
Emerging and re-emerging infectious diseases in humans 
and animals have been reported with increased frequency 
in recent years1. The growing demands on land use, inten-
sified farming practices to feed a larger population and 
the increase in travel and transportation allow the emer-
gence, re-emergence and rapid spread of infectious agents 
around the globe. The emergence of high-pathogenicity 
avian influenza (HPAI) viruses in domestic poultry and 
the increasing number of cases of direct transmission 
of avian influenza viruses of different subtypes to 
humans are a significant threat to public health because 
of the potential for pandemic spread of these viruses. 
The ongoing outbreak of HPAI H5N1 viruses in the 
bird population and the nearly 50% case-fatality rate 
among people who become infected with H5N1 viruses 
underscore the need for control strategies to prevent a 
potential influenza pandemic.

Research efforts to control emerging viral diseases 
are focused on improving surveillance and diagnostic 
methods, and on the development of antiviral drugs 
and effective vaccines. Vaccination is the cornerstone 
of prevention. Interest in the development of pandemic 
influenza vaccines intensified with the outbreak of H5N1 
influenza virus infections of humans in Hong Kong in 
1997 and has increased further as H5N1 viruses have 
spread in birds and humans since 2003. Despite extensive 
experience with vaccines against human influenza viruses, 
researchers face several additional obstacles in develop-
ing successful vaccines against avian influenza viruses 
with pandemic potential. In this Review, we discuss the 

challenges associated with generating and evaluating 
vaccines against avian influenza viruses and the current 
status of pandemic vaccine development.

Avian influenza viruses
Influenza viruses belong to the Influenza A genus of the 
family Orthomyxoviridae. Although the natural reservoir 
for all influenza A viruses is aquatic birds, these viruses 
also infect and cause disease of varying severity in domes-
tic poultry and several species of mammal, including 
humans2,3. The genome of influenza A viruses consists of 
8 single-stranded RNA segments that encode 11 proteins 
(FIG. 1a). Influenza A viruses can be divided into subtypes 
on the basis of genetic and antigenic differences in their 
main surface glycoproteins, haemagglutinin (HA) and 
neuraminidase (NA)3. So far, 16 HA (H1–H16) and 9 NA 
(N1–N9) glycoprotein subtypes have been identified in 
influenza A viruses3,4. The HA and NA glycoproteins are 
the targets of the protective immune response and can 
vary as a result of antigenic drift and antigenic shift. The 
genes encoding the internal virus proteins are highly con-
served between influenza A viruses. The matrix 2 (M2) 
protein is an integral membrane protein that functions 
as an ion channel that is important in the uncoating of 
the virus. Antibodies specific for the M2 protein cannot 
neutralize virus infectivity but are protective in vivo5,6. 
The cellular immune response is directed against the 
nucleoprotein (NP) and the RNA polymerase proteins 
PB2 (polymerase basic protein 2) and PA (polymerase 
acidic protein).
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Pandemic influenza virus
An influenza virus of a new 
subtype to which the general 
population has little or no 
immunity that causes disease 
in humans and spreads 
efficiently from person to 
person, causing community-
wide outbreaks and resulting in 
a global outbreak of influenza.

Haemagglutinin
A 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 to influenza viruses.
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Abstract | The increasing number of reports of direct transmission of avian influenza viruses 
to humans underscores the need for control strategies to prevent an influenza pandemic. 
Vaccination is the key strategy to prevent severe illness and death from pandemic influenza. 
Despite long-term experience with vaccines against human influenza viruses, researchers 
face several additional challenges in developing human vaccines against avian influenza 
viruses. In this Review, we discuss the features of avian influenza viruses, the gaps in our 
understanding of infections caused by these viruses in humans and of the immune response 
to them that distinguishes them from human influenza viruses, and the current status of 
vaccine development.
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Neuraminidase
A type II integral membrane 
glycoprotein that facilitates 
virus release from cells by 
removing sialic acid from sialyl-
oligosaccharides on the cell 
and viral surfaces. It is also a 
target of the protective 
immune response.

Antigenic drift
A process by which circulating 
influenza viruses are constantly 
changing, which allows the 
virus to cause annual 
epidemics of illness. Antigenic 
drift occurs when mutations 
accumulate in the 
haemagglutinin and 
neuraminidase genes that alter 
the antigenicity of these 
proteins such that the ‘drifted’ 
strains are no longer 
neutralized by antibodies that 
were specific for previously 
circulating strains.

Antigenic shift
A process by which a 
new influenza A virus 
haemagglutinin subtype (with 
or without an accompanying 
new neuraminidase subtype) is 
introduced into the human 
population, which lacks prior 
experience of and immunity to 
the subtype. Antigenic shift can 
occur as a result of the direct 
introduction of an influenza 
virus from an animal or avian 
host into humans or by the 
exchange or reassortment of 
gene segments between 
human and non-human 
influenza viruses when they 
co-infect animals or humans.

Matrix protein
The most abundant structural 
protein of influenza virus, which 
lies beneath the virus envelope.

Nucleoprotein
Encapsidates viral genomic 
RNA and forms a 
ribonucleoprotein complex in 
association with viral 
polymerase proteins.

Aquatic birds do not usually show signs of disease 
when infected with avian influenza viruses7, but infec-
tions of domestic poultry can be associated with disease. 
In addition to their division into subtypes on the basis of 
genetic and antigenic differences, avian influenza viruses 
can also be divided into two groups on the basis of their 
ability to cause severe disease in chickens — namely, 
HPAI viruses and low-pathogenicity avian influenza 

(LPAI) viruses. HPAI viruses are restricted to the HA 
glycoprotein subtypes H5 and H7 and cause systemic 
infection, which can result in 100% mortality within a 
flock. Specific NA subtypes have not been associated 
with the pathogenicity of HPAI viruses. LPAI viruses, 
which include viruses of all HA subtypes, cause milder 
infection and do not usually cause mortality7. 

The molecular basis of the difference in pathogenicity 
between HPAI and LPAI viruses is mainly attributed to 
the cleavability of the precursor HA glycoprotein HA0 
into HA1 and HA2 subunits. Cleavage of HA0 generates 
the carboxyl terminus of HA1 and the amino terminus of 
HA2, the latter being necessary for membrane fusion and 
for virus infectivity8 (FIG. 1b). The HA0 glycoproteins of 
LPAI viruses and human influenza viruses are cleaved at 
a conserved arginine residue by trypsin-like proteases9. 
Therefore, infection with these viruses is restricted to 
tissues in which trypsin and trypsin-like proteases are 
present: the respiratory tract of humans and the intesti-
nal tract of birds. By contrast, the HA0 glycoproteins of 
HPAI viruses are highly cleavable; they can have multiple 
basic amino acids at the cleavage site9 that can be cleaved 
by ubiquitous intracellular proteases, such as furins10, 
or by non-trypsin-like extracellular proteases. The HA0 
glycoprotein can also have additional glycosylation 
sites11 that are associated with virulence. Because the 
HA0 glycoproteins of HPAI viruses are easily cleaved 
in extrapulmonary sites, these viruses can replicate in 
extrapulmonary organs, including the brain, causing 
fatal disease and death of the infected birds7. However, 
the significance of the highly cleavable HA0 glycoprotein 
as a virulence determinant in human infections with 
HPAI viruses is not known. HPAI viruses are believed 
to emerge as a result of mutations that occur after LPAI 
viruses move into domestic poultry12. This has prompted 
the establishment of agricultural controls for LPAI virus 
H5 and H7 subtype infections in poultry in an effort to 
prevent the emergence of HPAI viruses13,14.

HA glycoproteins bind to sialic-acid residues with 
terminal oligosaccharides on the host cell surface. An 
important difference between avian influenza viruses 
and human influenza viruses is their preference for 
specific sialic-acid linkages. Most avian influenza 
viruses preferentially bind to sialic acids that are linked 
to galactose with α-2,3 linkages, whereas human influ-
enza viruses preferentially bind to sialic acids with 
α-2,6 linkages15–17. NA glycoproteins cleave sialic-acid 
residues from the surface of the infected cell to release 
progeny virions from that cell, thereby facilitating virus 
dissemination3.

The transmission of avian influenza viruses to 
humans was thought to occur rarely because of the host-
range restriction of the viruses. The observation that the 
1957 H2N2 and 1968 H3N2 viruses that caused human 
pandemics were reassortant viruses, with gene segments 
derived from both avian and human influenza A viruses, 
indicated that the transmission of avian influenza 
viruses to humans might require reassortment between 
a human and avian influenza virus. Reassortment was 
proposed to occur in an intermediate host, such as the 
pig, which has both α-2,3-linked and α-2,6-linked 

Figure 1 | Schematic of an influenza A virus. a | The 
influenza A virus particle has a lipid envelope that is 
derived from the host cell membrane. Three envelope 
proteins — haemagglutinin (HA), neuraminidase (NA) 
and an ion channel protein (matrix protein 2, M2) — are 
embedded in the lipid bilayer of the viral envelope. HA (rod 
shaped) and NA (mushroom shaped) are the main surface 
glycoproteins of influenza A viruses. The ratio of HA to NA 
molecules in the viral envelope usually ranges from 4:1 
to 5:1. b | The HA glycoprotein is synthesized as an HA0 
molecule that is post-translationally cleaved into HA1 and 
HA2 subunits; this cleavage is essential for virus infectivity. 
The HA glycoprotein is responsible for binding of the virus 
to sialic-acid residues on the host cell surface and for fusion 
of the viral envelope with the endosomal membrane during 
virus uncoating. The NA glycoprotein cleaves sialic-acid 
receptors from the cell membrane and thereby releases 
new virions from the cell surface. M2 functions as a pH-
activated ion channel that enables acidification of the 
interior of the virion, leading to uncoating of the virion. 
Matrix protein 1 (M1), which is the most abundant protein 
in the virion, underlies the viral envelope and associates 
with the ribonucleoprotein (RNP) complex. Inside the M1 
inner layer are eight single-stranded RNA molecules of 
negative sense that are encapsidated with nucleoprotein 
(NP) and associated with three RNA polymerase proteins — 
polymerase basic protein 1 (PB1), PB2 and polymerase 
acidic protein (PA) — to form the RNP complex. The PB1, 
PB2 and PA proteins are responsible for the transcription 
and replication of viral RNA. The virus also encodes a non-
structural protein (NS) that is expressed in infected cells 
and a nuclear export protein (NEP). The location of NEP in 
the virion is not known.
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sialic-acid residues in the respiratory tract. However, 
the outbreak of human infections with H5N1 viruses in 
1997 in Hong Kong showed that avian influenza viruses 
could be transmitted directly from domestic poultry 
to humans18,19. Since 1997, LPAI and HPAI viruses of 
several subtypes, including H9N2, H5N1, H7N7, H7N3 
and H10N7, have been implicated in human infections 
by direct transmission from birds (TABLE 1). In each case, 
poultry in the region were infected with viruses that were 
genetically related to the viruses isolated from humans, 
which indicates that the human infections occurred as 
a result of direct transmission from birds to humans. 
Severe illness and death have not occurred following 
infection with LPAI viruses, whereas human infections 
with HPAI viruses have been more severe and fatal in 
many cases. However, human infections with H5 and H7 
subtype viruses are not uniformly severe or fatal.

The goal of a pandemic influenza vaccine
The increasing number of reports of direct transmission 
of avian influenza viruses to humans in the past few 
years (reviewed in REFS 20–22) and the ongoing outbreak 
of H5N1 influenza virus infections in avian species and 
humans in several countries (reviewed in REFS 20,23,24) 
highlight the significant threat posed by HPAI and LPAI 
viruses to human health. Because it is not possible to 
predict which subtype of avian influenza virus will cause 
the next human pandemic, an ideal vaccine would elicit 
an immune response that protects the host from infec-
tion with a broad range of influenza viruses from the 

same or different subtypes. Lessons from the previous 
influenza pandemics guide our efforts to prepare for a 
future pandemic (BOX 1).

The HA and NA glycoproteins of influenza viruses 
(FIG. 1) undergo genetic and antigenic variation to escape 
the immune response25,26. The presence of neutralizing 
antibodies specific for the HA glycoprotein at systemic 
or mucosal sites of infection provides immediate protec-
tion against infection with influenza viruses, whereas the 
clearance of human influenza viruses depends mainly 
on cell-mediated immunity27 (FIG. 2). Although antibod-
ies specific for the NA glycoprotein do not neutralize 
infectivity, they restrict virus replication by preventing 
the release of new virus particles, a process that requires 
viral NA proteins. Therefore, antibodies specific for NA 
can decrease the severity of the disease28,29. Epitopes rec-
ognized by cytotoxic T lymphocytes (CTLs) are present 
on NP, PB2 and PA proteins of human influenza viruses. 
Therefore, if a virus with a new HA and/or NA glyco-
protein emerges in the human population, cell-mediated 
immunity directed against the highly conserved internal 
proteins could have a role in protection at the time of 
a pandemic. The principle underlying the currently 
licensed vaccines against human influenza viruses is 
the induction of protective antibodies specific for the 
HA glycoprotein of the predicted epidemic strain. The 
concentration of HA glycoprotein in licensed, inacti-
vated virus vaccines for seasonal influenza is standard-
ized, but the concentration of NA glycoprotein is not 
standardized.

Table 1 | Laboratory-confirmed cases of human infection with avian influenza viruses

Virus 
subtype

Year; country Number 
of cases 
(deaths)

Clinical illness Characteristics of the virus isolated from human case(s) Refs

Genetically related avian 
influenza virus isolate(s)*

Sialic-acid linkage 
specificity‡

H5N1 1997; Hong Kong 18 (6) Fever, respiratory 
symptoms, pneumonia, 
ARDS, multi-organ 
dysfunction in fatal 
cases

HA: A/goose/Guangdong/1/96 (H5N1)
NA: A/teal/Hong Kong/W312/97 (H6N1) 
Internal protein genes: A/chicken/Hong 
Kong/G1/97 (H9N2) or A/teal/Hong 
Kong/W312/97 (H6N1)

α-2,3 18,19,
114–117

2003–present; 
Cambodia, China, 
Egypt, Indonesia, 
Iraq, Thailand, 
Turkey, Vietnam

256 (151) Respiratory symptoms, 
ARDS, multi-organ 
dysfunction

ND α-2,3 16,17,
118–121

H7N7 2003; Netherlands 89 (1) Conjunctivitis, mild 
influenza-like illness, 
pneumonia followed 
by respiratory-distress 
syndrome in the fatal 
case

A/chicken/Netherlands/1/03 (H7N7) ND 31,122

H7N3 2004; Canada 2 Conjunctivitis A/chicken/Canada/AVFV1/04 (H7N3)
A/chicken/Canada/AVFV2/04 (H7N3)

ND 32,123

H9N2 1999; Hong Kong 2 Mild, self-limiting 
febrile pharyngitis

A/quail/Hong Kong/G1/97 
(H9N2)

α-2,6 116,124

1999; China 5 Mild A/chicken/Hong Kong/G9/97 (H9N2) α-2,6 124,125

2003; Hong Kong 1 Mild A/chicken/Hong Kong/G9/97 (H9N2) α-2,6 126

H10N7 2004; Egypt 2 Fever and cough ND ND 127
*Genetically related avian influenza viruses that were identified as the probable source of the indicated gene segment of the virus that caused human infection. 
‡Denotes the binding preference of the viral HA glycoprotein for avian (α-2,3-linked) or human (α-2,6-linked) sialic-acid residues. ARDS, adult respiratory distress 
syndrome; HA, haemagglutinin; NA, neuraminidase; ND, not determined. 
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The role of cell-mediated immunity in the control of 
avian influenza virus infections is not known. A poten-
tial advantage of a vaccine that induces a cell-mediated 
immune response, over one that elicits a protective anti-
body response, is that the internal proteins of the virus 
that are targets of the cell-mediated immune response 
tend to be conserved and are less prone to genetic drift 
(see later) than are the antibody-binding sites on the HA 
and NA glycoproteins.

There are at least two scenarios in which a vaccine 
that elicits a cell-mediated immune response might 
be useful in the event of a pandemic. First, although 
a cell-mediated immune response might not prevent 
infection with the virus, it may prevent severe illness 
and death from influenza. Although this might not be 
an acceptable outcome for a seasonal influenza vaccine, 
it might be reasonable for a pandemic influenza vaccine. 
Second, if the incubation period and course of infec-
tion with avian influenza viruses are longer than those 
with human influenza viruses, as has been reported23, 
vaccines that elicit protection through a cell-mediated 
immune response might be effective.

Diversity of avian viruses and vaccine design
Although most influenza vaccines are designed to 
induce HA-specific antibody responses to protect the 
host from infection, the biology of avian influenza 
viruses presents several unique challenges, compared 
with human influenza viruses. These challenges include 
the presence of different subtypes of HA and NA glyco-
proteins and the genetic and antigenic diversity within 

each subtype. The antigenic diversity has consequences 
for pandemic vaccines that must be considered in the 
design of a protective vaccine.

One of the first questions that must be considered 
is whether vaccines should be developed against all of 
the subtypes of HA and NA glycoproteins. The 16 HA 
and 9 NA subtypes of avian influenza viruses might not 
have similar pandemic potential (BOX 2). Although HPAI 
H5N1 viruses are the main focus of global attention, 
LPAI H9N2 viruses are also widespread in poultry in 
Asia30 and HPAI H7 viruses have caused large outbreaks 
in poultry in Europe31, North America123 and South 
America33. Although HPAI viruses cause morbidity 
and mortality in poultry, HPAI viruses might not be 
intrinsically more likely to cause a human pandemic 
than LPAI viruses; interestingly, there are no known 
examples of a pandemic caused by an H5 or H7 HPAI 
virus, although virological data are limited to those 
from the three influenza pandemics that occurred in 
the last century.

Because of this uncertainty, it will be prudent to 
develop vaccines against each of the subtypes of avian 
influenza virus, although the order of development 
can be prioritized on the basis of epidemiological data. 
It is probable that avian influenza virus subtypes that 
are widely prevalent in nature and those that have been 
shown to infect humans will be of greater concern 
than subtypes that are not circulating widely in nature. 
A comparison of the predicted protein structures of HA 
glycoprotein subtypes 1 to 15 has led to the classification 
of these subtypes into four different clades — namely, 
clade 1 (H1, H2, H5, H6, H11 and H13), clade 2 (H8, H9 
and H12), clade 3 (H3, H4 and H14) and clade 4 (H7, 
H10 and H15)34. The implications for vaccine develop-
ment of the phylogenetic relationships between the HA 
glycoproteins of different subtypes are not yet known. 
Can HA glycoproteins that are grouped together in the 
same clade elicit crossreactive immunity against other 
subtypes in the same clade?

Phylogenetic analysis of the genes encoding certain 
subtypes of HA glycoprotein reveals a separation into 
lineages that correspond to the geographical separation 
of the birds that they infect. These genetic lineages are 
referred to as the Eurasian and North American line-
ages and they generally correspond to the flight paths 
of migratory birds7,12,35. Viruses from these two lineages 
might also be antigenically distinguishable, but the con-
sequences of these genetic and antigenic differences for 
vaccine development are not known. Are the antigenic 
differences that have been identified between avian 
influenza viruses of significance for human infections? 
Do viruses of the two lineages have similar pandemic 
potential? If the genetic differences between viruses are 
the result of co-evolution of an avian influenza virus 
with its avian host, and if the antigenic differences are 
driven by evolution in an avian host rather than by 
positive selection by an immune response to infection, 
then a vaccine generated against a virus of the North 
American lineage might protect against a virus of the 
Eurasian lineage. Unfortunately, this information is not 
known yet.

Box 1 | Influenza pandemics of the twentieth century

The 1918 Spanish influenza pandemic
Of the three influenza pandemics that occurred in the twentieth century, the Spanish 
influenza (H1N1 virus) pandemic of 1918–1919 was the most notable. More than 40 
million people around the world died from influenza101. An important feature of this 
pandemic was the high mortality in the unusually young age group of 20–40-year 
olds102. Studies in a mouse model using viruses containing genes from a reconstructed 
1918 virus generated by reverse genetics indicate that the haemagglutinin (HA) 
glycoprotein has an important role in the pathogenicity of this virus. The introduction of 
the HA glycoprotein of the 1918 virus into a non-pathogenic human influenza virus 
made it highly pathogenic in mice103,104. However, the fully reconstructed 1918 virus was 
even more virulent104,105. Structural analysis showed that the HA glycoprotein of the 
1918 virus could bind to α-2,6-linked sialic-acid residues, despite the presence of 
amino-acid residues in the receptor-binding site that are characteristic of the HA 
glycoprotein of an avian influenza virus106. Further studies of host, as well as viral, 
factors that contributed to the virulence of the 1918 pandemic H1N1 virus might help 
in the development of strategies to combat future pandemics.

The 1957 and 1968 Asian influenza pandemics
The 1957 Asian influenza (H2N2 virus) pandemic and the 1968 Hong Kong influenza 
(H3N2 virus) pandemic were milder than the 1918 pandemic, but both still caused 
significant morbidity and mortality around the world. The 1957 pandemic was caused 
by a reassortant virus that was derived from the HA (H2), neuraminidase (N2) and PB1 
(polymerase basic protein 1) genes from an avian influenza virus infecting ducks and the 
remaining gene segments from the previously circulating human H1N1 virus107,108. The 
H3N2 virus that caused the 1968 pandemic consisted of avian HA (H3) and PB1 genes 
in a background of other internal protein genes of the human H2N2 virus that was 
circulating at the time107,108. The presence of an avian HA H3 glycoprotein made the 
reassortant virus antigenically novel to humans and it spread in the susceptible human 
population causing a pandemic.
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Circulating human influenza viruses undergo 
rapid mutation owing to the low fidelity of the viral 
RNA-dependent RNA polymerase36. Antigenic drift 
occurs when the genes encoding the HA and/or NA 
glyco proteins undergo stepwise mutations, resulting 
in variant viruses with amino-acid changes at one or 

more antibody-binding sites of HA and/or NA37 that 
allow the viruses to evade neutralization by antibodies 
generated as a result of previous natural infection or 
vaccination. The internal protein genes of avian influ-
enza viruses are not under positive immune selection 
in waterfowl and shorebirds. However, the use of vet-
erinary vaccines to protect poultry from infection with 
avian influenza viruses might drive evolution of the HA 
glycoprotein if such vaccines do not induce sterilizing 
immunity. This was particularly evident when a wide-
spread vaccination programme was launched in 1995 
in Mexico to control the outbreak of a LPAI H5N2 
virus infection that started in 1993. Phylogenetic and 
serological analyses of viruses that were isolated a few 
years after the introduction of the vaccine indicated 
the presence of multiple sublineages of HA glycopro-
teins with marked antigenic differences from the HA 
glycoproteins used in the vaccine38. Several countries 
in Asia are using veterinary vaccines to control H5N1 
virus infections in poultry. If avian influenza viruses 
undergo antigenic drift in poultry as a consequence of 
vaccine use, then the pandemic influenza vaccines that 
are stockpiled for human use might need to be updated. 
However, an effective animal vaccination programme 
would reduce the burden of disease in poultry substan-
tially, thereby reducing the risk of a human pandemic. 
Also, changes in the virus that are driven by positive 
immune selection in poultry might not be significant 
in humans. It will be important to assess the potential 
advantages and disadvantages of animal vaccination 
and to determine the significance of antigenic drift in 
avian influenza viruses for humans.

The viral determinants of pathogenicity of avian 
influenza viruses in humans are multigenic. Further 
studies are required to understand how the pathogenic-
ity of avian influenza viruses affects the infectivity and 
transmissibility of these viruses in humans and to estab-
lish whether these factors have implications for vaccine 
design.

Types of vaccine
Inactivated virus vaccines and live attenuated virus vac-
cines that are being developed for pandemic influenza 
are based on technologies that are licensed for the exist-
ing seasonal human influenza vaccines. Vaccines based 
on various other platforms, such as live virus vectors 
expressing influenza virus proteins and DNA vaccines, 
are also being developed and have shown promise in 
preclinical studies (TABLE 2).

The currently licensed vaccines against human influ-
enza viruses are produced in embryonated chicken eggs 
and the manufacturing process can take 6–9 months. 
Therefore, for vaccines that are based on the currently 
licensed technologies, the availability of embryonated 
eggs is a crucial factor and if the pandemic virus causes 
widespread morbidity and mortality in poultry, the 
supply of embryonated eggs might be compromised. 
Therefore, alternative substrates, including mam-
malian cell lines such as Madin–Darby canine kidney 
(MDCK) cells and Vero cells, must be developed for 
the production of influenza viruses for use in vaccines. 

Figure 2 | The adaptive immune response during infection with influenza virus. 
Influenza viruses attach to the epithelial cell surface of host cells through binding of the 
viral haemagglutinin (HA) glycoprotein to cell-surface sialic-acid residues. The virion is 
internalized through endocytosis and fusion between host and viral membranes occurs 
in acidic vacuoles. Opening of the ion channel formed by matrix protein 2 (M2) triggers 
this fusion and the release of viral genes into the cytoplasm, through which they travel 
to the nucleus. Viral mRNAs are transported from the nucleus to the cytoplasm, where 
viral proteins are translated and progeny virions assemble and bud from the cell 
membrane. The release of progeny virions requires the action of the viral neuraminidase 
(NA) glycoprotein, which cleaves sialic-acid receptors from the host cell membrane. 
a | Antibodies specific for HA block virus attachment, thereby preventing infection of 
cells, or they can prevent fusion. Antibodies specific for NA bind virus to the cell, 
thereby preventing the release of virions. Antibodies specific for M2 bind virus to the 
cell and prevent the release of viral particles into the extracellular fluid. b | Cell-
mediated immunity contributes to host resistance when CD8+ T cells specific for viral 
proteins such as nucleoprotein (NP) or the RNA polymerase proteins polymerase basic 
protein 2 (PB2) and polymerase acidic protein (PA) recognize viral peptides presented 
by MHC class I molecules, resulting in the release of cytokines with antiviral activity — 
such as interferon-γ (IFNγ) and tumour-necrosis factor (TNF) — and perforins that 
mediate cytolysis of the infected cell. Lysis of the infected cell decreases the amount 
of virus released by the cell. The latter three mechanisms, NA-specific antibodies, 
M2-specific antibodies and CD8+ T cells, operate after a cell becomes infected. Only 
antibodies specific for HA can prevent infection; this is probably why they are the most 
effective mediators of immunity in vivo. TCR, T-cell receptor.
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Positive immune selection
This is usually defined as a 
significant excess of non-silent 
over silent nucleotide 
substitutions in a gene, and 
occurs when natural selection 
favours a particular genetic 
variation and therefore the 
frequency of the genetic 
variation shifts.

Considerable progress has been made in the develop-
ment of vaccines based on inactivated influenza viruses 
and live cold-adapted influenza viruses grown in these 
cell lines in microcarrier fermentors39–41.

The virulence of HPAI viruses for chickens, embryo-
nated eggs and humans, as well as safety concerns for 
agriculture and humans, has limited the use of con-
ventional methods for the production of vaccines from 
wild-type HPAI viruses. Two strategies have been used 
to address this issue. One strategy is the use of anti-

genically related surrogate avian influenza viruses that 
are not pathogenic for poultry or humans. Such viruses 
can be handled safely in the laboratory or a vaccine-
manufacturing plant, and a vaccine manufactured from 
the surrogate virus should elicit an immune response 
that crossreacts well with the antigenically related HPAI 
virus. An example of this approach is the use of a LPAI 
H5N3 virus (A/duck/Singapore/97) to generate a vac-
cine to protect against HPAI H5N1 viruses42,43.

The other strategy is to modify the virulence of the 
HPAI viruses by genetic engineering44,45. This involves 
the use of plasmid-based reverse genetics, whereby 
infectious influenza viruses can be recovered from cells 
transfected with plasmids encoding each of the eight 
gene segments of the virus46–48 (FIG. 3). The cells that are 
transfected with plasmids for the generation of a vaccine 
seed virus must be approved for use in humans. However, 
another major challenge in the field of vaccine devel-
opment is the choice of appropriate animal models for 
preclinical studies.

Influenza A viruses replicate in several experimental 
animals, including chickens, mice, cotton rats, ferrets, 
hamsters, guinea pigs and non-human primates. The 
use of mouse models for the study of influenza is limited 
because intranasally administered influenza A viruses do 

Box 2 | Factors contributing to the emergence of pandemic influenza

Factors of probable relevance
• The prevalence of an avian influenza virus subtype in domestic poultry

• Documented human infection and human-to-human transmission of the virus

Factors of unknown relevance
• High pathogenicity of the avian influenza virus109

• The pathogenicity of the virus in mammals other than humans110

• The ability of the viral haemagglutinin glycoprotein to bind to sialic-acid residues 
with an α-2,3-linkage (avian) or with an α-2,6-linkage (human)16,17

• The stalk length of the viral neuraminidase glycoprotein111,112

• The presence of a glutamic acid to lysine mutation at position 627 of the viral RNA 
polymerase protein PB2 (polymerase basic protein 2)110,113

Table 2 | Current status of the development of vaccines against avian influenza viruses

Virus 
subtype

Type of vaccine Vaccines evaluated in preclinical studies based on 
indicated virus

Vaccines evaluated in clinical studies based 
on indicated virus 

H5N1 Inactivated virus A/Hong Kong/156/97 (H5N1) virus43

A/duck/Singapore/97 (H5N3) virus42

A/duck/Hokkaido/67/96 (H5N4) virus54

Recombinant H5N1–PR8 virus45

Recombinant A/Hong Kong/213/03 (H5N1)–PR8 
virus55–58

Recombinant A/duck/Singapore/97 (H5N3)–PR8 virus56

A/duck/Singapore/97 (H5N3) virus59,60,128

Recombinant A/Vietnam/1203/04 (H5N1)–PR8 
virus70

Recombinant A/Vietnam/1194/04 (H5N1)–PR8 
virus62,64

Live attenuated 
virus

H5N1–AA cold-adapted reassortant virus (H5N1 genes 
from A/Vietnam/1203/04, A/Hong Kong/213/2003 and 
A/Hong Kong/491/97 viruses)75

In progress

Subunit HA and NA proteins of A/Hong Kong/156/97 (H5N1) 
virus80

M2 protein of A/Hong Kong/483/97 (H5N1) virus79

Baculovirus-expressed HA proteins of A/Hong 
Kong/156/97 and A/Hong Kong/483/97 (H5N1) 
viruses69 

DNA HA gene of A/Hong Kong/156/97 and A/Hong 
Kong/483/97 (H5N1) viruses81

Matrix and NP genes of PR8 virus82,85

–

Vectored Adenovirus expressing HA protein of A/Hong 
Kong/156/97 and A/Vietnam/1203/04 (H5N1) viruses86,87

–

H7 Subunit HA protein of A/mallard/Netherlands/12/00 (H7N3) virus 
and NA protein of A/Netherlands/33/03 (H7N7) virus78

–

H9 Inactivated virus A/Hong Kong/1073/99 (H9N2) G1-like virus53

Recombinant A/chicken/Hong Kong/G9/97 (H9N2)–PR8 
virus52

A/Hong Kong/1073/99 (H9N2) G1-like virus63,66

A/chicken/Hong Kong/G9/97 (H9N2) virus61 

Live attenuated 
virus

H9N2–AA cold-adapted reassortant virus (H9N2 genes 
from A/chicken/Hong Kong/G9/97 virus)74 

In progress

Subunit M2 protein of H9N2 virus79 –

Virus-like particles Expressing HA, NA and matrix proteins of A/Hong 
Kong/1073/99 (H9N2) virus129

–

DNA HA and NA genes of A/chicken/Jiangsu/7/02 (H9N2) 
virus84

–

AA, A/Ann Arbor/6/60 influenza virus; HA, haemagglutinin; M2, matrix protein 2; NA, neuraminidase; NP, nucleoprotein; PR8, A/Puerto Rico/8/34 (H1N1) influenza virus.
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a

High-growth PR8 virus or
attenuated AA ca virus

High-growth PR8 virus or
attenuated AA ca virus

Selected avian 
influenza virus

Selected avian 
influenza virus

Reassortant virus expressing
HA and NA proteins of avian
influenza virusTransfection of mammalian cells

Six plasmids bearing 
internal protein genes
from the virus

Two plasmids bearing
modified or unmodified
HA and NA genes

PB2 PB1 PA

NP M NS

HA NA

Inactivated
virus vaccine

Inactivated
virus vaccine

Selection of desired
virus with antisera

Live attenuated, 
cold-adapted virus vaccine

Live attenuated, 
cold-adapted
virus vaccine

b

Co-infection and
genetic reassortment

Recombinant virus expressing HA and
NA proteins of avian influenza virus

NA
HA

Vaccine seed virus
A virus that is used for the 
large-scale production of 
vaccines.

not cause symptoms of respiratory-tract disease in mice, 
although some influenza A viruses are lethal in some other 
animal models. In addition, in general, human influenza 
viruses require an adaptation to replicate to high titres in 
mice. However, it is probable that mice will continue to be 
used for research into influenza viruses because reagents 
for immunological studies in mice are widely available.

Ferrets are generally thought to be the best avail-
able model for influenza research. Unlike mice, ferrets 
develop fever, rhinorrhea and sneezing after infection 
with intranasally administered human influenza viruses 
and the virus replicates in the respiratory tract of these 
animals. Seronegative ferrets develop a strain-specific 

immune response to human influenza viruses. However, 
less is known about the replication of avian influenza 
viruses in mice and ferrets or the relevance of observed 
morbidity and mortality to humans, so the choice of 
either animal as an ideal model for the development 
of pandemic influenza vaccines requires further research. 
Golden Syrian hamsters, cotton rats49,50, guinea pigs51 
and non-human primates support the replication of 
influenza A viruses, but experience with these models 
is not as extensive as with mice and ferrets for human 
or avian influenza viruses. Currently, preclinical studies 
of pandemic influenza vaccines are carried out in mice 
and ferrets.

Figure 3 | The eight-plasmid reverse-genetics system. Generation of recombinant vaccines for pandemic influenza. 
a | Six plasmids encoding the internal proteins of the high-growth influenza A/Puerto Rico/8/34 (PR8) donor virus or 
the attenuated, cold-adapted (ca) H2N2 A/Ann Arbor/6/60 (AA) donor virus are co-transfected with two plasmids 
encoding the avian influenza virus haemagglutinin (HA; modified to remove virulence motifs, if necessary) and 
neuraminidase (NA) glycoproteins into qualified mammalian cells and the recombinant virus is then isolated. 
Recombinant viruses containing internal protein genes from the PR8 virus are used to prepare inactivated influenza 
virus vaccines. Recombinant viruses containing internal protein genes from the attenuated, cold-adapted AA virus are 
used to prepare live attenuated influenza virus vaccines. b | The generation of pandemic influenza vaccine viruses 
by classical reassortment. The reassortant viruses derive six internal protein genes from the vaccine donor virus and 
the HA and NA genes from the circulating avian influenza virus. The reassortant virus is selected using antisera specific 
for the HA and NA glycoproteins of the donor virus. M, matrix protein; NP, nucleoprotein; NS, non-structural protein; 
PA, polymerase acidic protein; PB, polymerase basic protein.
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PR8 H1N1 influenza virus 
(A/Puerto Rico/8/34)
A well-characterized laboratory 
strain of influenza virus that 
confers high growth in eggs 
and is used as the genetic 
backbone for viruses from 
which inactivated influenza 
virus vaccines are generated.

Adjuvant
An agent mixed with an 
antigen that increases the 
immune response to that 
antigen after immunization.

Subvirion vaccine
In a subvirion vaccine, the 
virions are disrupted or split by 
detergent treatment and the 
surface glycoproteins are then 
partially purified.

Cold-adapted virus
A virus that replicates 
efficiently at low temperatures, 
which can be generated by 
serial passage of a wild-type 
virus at successively lower 
temperatures.

Inactivated virus vaccines. In preclinical studies, 
parenterally administered, inactivated whole-virus 
H9 and H5 subtype vaccines have been shown to be 
effective in mice against challenge with homologous 
and heterologous viruses42,43,52–54. Recombinant H5 
influenza viruses — which contain a modified HA 
glycoprotein, a wild-type NA glycoprotein from the 
1997 or 2003 H5N1 viruses or from an LPAI H5N3 
virus, and internal protein genes from the PR8 H1N1 
influenza virus (A/Puerto Rico/8/34) that confer high yield 
in eggs — have been generated by reverse genetics45,55–58. 
The removal of the multibasic amino-acid motif in HA 
that makes the HA0 precursor of HPAI viruses highly 
cleavable attenuated the virus for infection of chickens, 
mice and ferrets without altering the antigenicity of the 
HA glycoprotein. Two doses of these inactivated virus 
vaccines provided complete protection from lethal chal-
lenge with homologous and heterologous H5N1 viruses 
in mice and ferrets45,55–58.

Data from phase I clinical trials of inactivated virus 
vaccines against H9N2, H5N3, H5N1 and H2N2 viruses 
have been reported and other vaccines are still under 
evaluation (TABLE 2). Studies that have been carried out 
so far indicate that inactivated split-virion vaccines 
against avian influenza viruses — in which the virions 
are disrupted or split by detergent treatment and the sur-
face glycoproteins are then partially purified — are not 
optimally immunogenic59 and require multiple doses60 
or the inclusion of an adjuvant61–64 to induce a protec-
tive immune response. Whole-virus vaccines are more 
immunogenic than split-virion vaccines, but they are 
likely to be more reactogenic65. Adjuvants are required 
to increase the immunogenicity of inactivated virus vac-
cines and to decrease the concentration of viral proteins 
that is required to induce protective immunity, and 
several adjuvants for this purpose are under investiga-
tion, including aluminium salts, the squalene–oil–water 
emulsion (MF59) and other proprietary compounds that 
cannot be discussed in detail.

An inactivated whole-virus H9N2 vaccine was shown 
to be immunogenic in individuals who had circulating 
antibodies induced by prior exposure to H2N2 viruses 
that crossreacted with H9N2 viruses, but the vaccine 
was not immunogenic in individuals who were born 
after 1968, when H2N2 viruses stopped circulating in 
humans66. This observation is consistent with findings 
from studies of an H1N1 vaccine in 1976–1977, when 
prior exposure to H1N1 viruses that had circulated in 
the population earlier (‘priming’) was found to be a 
determinant of the response to vaccination65,67. These 
studies also showed the need for two doses of vaccine 
in ‘unprimed’ individuals. In other studies of vaccines 
against H9N2 viruses, aluminium hydroxide and MF59 
adjuvants improved immunogenicity61,63.

Inactivated virus vaccines prepared from recombinant 
PR8 viruses that contain a modified HA glyco protein 
and wild-type NA glycoproteins from H5N1 viruses 
isolated in 2004 have been evaluated as subvirion vaccines or 
whole-virus vaccines, with or without adjuvants58,62,64,68,70. 
The subvirion vaccines were safe and well-tolerated 
in healthy adults, and the antibody response that was 

induced could be enhanced by increasing the dose of 
antigen used or by the addition of an adjuvant62,70. 
A whole-virus vaccine was also well-tolerated by 
humans, and when administered with an adjuvant this 
vaccine was immunogenic at a lower dose than the sub-
virion vaccines64. However, the available data indicate 
that inactivated H5 influenza virus vaccines are poorly 
immunogenic and require a large concentration of HA 
glycoprotein or co-administration with an adjuvant to 
achieve the desired antibody response.

Live attenuated virus vaccines. Live attenuated, 
cold-adapted influenza virus vaccines against human 
influenza viruses elicit both systemic immunity and 
mucosal immunity at the primary portal of infection. 
The vaccine strains are generated by the reassort-
ment of a wild-type influenza virus carrying the HA 
and NA genes of interest with a cold-adapted donor 
AA (H2N2) influenza virus (A/Ann Arbor/6/60), 
which was generated by serial passage of the wild-type 
AA virus at successively lower temperatures71. The 
temperature-sensitive, attenuated, cold-adapted donor 
AA virus has five mutations in three gene segments that 
contribute to the temperature-sensitive or attenuation 
phenotype72 and the virus has a high degree of pheno-
typic and genotypic stability73. Candidate live attenuated 
virus vaccines against H9N2 and H5N1 avian influenza 
viruses generated on this cold-adapted donor backbone 
using reassortment and plasmid-based reverse genetics, 
respectively (FIG. 3), were safe and effective in mice and 
ferrets44,74,75. Phase I clinical evaluation of these vaccines 
is currently in progress.

Generally, live attenuated virus vaccines must retain 
some infectivity to be immunogenic. Therefore, virus 
shedding during clinical testing of these vaccines must 
be closely monitored. The potential challenges in the 
development of live attenuated virus vaccines for pan-
demic influenza are: first, to generate reassortant viruses 
that are sufficiently infectious when the HA glycoprotein 
is derived from an avian influenza virus, in particular 
if the HA used has a preference for α-2,3-linked oligo-
saccharides; second, to reproducibly achieve the desired 
level of viral attenuation with different combinations of 
HA and NA genes; and third, to minimize the risk 
of reassortment with circulating human influenza 
viruses. The evaluation of live attenuated virus vaccines 
of different subtypes in preclinical studies in appropriate 
animal models and in clinical studies will address the 
first two challenges. The standard approach of preclini-
cal evaluation that is applied to vaccines against human 
influenza viruses might not be uniformly applicable to 
avian influenza viruses, because the infectivity, immu-
nogenicity and protective efficacy of avian influenza 
viruses of different subtypes have not been studied 
extensively76. The risk of reassortment of the live attenu-
ated vaccine virus with human influenza viruses during 
clinical trials can be minimized by conducting vaccine 
studies in isolation units when human influenza viruses 
are not circulating in the community. In the event of 
an influenza pandemic, the potential benefits of a live 
attenuated virus vaccine will have to balanced against 
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Haemagglutination-
inhibition assay
An assay used to measure the 
concentration of antibodies 
that inhibit the agglutination of 
erythrocytes by a standard 
amount of influenza virus. 
Serum haemagglutination-
inhibition antibody titres 
correlate with protection from 
infection with human influenza 
viruses.

the risks associated with it, and this type of vaccine 
will only be introduced judiciously when a pandemic 
is imminent.

Recombinant subunit, DNA and vectored vaccines. 
The use of recombinant or expressed proteins of the 
influenza virus in a vaccine is an attractive option for 
vaccine development because these approaches do 
not require handling of HPAI or infectious viruses 
for vaccine production.

Preclinical studies of recombinant HA, NA and 
M2 proteins as vaccine antigens (TABLE 2) showed that 
the proteins were poorly immunogenic and required 
multiple doses77 or the inclusion of adjuvants78,80 for 
improved immunogenicity and efficacy. DNA vaccines 
encoding the HA and NA glycoproteins of avian influ-
enza viruses or conserved internal virus proteins, such 
as matrix proteins and nucleoproteins, induced protec-
tive immunity in mice and chickens81–84. The protective 
efficacy of a nucleoprotein-encoding DNA vaccine 
was increased by a booster vaccination in the form of a 
recombinant replication-defective adenovirus (rADV) 
expressing the nucleoprotein85. In two recent studies, 
intramuscular or intranasal immunization of mice 
with a human rADV vaccine expressing the influenza 
virus HA glycoprotein induced both humoral and cell-
mediated immune responses and conferred protection 
against challenge with the wild-type virus in mice and 
chickens86,87. A recombinant baculovirus-expressed H5 
glycoprotein subunit vaccine was well-tolerated but was 
poorly immunogenic in humans, indicating the need for 
an adjuvant69. The production of recombinant proteins 
and DNA vaccines is safe and economical, but clinical 
studies of their safety and immunogenicity in humans 
are awaited.

Universal influenza virus vaccines. An ideal influenza 
vaccine would be effective against a range of virus sub-
types and could be useful during pandemic and inter-
pandemic periods. One approach to creating a universal 
vaccine would be to target an antigenically stable protein 
or an antigenically stable part of a variable protein that is 
essential for virus replication. The high degree of conser-
vation of the M2 protein makes it a prime candidate for 
a universal influenza vaccine. The M2 protein induced 
crossreactive immunity that decreased the severity of 
disease in animal models after challenge with wild-type 
virus79,88. However, the emergence of immune-escape 
mutants of the M2 protein in mice in the presence of 
specific antibodies raises concerns regarding the use-
fulness of the M2 protein as a target for a universal 
vaccine89. Clinical studies are required to evaluate the 
immunogenicity of the M2 protein in humans.

It has been suggested that the use of the NA glyco-
protein, which is less variable than the HA glycoprotein, 
to induce cross-protective immunity might be worth 
exploring90. NA-specific immunity in mice provides sig-
nificant cross-protection against antigenically distinct 
viruses of the same subtype91,92. Although NA-specific 
antibodies do not prevent infection with influenza 
viruses, they decrease the severity and duration of ill-

ness in humans by limiting the release and spread of 
the virus28,29.

Also, if common immunogenic epitopes are identi-
fied within the four clades of HA glycoprotein subtypes, 
HA-based immunogens could induce widely crossreactive 
immunity93. Alternatively, genetically engineered viruses 
that have several conserved immunogenic epitopes on 
the viral envelope could be developed and evaluated 
for use as a universal influenza vaccine90. Recombinant 
viruses expressing chimeric HA glycoproteins have been 
described recently94. Although universal influenza vac-
cines are still in preclinical development, the potential 
benefits of such vaccines are so great that strategies to 
develop them must be encouraged.

Immunogenicity of pandemic influenza vaccines
Although principles derived from decades of experience 
with seasonal vaccines against human influenza viruses 
form the basis for the development of pandemic influ-
enza vaccines, our knowledge of the human immune 
response to avian influenza viruses is incomplete. 
Investigators rely on extrapolation from experience 
with vaccines against human influenza viruses, where 
the immune correlates of protection were elucidated in 
challenge studies in humans. However, the evaluation 
of vaccines against potential pandemic strains of avian 
influenza viruses presents a unique challenge: vaccines 
developed against these viruses can only be evaluated 
for safety and immunogenicity, and not for protection, 
in clinical trials, because challenge studies to assess 
the efficacy of the vaccines cannot be undertaken in 
humans. When the immunogenicity of candidate pan-
demic vaccines is assessed, the data can be difficult to 
interpret because specific information on the nature and 
magnitude of the antibody response that correlates with 
protection is lacking. If a vaccine is immunogenic, it 
might be possible to assess its efficacy by testing the 
vaccine in a large group of people who are at high risk 
from infection with avian influenza virus, such as poultry 
farmers in areas with severe epizootics.

Serum and mucosal antibodies can independently 
mediate immunity to influenza viruses. Live viruses 
and inactivated virus vaccines differ in the induction of 
protective antibodies, but there are no standardized meth-
ods for evaluating the mucosal antibody response. The 
conventional assay for assessing the immunogenicity of a 
human influenza vaccine is the haemagglutination-inhibition 
assay. The standard haemagglutination-inhibition assay, 
which uses chicken or turkey erythrocytes, is relatively 
insensitive for the detection of antibodies specific for 
H5N1 viruses, but a modified assay using horse erythro-
cytes was found to be more sensitive95,96 because horse 
erythrocytes exclusively express the α-2,3-linked oligo-
saccharide side chains that are preferred for binding by 
avian influenza viruses. Most studies have shown that 
serum haemagglutination-inhibition antibody titres of 
approximately 1:32 to 1:40 protected 50% of the study sub-
jects from infection after immunization with inactivated 
human influenza virus vaccines25,26,97. However, in other 
studies of experimental infection in adult humans, serum 
haemagglutination-inhibition antibody titres as low as 
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1:8 provided resistance to infection with human influ-
enza viruses, which indicates that the levels of antibody 
required for protection are fairly low98. The horse erythro-
cyte haema gglutination-inhibition assay has not been 
well standardized and the antibody titres determined by 
this assay that correlate with protection are not known. 
Therefore, the choice of assays by which the immune 
response is assessed poses a practical challenge for the 
evaluation of pandemic influenza vaccines. 

An alternative to the haemagglutination-inhibition 
assay that might be more biologically relevant is a neu-
tralization assay, in which the ability of antibodies to 
neutralize the infectivity of the avian influenza virus is 
assessed. Using paired sera from individuals infected 
with H5N1 influenza virus in 1997 in Hong Kong col-
lected at the acute and convalescent stages of infection, 
a neutralizing antibody titre of 1:80 was shown to be 
indicative of infection with an H5N1 virus99. However, 
it is not known whether this antibody titre correlates 
with protection from re-infection. Other barriers to 
the use of the neutralization assay are the requirement 
for appropriate biosafety containment measures, as the 
assay requires handling of the infectious virus, and the 
fact that the test has not yet been standardized100.

Another consideration in the assessment of the 
immune response to pandemic influenza vaccines is 
the lack of reagents for quality control. Post-infection 
or hyperimmune post-vaccination animal sera are used 
as controls at present because human sera containing 
antibodies specific for avian influenza viruses are not 
available.

Careful analysis of the immune responses in indi-
viduals who have recovered from natural infections 
with avian influenza viruses and in volunteers who par-
ticipate in clinical trials of pandemic influenza vaccine 
candidates using standardized assays will increase our 
understanding of the human immune response to infec-
tion with avian influenza viruses. The efficacy of pan-
demic influenza vaccine candidates cannot be assessed 
directly in humans; therefore, this information will have 
to be extrapolated from studies in experimental animals.

Future prospects
The circulation of influenza A viruses of all subtypes in 
aquatic and wild birds, and the apparent expansion of 
the host range of avian influenza viruses increase the 
probability of a pandemic in humans, either by the direct 
introduction of an avian influenza virus into humans or 
by the generation of an avian–human reassortant virus 
that has an increased ability to replicate and spread in 
the human population. Because it is difficult to predict 
which avian influenza virus will cross the species barrier 
and cause a future pandemic, it is crucial that a library 
of candidate vaccines of different influenza virus sub-
types is generated and evaluated in animal models and 
humans. Animal models that allow comparison with the 
corresponding wild-type avian influenza virus should 
be used.

The immune correlates of protection against influ-
enza are not well understood and assays for different 
aspects of the immune response to avian influenza 
viruses, in particular cell-mediated immune responses, 
are not available. The contribution of viral determi-
nants of infectivity, transmissibility and virulence of 
avian influenza viruses to infection of humans and their 
implications for vaccine design require further study. 
The relevance of adaptive genetic changes in avian 
influenza viruses as they replicate in poultry and other 
avian species to their infectivity for humans, and the 
effect of veterinary vaccine use on the evolution of avian 
influenza viruses are both areas of research that could 
have a direct impact on vaccines developed for human 
use. The biological basis for the poor immunogenicity of 
avian HA glycoproteins should be explored. Until this is 
understood, there is a need for adjuvants to increase the 
immunogenicity of avian influenza vaccines. Although 
an ideal vaccine would prevent infection, a more real-
istic goal for a pandemic influenza vaccine might be to 
prevent severe illness and death. Efforts to develop cell-
culture-based vaccines are under way. The development 
of a safe, immunogenic universal vaccine that could be 
used to control both seasonal and pandemic influenza 
would be a great achievement.
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