, B and C viruses, but also other RNA
viruses®. It protected mice against infection with highly pathogenic
H5N1 viruses (M. Kiso, Y. Furuta and Y.K., unpublished data).
PhaseII clinical trials for use of T-705 against seasonal influenza
viruses have been completed in Japan, and phaseIII clinical trials
are scheduled.

Furthermore, monoclonal antibodies to HA are being developed
for the treatment of influenza virus infections. In mice, some anti-
bodies demonstrated prophylactic and therapeutic efficacy against
lethal challenge with H5N1 virus¥, suggesting monoclonal antibody
treatment as an alternative strategy to treat influenza virus infections.
Vaccines. Seasonal influenza vaccines include human influenza A
viruses of the HIN1 and H3N2 subtypes, and an influenza B virus.
These vaccines need to be revised every 1-3 years to account for muta-
tions in the HA and NA proteins of circulating viruses (antigen drift).

Inactivated vaccines have been used for many decades. Typically,
reassortment is used to generate a seed virus that possesses the HA
and NA segments of the circulating virus, and a variable number of
segments from A/Puerto Rico/8/34 (HIN1) virus that confer efficient
growth in embryonated chicken eggs. The allantoic fluid of embryo-
nated, virus-infected chicken eggs is purified and concentrated by
zonal centrifugation or column chromatography, and inactivated
with formalin or B-propiolactone. Treatment with detergents or
ether and the removal of VRNP complexes leads to split or subunit
vaccines that are administered intramuscularly or subcutaneously.

In children and young adults, inactivated influenza vaccines show
a 60—-80% efficacy rate against laboratory/culture-confirmed influ-
enza illness; this rate is lower in people over the age of 60, that is, the
group of people that is most likely to die from influenza virus infec-
tions or associated complications. The development of improved
influenza virus vaccines is thus clearly warranted.

A live attenuated influenza virus vaccine is now licensed in the
United States for healthy individuals aged 2-49. In brief, serial
passage of A/Ann Arbor/6/60 (H2N2) virus or B/Ann Arbor/1/66
at low temperatures resulted in viruses that are temperature-
sensitive, cold-adapted, and attenuated. These viruses are then re-
assorted with currently circulating wild-type strains to generate seed
viruses that possess the HA and NA genes of the circulating wild-type
viruses in the background of the temperature-sensitive, cold-adapted
and attenuated phenotypes.

Live attenuated vaccines elicit both humoral and cellular immune
responses, and are therefore believed to be superior to inactivated
vaccines. In fact, in infants and young children, live attenuated influ-
enza vaccine provides better protection than inactivated vaccine®®. At
present, only egg-based vaccines are licensed for use in the United
States. In case of a pandemic, however, eggs may be in short supply.
In contrast, cell cultures are highly controllable systems that can be
scaled-up for the mass production of vaccines, including those to
highly pathogenic H5N1 viruses. The purity and immunogenicity
of influenza vaccines produced in Madin-Darby canine kidney or
African green monkey kidney cells match those of vaccines produced
in embryonated chicken eggs. Cell-culture-based influenza vaccines
have been approved for use in humans in Europe.

Recently, particular emphasis has been given to the development
of vaccines to highly pathogenic H5N1 viruses. These viruses kill
chicken embryos. Propagation of these viruses in eggs therefore
results in low yields. To modify these viruses for efficient growth in
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embryonated chicken eggs and safe handling by production staff,
reverse genetics technologies® were used to replace the multibasic
HA cleavage site with an avirulent-type HA cleavage site*®, a known
virulence factor. Reverse genetics then allowed the generation of a
virus possessing the modified HA gene and the NA gene derived from
the H5N1 virus and the remaining genes derived from A/Puerto
Rico/8/34 virus. Clinical testing of an H5N1 vaccine candidate sug-
gested low immunogenicity®, prompting the addition of adjuvants
to vaccine candidates. In fact, aluminium hydroxide®®*' or oil-in-
water emulsions such as MF59 (refs 92, 93) or AS03 (ref. 94) resulted
in considerable antigen-sparing effects. Adjuvanted vaccines also
seem to induce broader immune responses, which may be a critical
advantage with the emergence of new clades and subclades of H5N1
viruses.

Similarly, the NA and modified HA genes of highly pathogenic
avian H5N1 viruses were combined with the remaining genes derived
from the live attenuated influenza A virus®. To avoid the introduc-
tion of H5N1 HA and NA genes into human populations, live atte-
nuated H5N1 vaccines should not be used before a pandemic.
However, once H5N1 viruses are widespread in human populations,
use of a live attenuated H5N1 vaccine, which is efficacious in non-
human primates®, may be considered to overcome the low immu-
nogenicity of inactivated vaccines.

Several new vaccine approaches are now in various stages of
development. A ‘universal’ vaccine on the basis of the conserved ecto-
domain of the M2 protein confers protection against influenza virus
infection in animals (reviewed in ref. 97). Various virus-like particles
expressing the HA and NA proteins, some in combination with the M1
and M2 proteins, have been tested for their antigenicity and protective
efficacy. A recent study demonstrated protection of ferrets against
H5NI1 virus infection by a virus-like particle expressing the HA, NA
and M1 proteins of a heterologous virus®. Also, vector approaches
have been pursued. In one example, replication-incompetent adeno-
viruses expressing an H5 HA protected mice against challenge with
homologous and heterologous H5N1 viruses™'®. In alternative
approaches, Newcastle disease and fowlpox viruses have been explored
as vector systems; however, these systems have not been approved for
use in humans.

The future

Although much has been learned about influenza viruses, key ques-
tions still remain unanswered: for example, what factors determine
interspecies transmission, reassortment and human-to-human
transmission—factors that have accounted for past pandemics and
will be critical in the emergence of new pandemic viruses. The first
wave of pandemic Spanish influenza was characterized by relatively
low pathogenicity in humans, but the virus presumably mutated into
amore virulent form within a few months. Thus, careful monitoring
of the S-OIVs during the upcoming winter season in the southern
hemisphere is of critical importance to detect more virulent variants,
should they arise. From a scientific perspective, the opportunity to
watch virus evolution in real time may provide us with invaluable
information on the factors that determine pathogenicity, and/or
transmissibility. Furthermore, large-scale sequencing efforts, bioin-
formatics analyses, and the ability to experimentally test predictions
with recombinant viruses will eventually provide insight into key
features for the emergence of pandemic viruses. In the meantime,
the development of improved and new antiviral drugs and vaccines
will be critical to control influenza virus outbreaks.
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