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Abstract Since their compositions remain uncertain, universal pandemic vaccines
are yet to be created. They would aim to protect globally against pandemic influenza
viruses that have not yet evolved. Thus they differ from seasonal vaccines to influenza
virus, which are updated annually in spring to incorporate the latest circulating
viruses, and are then produced and delivered before the peak influenza season starts
in late fall and winter. The efficacy of seasonal vaccines is linked to their ability
to induce virus-neutralizing antibodies, which provide subtype-specific protection
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against influenza A viruses. If pandemic vaccines were designed to resemble current
vaccines in terms of composition and mode of action, they would have to be developed,
tested, and mass-produced after the onset of a pandemic, once the causative virus
had been identified. The logistic problems of generating a pandemic vaccine from
scratch, conducting preclinical testing, and producing billions of doses within a
few months for global distribution are enormous and may well be insurmountable.
Alternatively, the scientific community could step up efforts to generate a universal
vaccine against influenza A viruses that provides broadly cross-reactive protection
through the induction of antibodies or T cells to conserved regions of the virus.

1 Introduction

Influenza viruses belong to the family of Orthomyxoviridae, which includes negative
single-stranded RNA viruses with segmented genomes. Among the three genera of
influenza viruses (A, B, and C), influenza A and C viruses infect humans as well as
other species, while influenza B virus mainly infects humans. The most common
and serious infections of humans are caused by influenza A virus. Influenza A
viruses are further divided into subtypes based on their hemagglutinin (HA) and
neuraminidase (NA) genes, which encode the two viral surface proteins.

Influenza A virus typically infects epithelial cells that line the respiratory tract,
but may also replicate in other tissues in different hosts, including conjunctiva,
intestine, brain, liver, kidney, and gut. In general, influenza A virus infections are
self-limiting in healthy human adults, and mainly cause life-threatening disease in
the very young and in the elderly. Notwithstanding, this depends on the circulating
type. Aquatic birds serve as the main reservoir of influenza A viruses and carry all
of the known subtypes (H1-16, N1-9) without necessarily developing disease upon
infection. The virus can adapt to other species such as poultry, pigs, horses, or
humans. In humans, thus far the H1, H2, or H3, and N1 or N2 influenza viruses
have established transmittable infections.

Influenza viruses mutate rapidly, and these mutations affect mainly (but not exclu-
sively) the genes encoding the surface proteins. Point mutations that cause gradual
changes are referred to as antigenic drift, and allow the virus to evade protective
neutralizing antibody responses induced by previous infections. Most annual epidemics
are caused by antigenic drift variants. Rearrangements of the HA- or NA-encoding
gene segments between viral types circulating in humans and those endemic in animals
result in more dramatic changes, also called antigenic shifts, and the pandemics of
1957 with H2N2 and 1968 with H3N2 were caused by such new types of influenza
virus. According to the World Health Organization (WHO), a pandemic is the
emergence of a serious new disease caused by an agent that spreads easily among
humans. WHO recommends three measures to lessen the impact of the next influenza
virus pandemic: (1) increased surveillance to allow for the earliest possible warning
that a human pandemic has started; (2) early intervention to stall global spread and
prevent further adaptations; and (3) development of an effective pandemic vaccine.
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Available vaccines against influenza virus are seasonal vaccines that are updated
annually to incorporate the latest circulating viruses. Seasonal vaccines are composed
of three different influenza viruses, which are typically two subtypes of influenza
A virus and one strain of influenza B virus. The vaccine composition is generally
agreed upon in spring to allow for manufacturing and distribution before onset of
the influenza season in late fall to winter. Seasonal vaccines are currently derived
from egg-grown viruses that are either inactivated and then given systemically or
attenuated by cold adaptation and given directly to the airways.

Pandemic vaccines, the focus of this chapter, are at this stage virtual vaccines of
an unknown composition. They aim to protect against a newly evolved pandemic
influenza virus. A pandemic vaccine may thus have to be manufactured at the onset
of a pandemic, or alternatively one would need to devise a vaccine that induces
broadly cross-reactive protection, unlike the current vaccines.

2 Influenza A Viruses

Influenza A viruses are enveloped spherical viruses which contain eight segments
of single negative-stranded RNA. Segments 1, 2, and 3 encode the transcriptase
complex composed of basic polymerases (PB)2 (segment 1) and PB1 (segment 2)
and acid polymerase (PA, segment 3). Segment 4 encodes the hemagglutinin
(HA), which has receptor-binding activity, promotes cell fusion, and is the major
target for neutralizing antibodies. Segment 5 encodes the nucleoprotein (NP)
which complexes the viral RNA to form the nucleocapsid. NP is a major target
for cross-reactive CD8* T cells in mice and humans (Falk et al. 1991). Segment
6 encodes the viral neuraminidase (NA), a cell surface protein with enzymatic
activity, which also provides a target for neutralizing antibodies. Drugs such as
zanamivir and oseltamivir, which block the enzymatic cleavage of sialic acid resi-
dues by NA, are available and can be used to treat or prevent infections (Garman
and Laver 2004). Segment 7 encodes matrix (M) protein 1 and 2. M2 has ion
channel activity, which is blocked by the antiviral drug amantadine (Ison and
Hayden 2001). M protein is also a target for cross-reactive CD8* T cells in
humans, while the M2 ectodomain is a target for nonneutralizing but nevertheless
protective antibodies (Zhang et al. 2006). Segment 8 encodes nonstructural pro-
teins (NS) 1 and 2.

3 Previous Influenza A Virus Pandemics

The twentieth century experienced three major influenza virus pandemics (Table 1)
and several small abortive pandemics, as well as pandemic threats and numerous
outbreaks in animals also called epizootics or panzootics.
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Table 1 Recent influenza pandemics

Place of Age group most
Pandemic Subtype  origin affected (years)  Death toll
Spanish Flu 1918-1920 HINI1 USA 20-40 50-100 million
Asian Flu 1957-1958 H2N2 China 65+ 1-4 million
Hong Kong Flu 1968-1969  H3N2 Hong Kong 65+ 500,000

3.1 Pandemics

3.1.1 Spanish Flu

The first pandemic of the twentieth century started in 1918 in the USA and then
spread to Africa and Europe, first to France and then Spain, and subsequently to every
part of the globe. This pandemic was caused by an HIN1 virus and is paradoxically
and unfairly referred to as the Spanish Flu. The pandemic that started in March of
1918 and lasted until June of 1920 killed half a million Americans and somewhere
between 50 and 100 million humans worldwide (Johnson and Mueller 2002). This
virus infected nearly 50% of the population and killed 2.5% of all of those that
became infected. It is estimated that 25 million people died during the first 25 weeks
of the pandemic. Death rates were high in humans between the ages of 2040, an age
group which generally recovers easily from influenza A virus infection. During the
initial stages of the pandemic, the early symptoms of infection, which included
hemorrhages and lung edema followed by death within 24-48 h, were commonly
misdiagnosed. The severity of the symptoms is assumed to have been caused by an
excessive release of cytokines in response to the virus (Kash et al. 2004), which was
most severe in healthy adults with sturdy immune systems. The 1918 HIN1 virus was
recently isolated from victims preserved in permafrost, and upon sequencing the virus
was rederived through genetic engineering (Tumpey et al. 2005). This allowed for an
extensive characterization of the virus using modern tools of science. The 1918 HIN1
virus has several distinct features that may explain its unique virulence. Most types
of influenza A virus require trypsin-like enzymes for cleavage of the viral HA, which
in turn restricts their cellular tropism. The NA of the HIN1 virus of 1918 can directly
or indirectly cleave HA, thus rendering this virus independent of trypsin-like enzymes
(Steinhauer 1999). Increased virulence was further enabled by NS proteins, which
allow the virus to disable the interferon (IFN) pathway (Seo et al. 2004), a crucial
component of both innate and adaptive immunity. Human-to-human transmission, a
prerequisite for a human pandemic, appears to have involved a switch in preferential
binding of the HA protein from a-2,3 sialic acid found in the avian enteric tract to
a -2,6 sialic acid present in the human respiratory tract (Tumpey et al. 2007). This
altered receptor binding activity can be achieved experimentally through a single
amino acid exchange at position 190 of the HA of the 1918 HIN1 subtype. Additional
changes in the viral PB and PB2 proteins, which contain four amino acids that are
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conserved in human viruses and that differ from those prevalent in avians, are likely
to have affected transmission between humans (Russell and Webster 2005).

3.1.2 Asian Flu

The 1957 pandemic, also referred to as the Asian Flu, originated from a recombination
between a circulating human virus and a virus endemic in ducks. The virus was first
isolated early in 1956 in Guizhou, China, and by February of 1957 had spread to
Singapore, and to the USA by June of that year. This virus, an H2N2 virus, caused
an estimated 1-4 million deaths worldwide (Dunn 1958). Death rates were highest
in the elderly.

3.1.3 Hong Kong Flu

The 1968 pandemic, also called the Hong Kong Flu, was caused by an antigenic
shift of an H2N2 virus to an H3N2 virus. This pandemic was comparatively mild,
causing an estimated 500,000 human deaths (Cockburn et al. 1969; Kilbourne
2006). Again mortality was high in those above 65 years of age.

3.2 Pseudopandemics and Abortive Pandemics

In 1946 an HIN1 virus that was first seen in Japan and Korea spread to military
bases in the USA (Lessler et al. 2007). Further spread was not observed. In 1977,
an HINI1 virus spread rapidly from China and caused epidemic disease in children
and young adults (<23 years) worldwide. Older humans were not affected, presum-
ably due to protection from previous exposure to HIN1 viruses.

3.3 Pandemic Threats

3.3.1 Swine Flu

In the winter of 1976, a novel swine influenza virus subtype was detected in military
recruits at Fort Dix, New Jersey. A total of 13 soldiers became symptomatically
infected and one died. There was only limited spread to humans living outside the
military base. Fearing a major pandemic, a vaccine was rapidly generated and
administered to 40 million humans. A few months after mass vaccination had
started, reports of Guillain—Barré syndrome in vaccine recipients started to accumulate,
and by early 1977 (when vaccination was stopped) more than 500 cases of GBS had
been reported, 25 of which were fatal (Langmuir et al. 1984).
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3.3.2 Bird Flu

A highly pathogenic form of avian H5SN1 virus was first detected in Asian poultry
in 1997 (Centers for Disease Control and Prevention 1997). During this year, a total
of 18 human cases were reported from Hong Kong, of which six were fatal. The
virus rapidly caused pneumonia and multiple organ failure in infected individuals,
which were mainly young adults. Culling of infected flocks of poultry initially
appeared to have stopped further spread, but then in 2003 additional human cases
with a similar H5SN1 virus were recorded in Vietnam (Tran et al. 2004). As of
January of 2008, 349 human cases of H5N1 virus infection with 216 deaths have
been reported from Asia, Eurasia, and North Africa.! Most cases occurred in
Indonesia, Vietnam, and Egypt. Highly pathogenic H5N1 virus was also isolated
from poultry and wild birds in Europe, including the United Kingdom. Thus far, the
virus has been transmitted by human contact with infected birds, and only a few
isolated cases were suggestive of direct human-to-human transmission. Further
mutations of H5SN1 virus, either in the form of adaptive point mutations (i.e., anti-
genic shift) or through reassortment in humans concomitantly infected with a dif-
ferent influenza A virus, could eventually allow for sustained and efficient
human-to-human transmission. Control measures have focused on culling of
infected flocks of domestic birds and restriction of poultry trade between countries.
Some countries implemented vaccination programs for poultry (Steel et al. 2008;
Cristalli and Capua 2007). Other countries rejected the idea of bird vaccination due
to fears that this may mask infections and allow for further mutations that may
promote human transmissibility.

Similar to the 1918 HIN1 virus, pathogenic HSN1 virus activates HA through a
trypsin-independent mechanism (Hulse et al. 2004). Pathogenic H5N1 virus has a
multibasic cleavage site that can be digested by furin and furin-like proteases,
which are more ubiquitously present in human tissues than the trypsin-like enzymes
that cleave HA of current human influenza viruses. The NS1 protein of pathogenic
subtypes of HSN1 virus renders the virus resistant to the activity of IFNs and tumor
necrosis factor (TNF)-a (Seo et al. 2002). The H5N1 virus has changed since its
first isolation in 1997. Such changes include resistance to the antiviral drug aman-
tadine due to a M2 mutation first reported in 2004 from Thailand (Cheung et al.
2006). The virus has become more lethal for humans and mice, and has gained
robustness against destruction in the environment. The virus has increased its host
range and has been shown to cause disease in felines such as tigers (Keawcharoen
et al. 2004), which are otherwise resistant to influenza A virus infections.

In 1999, an HON2 virus, which also originated from poultry, caused illnesses in
two children in Hong Kong. Both children survived and there was no serological
evidence that the virus spread to their contacts.

!'See http://www.who.int/csr/disease/avian_influenza/country/cases_table_2008_01_21/en/index.html.
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3.4 Epizootics and Panzootics

A number of epizootics and panzootics have been caused by a wide variety of influ-
enza viruses. In poultry, numerous outbreaks with highly pathogenic influenza
viruses have been reported from all over the globe within the last 50 years. These
outbreaks were caused by a variety of subtypes, such as HSN1, H7N2, HIN7, H7N3,
H13N6, H5N9, H1IN6, H3NS, HON2, H5N2, H4NS, HION7, H2N2, H8N4,
H14N5, H6NS, H12NS5, and others. HSN1 virus, which is currently endemic in Asia,
Africa, and Europe, has within the last eight years caused the deaths of millions of
birds, many of which were culled to prevent further spread and to protect humans.

Influenza virus outbreaks have been observed in other species. For example,
from 1979 to 1980, several hundred harbor seals died along the coast of New
England due to infection with a H7N7 virus (Geraci et al. 1982). As of 1997, H3N2
circulates in pigs (Gramer et al. 2007). Horses have been infected with H7N7 and
H3N8 viruses (Amonsin et al. 2007; Oxburgh and Hagstrom 1999). The latter can
also infect and kill canines. HSN1 has caused the deaths of felines, including tigers
and domestic cats (Cristalli and Capua 2007; Steel et al. 2008).

Several of these viruses have infected humans without achieving the capacity for
human-to-human transmission. In 2003, 89 people were infected with H7N7 influenza
virus from poultry in the Netherlands (Koopmans et al. 2004).

In 2002-2003, two residents of US mid-Atlantic states showed serologic evidence
of infection with H7N2 (Senne et al. 2006). In 2004, two poultry farm workers in
British Colombia became infected with H7N3 virus (Tweed et al. 2004). In 2004,
Egypt reported human infections with HION7. Any subtype of the influenza virus
thus has the potential to infect humans and to evolve into a pandemic virus, which
has to be taken into account when designing pandemic vaccines.

4 Risk Factors for Severe Influenza Virus Infections

More than 90% of deaths during seasonal influenza virus outbreaks occur in the
elderly (=65 years of age). Immunosenescence during aging leads to impaired
immune responses, which increases the susceptibility of the aged to infectious
agents. The elderly are affected by primary immunological changes, which are part
of the natural aging process, and secondary immunological changes caused by
underlying diseases and unhealthy life styles (Malaguarnera et al. 2001). Primary
changes of the immune system in healthy elderly involve mainly T cells, though
changes in natural killer (NK) cells and NK T cell function with age have been
noted (Ginaldi et al. 1999c; Solana and Mariani 2000). T cells show clonal senes-
cence, their potential for expansion is decreased, and their ability to produce certain
cytokines and to respond to cytokines decreases. The proportion of T cells with a
memory cell phenotype increases while numbers of naive T cells decrease.
Stimulation with new antigens appears to result in shortened immunological memory
(Ginaldi et al. 1999b). The T cell repertoire loses diversity (Effros et al. 2003) due
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to chronic antigenic stimulation, leading to continued clonal expansion of some T
cells, which undermines the homeostatic balance of the immune system. Primary B
cell responses in the elderly are commonly low and short-lived, resulting in anti-
bodies with low affinity (Ginaldi et al. 1999a). Formation of germinal centers is
decreased, antigen transport is impaired, and follicular dendritic cells show atrophy
and their capacity to form antigen depots is reduced (Zheng et al. 1997; Aydar et al.
2004). Autoantibodies are more common and the B cell repertoire becomes more
restricted. Many of these changes reflect secondary effects due to an age-related
decline of helper functions from CD4* T cells, which show reduced expression of
critical costimulatory receptors that are essential for activation of B cells, germinal
center formation and rearrangement, and hypermutation of immunoglobulin genes.
Underlying chronic diseases dramatically increase the risk of serious complications
of an influenza virus infection. Patients with one or two chronic diseases have 40-
or 150-fold (respectively) greater risk for developing pneumonia upon influenza
virus infection (Janssens and Krause 2004; Stott et al. 2001). Underlying chronic
heart, lung, or liver diseases increase the risk of serious influenza virus infection in
all age groups, not just the elderly.

Vaccines perform poorly in the elderly, commonly resulting in inadequate and
short-lived titers of protective antibody responses (Biro 1978; Saurwein-Teissl et al.
2002). Current influenza virus vaccines provide 70-90% protection against a
closely related virus in those <65 years of age, but only 30—40% protection in
humans above the age of 65.

Young children, pregnant women, and immunosuppressed individuals also have
an increased risk for influenza A virus-associated morbidity. Another risk factor is
superinfection of the airways with bacterial pathogens, which can enhance viru-
lence of the influenza virus through bacterial proteases (Callan et al. 1997). On the
other hand, influenza virus can increase bacterial infection by destroying respiratory
epithelium and increasing bacterial receptor (McCullers 2006). Other risk factors
include living in institutionalized settings such as prisons or nursing homes, or
working in healthcare, where the risk of exposure and the risk of further spread are
increased.

5 Immune Responses to Influenza A Viruses

Vaccines aim to induce memory immune responses that, upon encountering the
virus, are rapidly reactivated or recruited to either completely prevent an infection
by causing so-called sterilizing immunity, or to rapidly control viral spread. It is
thus important to understand which type of immune response provides reliable
protection in order to specifically design immunogens that elicit this type of a
response. Influenza virus pandemics unfortunately have an element of surprise on
their side by their very nature, and it may be unrealistic to expect that at the onset
of a pandemic, which can potentially spread around the globe within less than
six months, sufficient doses of a reliable vaccine or efficacious antiviral drugs will



Pandemic Influenza Vaccines 299

be available to protect the entire human population. Other preventions, such as
activation of protective innate immune responses in those at immediate risk for
infection, may add to the repertoire we can call upon to combat the next influenza
virus pandemic.

5.1 Innate Immunity

Innate immunity can provide resistance to influenza virus infection, as has been
demonstrated in animals treated with immunomodulators such as baculovirus,
lentidan, double-stranded RNA, or modified heat-labile toxin of Escherichia coli
prior to infection (Abe et al. 2003; Irinoda et al. 1992; Saravolac et al. 2001;
Williams et al. 2004). Clinical trials in children who were vaccinated with an
attenuated influenza A virus vaccine after the onset of an influenza A virus out-
break also suggested that protection was at least in part mediated by an innate
immune response to the vaccine (Piedra et al. 2007).

Influenza A virus infection leads to the rapid increase of proinflammatory
cytokines in nasal and pulmonary secretions (Jao et al. 1970; Gentile et al. 1998).
The virus causes the activation and maturation of dendritic cells and stimulates
plasmacytoid dendritic cells to secrete large amounts of type I IFNs (Lépez et al.
2004; Cella et al. 2000). Influenza virus activates macrophages to secrete IL-1, 6
and 12 and TNF-a (Mak et al. 1982; Pirhonen et al. 1999). IL-12 in turn induces
IFN-y production by NK cells. The early cytokine response to influenza virus can
be pronounced and can result in significant pathology (Van Reeth et al. 2002).

Nevertheless, early cytokines such as interferons also provide resistance to influ-
enza A viruses (Beilharz et al. 2007; Fattal-German and Bizzini 1992). NS1 of
HS5NI1 renders the virus resistant to the antiviral activity of IFNs and TNF-a
(Sekellick et al. 2000). Reassortant influenza A viruses carrying the NS1 of HSN1
induce increased levels of cytokines in mice and decreased levels of IL-10 (Lipatov
et al. 2005a). Both macrophages and NK cells can kill infected cells and are crucial
to early infection control (Zychlinsky et al. 1990; Tsuru et al. 1987), as are natural
IgM and the early components of the classical pathway of complement, which
together can neutralize influenza virus (Jayasekera et al. 2007).

5.2 Primary Adaptive Inmune Responses
to Influenza Virus Infection

Inhalation infection with influenza A virus triggers a mucosal immune response in
the upper respiratory tract that is initiated within nasal-associated lymphoid tissue
(NALT) in mice and within Waldeyer’s ring (tonsils) in primates. In the lower
respiratory tract, responses are induced in bronchus-associated lymphoid tissues.
Responses can also be detected in distant lymphoid tissues such as spleen or blood.
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Infection causes a local secretory IgA response as well as IgM and IgG antibodies
directed mainly against the viral HA. Antibody-secreting cells can be detected in
mice in the respiratory mucosa and in lung tissue within five days after infection.
Dimeric IgA (dIgA) antibodies which are transcytosed across epithelial cells upon
binding to their receptors can bind to de novo synthesized viral antigens and block
viral assembly, thus contributing to viral clearance (Tamura and Kurata 2004).
Influenza virus-specific CD8* and CD4* T cells are induced upon intranasal appli-
cation of influenza A virus (Roti et al. 2008; Swain et al. 2004). Viral clearance fol-
lowing a primary infection is mediated in part by CD8* T cells and in part by
antibodies, which in turn require the activity of CD4* T helper cells for their induc-
tion. Lack of CD4* T cells does not affect induction of a primary CD8* T cell
response to influenza A virus (Yap and Ada 1978; Mozdzanowska et al. 2005),
although absence of CD4* T cells in general reduces the magnitude of the memory
CD8* T cell pool and the CD8* T cell recall response. Neither IFN-y nor IFN-o/3
appear to be essential for viral clearance (Price et al. 2000), although loss of both IFN
pathways has been reported to exacerbate disease. Perforin is essential for viral clear-
ance, and mice lacking perforin show delayed viral clearance and increased mortality
to influenza A virus infection (Topham et al. 1997). Increased mortality was also
observed in IL-1 receptor knockout mice (Szretter et al. 2007); these mice developed
normal CD8* T cell responses and viral titers were only modestly above those of
normal mice. IL-1 receptor knockout mice showed a defect in recruitment of inflam-
matory cells to the site of infection, most notably neutrophils and CD4* T cells.

5.3 Secondary Adaptive Immune Responses and Their
Role in Protecting Against Infection

A secondary infection with influenza A virus can be prevented by local sIgA and
can be blunted by rapid activation of memory B cells. Neutralizing IgA antibodies
are thought to primarily prevent infection of the upper respiratory tract, while
serum IgG plays a role in protecting against viral pneumonia (Tamura and Kurata
2004). Protective neutralizing antibody responses induced by infection or vaccination
are subtype specific and do not provide protection against heterotypic challenge.
Their ability to provide resistance to an antigenic drift subtype depends on the
degree of antigenic variation between the viruses (Kaye et al. 1969).

It must pointed out, however, that although the role of neutralizing antibodies in
providing resistance to influenza virus is not debated, it remains far from clear-cut.
Some mouse studies showed that adaptive transfer of neutralizing secretory IgA
protected the animals, while transfer of neutralizing antibodies of the IgG isotype
was inefficient (Renegar and Small 1991). Other mouse studies showed that protec-
tion by H5-specific IgG1 monoclonal antibodies can be achieved against HSN1
infections (Hanson et al. 2006). Yet others reported protection by IgG antibodies
that bound HA but failed to neutralize the virus (McLain and Dimmock 1989). One
monoclonal neutralizing antibody was described that cross-reacted between H1 and



Pandemic Influenza Vaccines 301

H2 and consequently protected animals upon passive transfer against infection with
either virus (Okuno et al. 1994). In other virus infections, such as those with rabies
virus, where neutralizing antibodies are known to play a dominant role in protection
against infection and disease, protective titers of neutralizing antibodies have been
defined. For rabies virus, a titer of or above 0.5 international units protects against
challenge; this knowledge has greatly facilitated vaccination efforts. In contrast, it
is still not known what titer of influenza A virus-neutralizing antibodies reliably
provides protection against disease. In general, it is assumed that titers above 1:40
are protective, although numerous clinical trials have demonstrated that humans
with lower titers were protected while others with higher titers developed sympto-
matic infections.

Protection against heterotypic challenge (i.e., challenge with a different subtype
of influenza virus than that used for immunization) can be mediated by a number
of mechanisms. As already mentioned above, some neutralizing antibodies can
cross-neutralize several subtypes of influenza A virus. Nonneutralizing antibodies
to the ectodomain of matrix protein (M2e) can protect against heterotypic challenge
in animal models (Mozdzanowska et al. 2003). The 23 amino acid (aa) long M2e
is conserved in its nine N-terminal amino acids and shows relative minor variability
in the remaining sequences. This is likely to reflect a lack of selective pressure, as
natural infections or traditional vaccines induce only low antibody responses to
M2e (Feng et al. 2006). The currently circulating avian HSN1 and H7N2 subtypes
show sequence variability with previous human isolates that affect M2e antibody-
binding sites. For example, they show changes in amino acids at positions 10-16 of
M2e (H5N1: PIRNEWG to PTRNGWG, or PTRNEWE) (Liu et al. 2005).

CDS8* T cells induced by repeated infections appear to contribute little to natural
resistance to influenza virus infection in humans. This may be linked to suboptimal
stimulation of this T cell subset upon natural infection, as human volunteers with
exceptionally high levels of circulating influenza A virus-specific CD8* T cells
showed reduced viral shedding upon an experimental infection compared to those
with low levels of pre-existing influenza A virus-specific CD8* T cells (Epstein
2006; Murasko et al. 2002).

In mice, a number of studies showed that CD8* T cells protect, while other
showed that they fail to protect. Early studies from the group of G. Ada showed that
adoptive transfer of influenza virus immune cells provided protection against chal-
lenge with a heterotypic subtype of the virus (Yap and Ada 1978). These studies
were confirmed by R. Dutton and colleagues, who studied the efficacy of passively
transferred, in vitro activated CD8* T cells isolated from mice transgenic (tg) for a
T cell receptor (TcR) to the influenza A virus HA (Cerwenka et al. 1999). Transfer
of naive TcR-tg CD8* T cells failed to provide resistance to challenge. Protection
against a lethal infection could be provided by the transfer of rested memory-like
or effector TcR-tg CDS8* T cells, although the latter effected more rapid viral clearance,
which may indicate that the rested CD8* T cells needed to expand before they
assumed effector functions. Protection was only mediated by CD8* T cells that
were able to home to the infected respiratory tissues. Poxvirus vectors expressing
the influenza A virus NP, which induce a CD8* T cell response (Andrew et al. 1986),
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were shown to induce some protection against heterotypic challenge (Endo et al.
1991; Altstein et al. 2006). Further studies showed that although vaccinia virus
vectors expressing the influenza virus NP induced only limited protection in mice,
adoptive transfer of T cells isolated from NP-immune mice and expanded in vitro
were highly effective (Mbawuike et al. 2007). Yet another group reported that a
vaccinia virus vector which expressed a sequence of NP that induced a sturdy CD8*
T cell response in mice, including in their lungs, completely failed to induce protec-
tive immunity as assessed by peak viral loads, morbidity or mortality (Lawson
et al. 1994).

Heterotypic T cell-mediated protection was also reported after immunization of
mice with an adjuvanted influenza virus vaccine (Sambhara et al. 1998) or with
DNA vaccines expressing internal proteins of influenza virus (Saha et al. 2006; Fu
et al. 1997). Another group reported that protection upon intranasal immunization
with an adjuvanted nucleoprotein vaccine was mediated by T helper cells of the
Thl type rather than by CD8* T cells (Tamura et al. 1996). Yet another group
reported protection with an adenovirus vector expressing nucleoprotein (Roy et al.
2007). In our hands, subunit vaccines expressing the nucleoprotein induced strong
CDS8* T cell responses that could readily be detected in spleen, blood, or even lungs
of vaccinated mice. Nevertheless, vaccinated mice were not reliably protected
against disease or death following challenge with influenza A virus (unpublished).
Overall T cell protection studies largely agree that adoptive transfer of in vitro
expanded CDS8* T cells provides protection against influenza virus. Results on the
protective nature of in situ activated influenza virus-specific CD8* T cells range
from solid protection to complete absence of protection, even under circumstances
where high numbers of influenza virus-specific CD8* T cells were present in the
airways at the time of challenge. The lack of consistency of protection through
CDS8* T cells may reflect genetic differences in the mouse strain used for the experi-
ments, differences in the dose or type of challenge virus, differences in the interval
between vaccination and challenge, and/or differences in the functionality of CD8*
T cells induced by various approaches.

The take-home message for developing an influenza vaccine that is useful for
preventing or ameliorating a pandemic therefore remains ambiguous. Neutralizing
antibodies protect against HA provided there is sufficient homology between the
vaccine and the infecting virus. Antibodies against M2e protect against a wider
array of subtypes, as M2e is more conserved; nevertheless, M2e shows some vari-
ability, and protection through M2e-specific antibodies is not as robust as protection
provided by neutralizing antibodies. The rules that govern CD8* T cell-mediated
protection against influenza virus remain ill-defined.

6 Influenza Virus Vaccines

Influenza virus was first isolated in 1933 (Smith et al. 1933), and effective vaccines
were developed and tested by 1943-1944 and became available by 1945 (Francis
et al. 1945a,b). Vaccines were thus not available during the Spanish Flu pandemic,
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but rapidly became available during the 1957 Asian Flu pandemic (Gundlefinger
et al. 1958), when they were mainly used in military personnel. Although the 1968
Hong Kong Flu subtype was identified rapidly, vaccine production was delayed,
and a vaccine was not available during the outbreak.

Until recently, all available influenza vaccines were trivalent inactivated (killed)
virus vaccines. Initially whole-virus vaccines were used, which were then replaced
by 2001 by the less reactogenic split-virus vaccines. In June of 2003, a live attenu-
ated, cold-adapted, temperature-sensitive, trivalent influenza virus vaccine was
licensed in the United States for use in humans between 2 and 49 years of age.
Multiple clinical trials have been performed in adults (Demicheli et al. 2004), children
(Smith et al. 2006), and the elderly (Jefferson et al. 2005) to assess the efficacy of
influenza vaccines. Studies on live vaccines are still limited, but to date they suggest
that such vaccines may be more effective than inactivated vaccines in some cohorts
(Treanor et al. 1999).

One manuscript published an analysis of trials involving a total of 59,566 adults
(Demicheli et al. 2004) which showed that the live attenuated vaccines reduced the
number of cases of serologically confirmed influenza by 48% while the inactivated
vaccines had a vaccine efficacy of 70%. The yearly recommended vaccines had low
effectiveness against clinical influenza cases or time off work, the later a nonspe-
cific outcome that included illness caused by influenza as well as other agents. The
authors concluded that universal immunization of healthy adults is not supported
by their results.

Fifty-one studies involving 263,987 children were included in an analysis of
influenza virus vaccine efficacy in children (Smith et al. 2006). The attenuated vaccines
showed an efficacy of 79% in children older than two years, while inactivated
vaccines had a lower efficacy of 59%. In children under two, the efficacy of inactivated
vaccine was similar to placebo. In another study, results from 19 randomized clinical
studies covering a total of 247,517 children were analyzed and reported to show an
overall vaccination efficacy of 36% against clinical disease, 67% against laboratory-
confirmed cases, and 51% against acute otitis media. Between-study variability was
related to the children’s age and study quality. For example, when studies from the
USSR were excluded from the analysis, the overall efficacy of the vaccine in preventing
clinical cases increased from 36% to 61% (Manzoli et al. 2007).

Indirect evidence for the effectiveness of annual influenza virus vaccination of
children can be gained from Japan, where as of 1957 school children were vaccinated
annually. Vaccination became mandatory in the 1970s and was discontinued in 1994.
During the time of mandatory vaccination, mortality among the elderly declined
markedly, presumably due to reduced exposure to their infected grandchildren.

Sixty-four studies were analyzed to determine the efficacy of influenza vaccination
in the elderly (Jefferson et al. 2005; Rivetti et al. 2006). In homes for elderly individuals,
the effectiveness of vaccines against disease caused by influenza virus could not be
demonstrated. When the vaccines were closely matched to the circulating virus
subtype, they prevented pneumonia, hospital admission, and deaths. In elderly
individuals living in the community, vaccines were not significantly effective
against clinical influenza or pneumonia that were not laboratory confirmed. The
authors concluded that vaccination was useful in long-term care facilities but not
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necessarily in community settings. Another large analysis of community-living
elderly came to the opposite conclusion. This analysis showed that vaccination was
associated with a 27% reduction in the risk of hospitalization for pneumonia and a
48% reduction in the risk of death (Nichol et al. 2007). Other smaller studies
showed that immunization of frail elderly did not reduce the rate of hospital admis-
sions due to acute respiratory illnesses (Jordan et al. 2006), and that vaccination
failed to reduce the overall mortality of the elderly (Rizzo et al. 2007).

In summary, although annual influenza virus vaccination is highly recommended,
especially for high-risk populations, results of clinical trials designed to prove their
efficacy remain controversial and thus far do not fully support the notion that vaccina-
tion affords reliable protection against influenza virus infection and its sequelae.

7 Pandemic Influenza Virus Vaccines

WHO has summarized a number of global pandemic phases that have been adopted
in federal and regional response plans and serve to define the type of responses
required. Details on these phases and suggested courses of action can be obtained
online (see also Table 2).2 These phases are as follows:

A. Interpandemic period: Phase I: No new influenza virus subtypes have been
detected in humans but they may be present in animals. Risk of human infection
is considered low. Phase II: An influenza virus subtype circulating in animals
poses a high risk to humans.

B. Pandemic alert period: Phase III: Animal-to-human infection(s) with a new
subtype, Phase IV: Small and localized cluster(s) with limited human-to-human
transmission; Phase V: Larger but still localized cluster(s) of human-to-human
transmission.

C. Pandemic period: Phase VI: Increased and sustained human-to-human
transmission.

D. Postpandemic period.

As of early 2008, the USA is currently in an interpandemic period, while parts of
Asia, Africa, and Eurasia have entered Phase III(/IV) of a pandemic alert period;
pathogenic avian H5N1 virus has repeatedly infected humans without causing
proven human-to-human transmission yet. Small clusters of human infections that
may reflect human-to-human transmission have been observed.

In anticipation of an influenza virus pandemic that would kill up to an estimated
1.9 million Americans and require the hospitalization of an estimated 10 million
Americans, in November of 2005 the Department of Health and Human Services
issued a pandemic influenza plan,* and State Governments developed blueprints for

2See http://www.who.int/csr/disease/avian_influenza/phase/en/index.html
3See http://www.hhs.gov/pandemicflu/plan/overview.html#es.
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Table 2 WHO pandemic classifications

Interpandemic period Phase I Novel influenza subtypes present in animals. Low risk
of human infection
Phase 11 Humans at high risk of animal subtype

Pandemic alert period Phase 111 Animal-to-human transmission of a novel influenza
subtype
Phase IV Small clusters of human-to-human transmission
Phase V Larger contained clusters with human-to-human
transmission
Pandemic period Phase VI ~ Human-to-human transmission of virus is sustained
and spreading
Postpandemic period Threat of human-to-human transmission has subsided

local pandemic response plans. Funding was provided to increase infrastructure,
enhance vaccine production capability, and to augment basic knowledge on influ-
enza virus pathogenesis and host responses.

How much experience do we have with pandemic influenza virus vaccines? As
mentioned above, vaccines for the Spanish and Hong Kong Flu pandemic were not
available at that time, and the vaccine that was available during the Asian Flu pandemic
was mainly used in military personnel (Dull et al. 1960). In summary, our experi-
ence with the global use of a vaccine for pandemic influenza virus is nonexistent.
One could envision four scenarios for the role of a vaccine in the next influenza
virus pandemic: (a) an ideal outcome in which the world could be vaccinated with
a universal vaccine that would never allow another pandemic to strike, (b) an opti-
mistic outlook in which sufficient doses of a vaccine are produced in advance in
order to rapidly immunize those at the epicenter of the pandemic and those at high
risk, before additional vaccine for global immunization could be produced and
distributed, (c) a pragmatic attitude that prepares as effectively as possible for the
next pandemic without necessarily expecting that a vaccine will be on hand at the
start of the pandemic, and (d) a worst-case scenario, in which the next pandemic
influenza virus will outsmart us.

7.1 Ideal Outcome: Universal Vaccine for Influenza Virus

In an ideal scenario, scientists would develop a universal vaccine for influenza
virus, industry would rapidly get involved in conducting large-scale trials needed
for licensure, and then, with the aid of governments and philanthropic agencies,
initiate a worldwide vaccination program before the next pandemic subtype of
influenza virus evolves. Ideally, the vaccine would be adjuvanted to induce robust,
long-lasting immunity not only in healthy adults but also in high-risk populations
such as the elderly, infants, or those suffering from chronic diseases. It is hoped
such a vaccine would prevent the development of any future influenza virus pandemics
(Table 3).
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Table 3 Influenza vaccines

Vaccine Type vaccine Antigen Correlate of protection
Pandemic Inactivated influenza virus  All viral proteins Neutralizing antibodies
Attenuated influenza virus ~ All viral proteins Neutralizing antibodies, T cells
(@)
Subunit (viral vectors, HA Neutralizing antibodies
DNA vaccines)
Prepandemic  Subunit (viral vectors, M2e Nonneutralizing antibodies

DNA vaccines, fusion
proteins, peptides)

Subunit (viral vectors, NP, M T cells
DNA vaccines)

In experimental animals, some vaccines affect protection against heterotypic
challenge with influenza virus, such as vaccines based on M2e (Mozdzanowska
et al. 2003; Liu et al. 2004; Slepushkin et al. 1995; Fan et al. 2004; Frace et al.
1999; Neirynck et al. 1999; De Filette et al. 2006; EurekAlert 2007). Protection
through M2e-expressing vaccines is mediated by humoral immunity and can be
achieved by passive transfer of monoclonal M2e-specific antibodies prior to virus
challenge (Mozdzanowska et al. 2003). One vaccine developed by W. Gerhard and
colleagues was based on an M2e peptide linked to universal T helper cell epitopes.
Others developed M2e vaccines based on papilloma virus-like particles (Ginaldi et
al. 1999a), or fusion proteins linking M2e to hepatitis B virus core protein (De
Filette et al. 2006). All of these subunit vaccines elicited antibodies to M2e in
animals that protected against subsequent challenge with different types of influenza
A virus, and the M2e-hepatitis B virus core fusion protein vaccine has now entered
a phase I trial (EurekAlert 2007). The immunogenicity of an M2e vaccine could be
increased by adjuvants such as Toll-like receptor 5 ligands (Huleatt et al. 2008).
In one study, passively immunized animals were challenged with influenza A
viruses that were identical or that differed in their M2e sequence; animals were
protected against viruses that expressed the same M2e sequence but not against
subtypes with M2e variants, (Fan et al. 2004). Several M2e sequences correspond-
ing to the HIN1, HS5N1, and H9N2 influenza subtypes were formulated using a
liposome-based vaccine technology and evaluated as potential immunogens for the
development of a “universal” influenza vaccine. Mice immunized with the polyvalent
liposomal M2e survived challenges with different subtypes of influenza virus, and
antiserum from immunized mice provided passive protection to naive mice (Ernst
et al. 2006). One study on a DNA vaccine expressing M2e fused to the nucleopro-
tein of influenza A virus reported increased mortality in vaccinated pigs, indicating
that a poorly immunogenic vaccine (and DNA vaccines are commonly poorly immu-
nogenic, especially in larger species) may exacerbate influenza virus-associated
pathology (Heinen et al. 2002). In most studies, vaccines expressed one sequence
of M2e. Notwithstanding, although M2e is far less variable than HA, it is not com-
pletely conserved, and mutants such as those present in recent HSN1 variants have
been observed, suggesting that a universal M2e-based vaccine for influenza A virus
should incorporate several common variants of M2e, including those that are present
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in the currently circulating pathogenic H5SN1 viruses (Aydar et al. 2004). M2e vac-
cines induce some protective immunity, although this protection wanes against high
challenge doses of virulent virus. M2e vaccines thus need to be optimized further,
either through the use of novel adjuvants, or by their incorporation into more immu-
nogenic vaccine carriers. Once this is achieved, M2e vaccines may well become
part of an ideal universal vaccine for influenza virus, alleviating the need for a
pandemic vaccine.

Under some circumstances, CD8* T cells directed against conserved sequences
of influenza A virus provide protection against heterotypic challenge; however,
under other circumstances, they fail to protect. Influenza virus antigens such as NP
and M proteins (which carry conserved epitopes of influenza A virus) and vaccine
carriers that induce robust CD8* T cell responses to such epitopes are readily
available—the missing link remains a solid knowledge of what distinguishes a
protective CD8* T cell from one that is ineffective or, even worse, exacerbates
disease. Once this knowledge is gained, a universal influenza vaccine based on
antigens that aim to induce T cell responses could be developed and deployed,
either alone or in combination with an M2e-expressing vaccine.

Currently there is no universal vaccine for influenza virus in the industrial
pipeline, and WHO estimates that it will take at least another 5-10 years before
such vaccines become available.*

7.2 Optimistic Outlook: Prepandemic Vaccines

The highly pathogenic H5N1 virus that is endemic in wild birds in Asia, Africa, and
Europe, and has spread to poultry and from there to humans, is currently viewed as
a major candidate to evolve into the next pandemic subtype, through mutations that
allow for efficient human-to-human transmission. Several entities have started to
develop vaccines based on current subtypes of avian influenza virus under (a) the
assumption that HSN1 would evolve into a pandemic virus, and (b) the optimistic
conjecture that the pandemic virus would have sufficient homology with currently
circulating viruses to allow for cross-protective immunity (Table 3).

The Asian highly pathogenic avian H5N1 virus has divided into two antigenic
clades. Clade 1 includes human and bird isolates from Vietnam, Thailand, and
Cambodia and bird isolates from Laos and Malaysia. Clade 2 viruses include bird
isolates from China, Indonesia, Japan, South Korea, the Middle East, Europe and
Africa, and were primarily responsible for human H5N1 infections during 2005-2006.
Clade 2 is further subdivided into six subclades with a distinct geographic distri-
bution. Over time, the pool of HSNI viruses that could potentially evolve into a
pandemic form is diversifying rapidly, making it very difficult to decide on a specific
virus as the basis for a vaccine.

4See http://www.who.int/immunization/newsroom/PI_QAs/en/index.html.
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Initial vaccines were developed for protection against the HSN1 subtype that
was isolated from humans in Hong Kong in February 2003, but this virus has
changed substantially, so these vaccines are now most likely no longer useful
(Suguitan et al. 2006). In April 2004, WHO made a H5N1 prototype seed virus
available to manufacturers. In August 2006, WHO changed the prototype and now
offers three new prototype viruses. Future changes of the reference virus to accom-
modate additional mutations are expected.

Developing vaccines to HSN1 based on traditional approaches was a challeng-
ing task. The highly virulent H5N1 viruses rapidly kill embryonated chicken
eggs, which are used to propagate the influenza A viruses for the annual vaccines.
A number of manufacturers thus started to develop cell culture systems based for
example on Vero or MDCK cells to propagate H5SN1 influenza virus. Cell-grown
influenza virus vaccines were tested in humans and showed immunogenicity and
safety profiles that were comparable to those of egg-grown vaccines (Halperin et
al. 2002). Others used reverse genetics to develop reassortant viruses in which
gene segments encoding HA and NA were derived from highly pathogenic HSN1
virus, and all other genes were derived from the HIN1 virus A/PR/8/34, which
was isolated in Puerto Rico in 1934 and is commonly used in animal studies
(Lipatov et al. 2005b; Subbarao et al. 2003). The HA gene was further modified
to replace the stretch of six basic amino acids at the cleavage site that can be
digested by furin (Shi et al. 2007), and the resulting virus is avirulent in chickens
and can be grown readily in eggs.

Most vaccines for highly pathogenic H5SN1 tested to date were based on inac-
tivated or attenuated virus used with or without adjuvant (Matsuoka et al. 2003;
Subbarao et al. 2003; Lipatov et al. 2005b; Stephenson et al. 2005). These
vaccines achieved protection in mice, ferrets, or birds against pathogenic subtypes
of influenza A virus expressing the same or a closely related HA through the
induction of neutralizing antibodies. In a human clinical trial with an inactivated
H5NI1 influenza virus vaccine attenuated through reverse genetics and changes of
the HA cleavage site to allow propagation in eggs, protective titers of neutralizing
Abs could be induced in volunteers after two doses of the vaccine (Treanor et al.
2006). Unfortunately, the dose that was needed to induce immune responses was
six times that used for current influenza A virus vaccines. In a subsequent larger
trial, the vaccine was adjuvanted with aluminum hydroxide, which did not improve
the vaccine’s immunogenicity (Bresson et al. 2006). Others reported the opposite
results (Leroux-Roels et al. 2007). Additional clinical trials were conducted with
inactivated whole-virus vaccine, which caused seroconversion in ~80% of vaccines
that received the highest vaccine dose (10 mg), again indicating that the HA of
HS5NI1 viruses is not a potent inducer of neutralizing antibody responses (Lin et al.
2006). The immunogenicity of HSN1 vaccine could be increased by adding MF59
adjuvant (Nicholson et al. 2001). Clinical trials have also been initiated with an
attenuated H5N1 vaccine.’

5 See http://www.nih.gov/news/pr/sep2006/niaid.//.htm
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A number of groups have developed subunit vaccines for HSN1 virus. A DNA
vaccine encoding HS provided partial protection against challenge with HSN1 virus
(Bright et al. 2003), while DNA vaccines encoding NP or M were comparatively
ineffective (Epstein et al. 2002). DNA vaccine priming followed by a booster
immunization with a replication-defective vector of adenovirus of the human sero-
type 5 (AdHu5), both expressing NP, augmented specific T cell responses and
provided superior protection against challenge (Epstein et al. 2005). Two groups
explored AdHu5 vectors expressing HS; they were shown to induce B and T cell
responses against HA which protected against challenge with a pathogenic HSN1
virus (Gao et al. 2006; Hoelscher et al. 2006). Nevertheless, it should be pointed
out that seroprevalence rates of neutralizing antibodies to AdHu5 are high in
humans, especially those living in Asia or Africa, and that such antibodies strongly
dampen antibody responses to the transgene product expressed by an AdHu5 vector.
Fowl pox vectors (Qiao et al. 2006) and alpha virus replicons (Schultz-Cherry et al.
2000) expressing HS were also shown to induce protective immunity against HSN1
influenza viruses.

In 2003, a H7N7 virus caused an outbreak in poultry in the Netherlands during
which 88 humans became infected and mainly developed conjunctivitis, while one
died of complications due to pneumonia. The virus isolated from the fatal case
showed a mutation in the polymerase gene that was similar to that of highly patho-
genic H5N1 (Munster et al. 2007). A reassortant vaccine expressing H7 and N7 on
the A/PRS8 background was developed, and an inactivated adjuvanted form of this
vaccine induced neutralizing antibodies and protection in mice after two doses (de Wit
et al. 2005).

A low-pathogenic subtype of H7N2 has been circulating in poultry in the north-
eastern USA since 1994, while highly pathogenic avian influenza has sporadically
appeared, such as in an outbreak in Chile (H7N3) in 2002, an outbreak in the
United States (HSN2) in 2004, and an outbreak in Canada (H7N3) in 2004 (Senne
2007). These viruses readily become pathogenic through some mutations (Lee et al.
2006) and thus pose a pandemic threat. A reassortant vaccine has been generated
against H7N2 and was shown to induce protective immunity in mice and ferrets
(Pappas et al. 2007).

Thus far, only one H5N1 influenza vaccine has been licensed by the United
States Food and Drug Administration (FDA), while a number of other candidate
vaccines against HSN1 avian influenza are in clinical trials and should be licensed
in the near future. Whether or not these vaccines will be protective against the next
pandemic virus is unknown. Initiating widespread vaccination before the actual
pandemic starts would thus raise ethical questions—any vaccine, even one that is
well tolerated, carries risks for the recipients. Without any clear indication that
HS5N1 is turning into a pandemic virus, the risk of vaccination would surpass the
benefit to the vaccinated individual. This was demonstrated during the swine flu
vaccine debacle of 1976, when vaccination against a virus that never spread caused
a serious, crippling disease in hundreds of recipients. In addition to causing harm
to these unfortunate individuals, this incident continues to provide ammunition to
the vocal community of vaccine opponents that seem to have forgotten the haunting
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images of humans disfigured by poxviruses or wards full of polio virus-infected
children on iron lungs. In contrast, a universal vaccine could be given before a
pandemic, as such a vaccine would prevent seasonal influenza, thus providing a
tangible benefit to its recipients.

7.3 Pragmatic Attitude

Scio me nihil scire (I know that I don’t know) is a famous saying attributed to the
Greek philosopher Socrates by Plato. If we take a Socratic view of the form and
shape of the next pandemic influenza virus, mass production of a vaccine that
induces protection through subtype-specific antibodies before a pandemic virus has
actually evolved makes no sense. Making sure that an infrastructure is in place to
rapidly and efficiently respond to a pandemic is, on the other hand, a prudent
approach, and global agencies such as WHO in concert with governments are pre-
paring for the next pandemic. Constant monitoring of evolving subtypes, new
human infections and potential human-to-human spread in order to detect a pandemic
at the earliest possible time is a vital task, and this been established. The sharing of
virus isolates to identify potential vaccine candidates is important and requires
international collaboration. Indonesia, which has the highest incidence of H5N1-
related human deaths, initially refused to provide HSN1 samples to WHO in order
to focus attention on their concern that while developing countries provide new
viral isolates, any resulting vaccines produced by commercial companies would
likely be used primarily in developed countries. By March 2007, Indonesia, which
was the only country that took this stance, reversed its policy.

To date, global vaccine production capacity is insufficient, as seasonal influenza
vaccines are only used by a small portion of the global population. A number of
vaccine manufacturers have started to increase their production capacity, and it is
expected that the current capacity will double by 2009. The long-term goal is to
increase production capacity to three billion doses per year. It is also expected that
manufacturing will commence in less developed countries. Idiosyncrasies of the
actual pandemic vaccine, such as the required dose and the potential need for repeat
injections, will determine whether this capacity will suffice. This is being addressed
by attempts to increase the immunogenicity of influenza virus vaccines through
novel adjuvants. Poorly growing vaccine subtypes could also offset the speed of
production, and this is being tackled by developing cell-culture-based systems and
through the use of reverse genetics to achieve rapid attenuation of influenza viruses.
Recent studies indicated that antibodies to currently circulating viruses show some
cross-reactivity with H5SN1.° These studies must be confirmed. If indeed annual
vaccinations with certain types of vaccine offer some degree of heterotypic protection

¢Sandbulte MR, et al. 2007 Cross-reactive neuraminidase antibodies afford partial protection
against HSN1 in mice and are presection unexposed humans PLoS Med
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a broadening of seasonal influenza vaccine coverage would certainly be warranted,
especially in countries that have advanced to a “pandemic alert period.”

Progression through all of the steps of vaccine development, from preclinical
trials in rodents through to clinical trials in humans and then licensing, generally
takes 5—10 years. The FDA, which regulates vaccine licensure in the USA, has
formulated guidelines for industry for the accelerated licensure of pandemic influ-
enza vaccines based on the induction of neutralizing antibodies to hemagglutinin in
order to ensure that regulatory aspects do not hinder the rapid deployment of a
pandemic vaccine. Vaccines that do not contain viral hemagglutinin are not covered
by these guidelines.

Nevertheless, even if the production of a vaccine starts on the day that a pandemic
virus has been identified, it will still take 4—6 months until the very first dose of
vaccine is available. Other control measures are therefore needed to limit damage
until the vaccines become available for everyone. In the USA, the federal government
and state governments have formulated pandemic preparedness plans to be followed
in the event of a pandemic. These plans not only list the responsibilities of government
entities and individuals, but also address the use of limited pharmacological agents
and other types of control measures. Similar to vaccines, the availability of antiviral
drugs is expected to be limited. Antiviral drugs may slow the pandemic if used in
a timely manner at the epicenter of the pandemic. They may also be extraordinarily
useful for protecting persons that provide essential healthcare and for maintaining
vital infrastructure.

Assuming a delay of at least 6—12 months before sufficient doses of vaccine are
available for global mass vaccination, vaccines will have to be rationed at the begin-
ning of the pandemic. Governments will issue lists of high-priority personnel that
are to be vaccinated first. Although these lists vary from state to state in the USA,
they typically include hospital and health department staff, emergency medical
service personnel and household members, law enforcement personnel, fire fighters,
medical laboratory workers, emergency management personnel, long-term care
facility staff, utility workers (gas, electric, water, waste management, etc.), com-
munications personnel, fuel and food suppliers, public transportation and air travel
personnel, corrections workers, morticians/coroners/medical examiners, pharma-
cists, Red Cross field workers, US postal service staff, persons involved with vac-
cine production and delivery, etc. It has been suggested that once more vaccine
becomes available, healthy working adults should be vaccinated before high-risk
populations such as children or the elderly.

It is still to be decided who will ultimately purchase the pandemic vaccine—
federal or state governments, who could clearly facilitate orderly distribution, or the
private sector. If the private sector carries the cost, insurance companies will have
to take a stance on cost coverage, and plans will have to be developed for the
uninsured.

Once a vaccine becomes available, other problems will arise. Some of these
issues are being addressed by governments, and the examples below apply to the
USA. A pandemic vaccine would not be expected to undergo the vigorous safety
testing typical of other vaccines. Manufacturers that develop pandemic vaccines
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can request indemnification from the Secretary of Health and Human Services for
“an activity that involves unusually hazardous risks and for which insurance is not
available or sufficient to cover those risks.”

A vaccine will have to be distributed rapidly and in an orderly manner. The US
government ruled that it may mobilize the PHS Commissioned Corps to distribute
vaccines to federal agencies with direct patient care responsibilities, or to states,
tribes, and other localities through the National Disaster Medical System and
through agreements between the federal government, states, and localities.

Liability protection must be put in place. The US government has ruled that
federal employee administrators are covered by the federal government and could
make claims through the Federal Tort Claims Act. State employees may be covered
for malpractice or tort claims coverage under state law. Federal contractor and
private sector employees distributing the vaccine would be expected to carry mal-
practice insurance or they could be covered by the Volunteer Protection Act, State
Good Samaritan Act, or State Emergency Compact provisions. If a person is injured
following administration of a pandemic vaccine or antiviral medication in connection
with his/her employment, compensation may be available under a state’s worker’s
compensation program. For federal employees, compensation may be available
under the Federal Employees’ Compensation Act.

Assuming that vaccines will not be available at the onset of the next pandemic,
other nonpharmaceutical measures are being discussed to (1) limit international
spread, (2) reduce spread within national and local populations, and (3) reduce an
individual person’s risk for infection.

Influenza viruses are typically shed 24-48 h before the onset of disease, and
virus titers peak within the first three days after onset of symptoms and then decline
by day 7-8. It is possible but not yet proven that the virus spreads by shedding a
small amount of virions before the first symptoms occur, which could markedly
reduce the effectiveness of most quarantine measures. Infection occurs predomi-
nantly via droplets formed by coughing or sneezing individuals. Infection by aero-
solized virus is less common. The virus can also be transmitted via infected hands
or surfaces. The wearing of masks and the employment of appropriate sanitizing
measures to clean hands and infected surfaces are thus useful actions for protecting
an individual (Jefferson et al. 2008).

It is thought that temporary protection of populations may in part be achieved by
implementing quarantine measures. In the pandemic of 1918, some island countries
enacted maritime quarantines (Markel et al. 2007). Australia and Madagascar were
able to delay the start of the pandemic by several months, while Samoa and New
Caledonia remained completely free of the pandemic. Quarantine measures were
attempted on land, but they were unsuccessful. Quarantine was tried again in 1957,
but it largely failed. Quarantine was very successful in stopping the SARS epidemic
of 2003 (Hsieh et al. 2007). The SARS virus has a longer incubation time than
influenza virus, and peak virus titers are not reached until several days after the
onset of symptoms. Isolating cases thus proved an effective way to prevent the further
spread of SARS, but it is unlikely to work against influenza virus. WHO recom-
mends exit screening for international travelers that leave countries that are affected
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by an influenza virus pandemic. It is unclear if and to what extent this may delay
the spread of the virus. However, any delay would be useful in allowing extra time
for vaccine production.

The US government has issued an Executive Order adding potentially pandemic
influenza viruses to the list of quarantinable diseases, which empowers the Centers
for Disease Control and Prevention (CDC) to detain, medically examine, or condi-
tionally release individuals that are reasonably believed to be carrying a communi-
cable disease. The intent of this order is to enable the United States to respond
efficiently and effectively in the case of an outbreak by pandemic influenza viruses.
This order gives legal authority to the Department of Health and Human Services
to isolate a passenger arriving on board an international vessel that show evidence
of infection with a novel influenza virus, even if that passenger refuses to cooperate.
The federal government (such as the CDC) generally defers to the state and local
health authorities in the use of their own quarantine powers. State-implemented
interventions would likely include the isolation and treatment of infected individuals,
voluntary home quarantine for members of the households of infected individuals,
the closure of schools and universities, and the encouragement of social distancing
through the cancellation of large public gatherings.

7.4 Worst Case Scenario

WHO estimates that in the worst case scenario more than 70 million people could
die as a consequence of the next influenza virus pandemic. Other estimates are
higher: 180-360 million deaths. To put this number into perspective, 360 million
is approximately the total population of South America, or half of the population
of Europe. Death tolls will primarily depend on the virulence of the next pan-
demic—current clades of highly pathogenic HS5N1 virus kill >60% of those
infected. It would also depend on the ease with which the virus is transmitted
between humans, and last but not least on the effectiveness of control measures.
Late detection of a pandemic, which could evolve in a war-ravaged country that
lacks surveillance, would shorten the time interval available for the development
of a vaccine. Vaccine production could be further delayed by problems with the
seed virus, such as toxicity toward eggs or cell substrates, poor immunogenicity of
the vaccine, or unacceptable reactogenicity. The modern world, with its high
degree of social and economic interdependency, has not yet experienced a major
pandemic that disrupts crucial aspects of local and global infrastructure. Lack of
available workers and restricted movement could threaten essential services, and
the failure of any one system could trigger others to fail too, causing cascading
breakdowns.

Highly pathogenic H5N1 influenza viruses have been circulating for more than
ten years and many have come to believe that they are unlikely to jump species.
Although this may well be the case, the consequences of relaxing our efforts to
prepare for the next pandemic could be horrific.
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8 Summary

In 1969, when smallpox virus was on the brink of extinction and polio was disap-
pearing from developed countries, the US Surgeon General, William Stewart, told
Congress that it was time to “close the books on infectious diseases.” Unfortunately,
Congress listened and shifted federal funding from microbiology/virology to cancer
and cardiovascular diseases. Ever-increasing liability costs made the industry more
and more reluctant to stay involved in vaccine production, and the number of
companies that produce vaccines has now become so limited that annual vaccine
shortages are common (Markel et al. 2007). Infectious agents have continued to
take a major toll on human lives. Since 1969 more than 30 new microbes have
emerged, such as HIV-1, which has claimed over 22 million lives thus far. Even old
microbes such as influenza virus continue to take a toll on human lives; for example,
in the USA alone, seasonal influenza causes over 200,000 hospitalizations and over
30,000 death each year. The world will experience a new influenza virus pandemic.
No-one can predict when it will happen, where it will start, what virus will cause
it, and what the global and local impacts will be. The only aspect of the next pandemic
we can predict with certainty is that it will happen.

Complacency, not only in the USA but worldwide, has weakened the infrastruc-
ture for efficiently combating newly emerging infectious agents, and this infrastructure
needs to be rebuilt. Communications with the public must be improved globally in
a manner that informs accurately without alarming unduly. It is clear that this has
not yet been achieved, as exemplified by a recent HSN1 outbreak in West Bengal
in India,” where children were reported to have unprotected contact with birds that
died due to infection with H5SN1.

Our continued lack of knowledge about the very basic question of the immuno-
biology of influenza viruses and the efficacy of vaccines in different cohorts is
mind-boggling. We still do not fully understand correlates of protection against
influenza virus, and debates on the role of CD8* T cells in providing protection are
continuing. This knowledge needs to be generated, especially in order to enable the
development of a universal influenza virus vaccine, the “holy grail” that could pre-
vent future influenza virus pandemics.
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