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Abstract
Influenza A viruses pose a substantial threat to the human population whether by purposeful
manipulation and release or by the natural process of interspecies transmissions from animal
reservoirs. The challenge with preparing for these events with vaccination strategies is that the best
forms of protective immunity target the most variably of the viral proteins, hemagglutinin. Add to
this even just the natural extent of variation in this protein and the challenges to vaccinologists become
great. Progress must be made in the area of streamlining the conventional vaccine approaches, but
also in further defining and testing other more conserved protective antigens. Within the context of
biodefense, the issue will be to reach a balance where some of the diversity of influenza viruses can
be encompassed within a vaccine while maintaining an acceptable level of efficacy.
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Introduction
The inherent virulence of select H5 and H7 influenza A strains and the advent of plasmid-based
reverse genetics systems for these viruses has led to the inclusion of influenza as an organism
of interest for biodefense [1]. The potential impact of a highly transmissible, highly pathogenic
influenza in human or other animal populations is substantial as highlighted by the financial,
societal, and political fallout from the H5N1 epizootic in recent years. The sporadic appearance
of unexpected and novel pandemic influenza viruses into human populations over the centuries
[2] has laid the foundation for development of influenza vaccines and although the challenges
are large, considerable resources have been channeled into this area and some progress made.

The challenges of Influenza vaccination
Because of the antigenic diversity encompassed by the avian reservoirs of influenza A viruses,
the emergence of a novel strain into humans, whether by nature or by design, poses a number
of problems in terms of vaccine design. The Achilles heel of preparing for an influenza outbreak
is that the most effective vaccines against the virus promote an immune response against the
most variable viral protein, hemagglutinin (HA) (Figure 1). The HA is a surface glycoprotein
that attaches and promotes entry of the virus into a host cell. As such, antibodies that can bind
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to the hemagglutinin can mediate neutralization of the virus through a number of mechanisms
including steric hindrance [3]. As discussed below, the HA is the mainstay of conventional
influenza vaccine approaches.

Conventional approaches to influenza vaccination
Inactivated virus vaccines

Most of the currently licensed influenza vaccines are in the form of inactivated antigen
preparations. Although three major formulations are, or have been, available, all work primarily
through the generation of antibodies to HA. As such, they are potent, but prone to antigenic
changes such as would be expected with the emergence of a new strain in a population. Clinical
studies have shown that inactivated vaccines have an efficacy, measured by reducing
serologically confirmed influenza illnesses, of 70% in the age group between 14–60 years
[4]. The efficacy is reduced with both infants and the elderly [5]. The first of the inactivated
vaccine formulation is whole virion, the experimental use of which dates back to 1940s. The
second is split virion which is derived by disrupting whole virus particles with disinfectants
and finally, the subunit form, which is prepared by enriching for the viral surface glycoproteins
HA and neuraminidase (NA) following disruption of viral particles. Although arguably more
immunogenic [6,7] the reactogenicity associated with inactivated whole virus vaccine
preparations, particularly in infants and children drove the development of the split vaccine
technology back in the 1960s [8,9]. Split and subunit vaccines have subsequently proven to be
safe and have been delivered to many countless of millions of people [10,11]. Unfortunately
the relatively poor immunogenicity of split vaccines means that at least two doses of vaccine
must be provided to generate protective immune responses in naïve individuals [12,13]. In the
event of a release of a novel and virulent strain of influenza, a two dose schedule for vaccination
poses logistical and temporal issues.

Other issues that limit the utility of inactivated vaccines for biodefense use include the reliance
of the production system on embryonated chickens eggs and the length of time between
selection of vaccine strains and the availability of the first doses of formulated vaccines [14–
16]. As discussed, inactivated vaccines target HA and as such are relatively specific towards
the strain in the vaccine, i.e., the immunity generated is not particularly broad and their efficacy
is largely dependent on the degree of matching between vaccine and circulating strain.
Therefore matching vaccines can only be produced after an outbreak has started. This fact has,
nevertheless, not stopped the stockpiling of inactivated vaccines targeting animal strains
considered of high zoonotic risk and a stockpiled library approach has been suggested as one
tool in biodefense. Another key issue with the inactivated approach is that it is based on
inactivation of live viruses that must be grown in bulk. Generation of bulk volumes of a novel
virus, even reassortants with attenuating gene segments which are typically used, carries with
it some safety concerns [15,17].

Live attenuated virus vaccines
Unlike inactivated vaccines, live attenuated virus vaccines (LAIVs) are administered by
intranasal inoculation of replication competent virus. In these vaccine viruses the HA and NA
of the target strain is introduced into the backbone, for the licensed LAIV’s, of an attenuated,
cold-adapted virus [18,19]. The resulting virus has the antigenic phenotype of the target strain
but the attenuated phenotype of the master strain. For completeness, it should also be noted
that a number of other mechanisms, besides cold adaptation, of attenuating influenza vaccines
are being developed for exploitation in LAIV’s. Such approaches target a number of specific
gene segments such as M2, PB2, and NS1 [20–23].
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The perceived advantages of the LAIV approach is that both a local immune neutralizing
antibody and a cell mediated response can theoretically be generated. Cell mediated immunity
is an attractive goal for influenza vaccines due to the fact that such immunity targets the more
conserved viral proteins [24]. In an ideal world, such immunity would protect across a range
of different virus strains. In practice, in the few side by side comparisons of LAIV and
inactivated vaccines in a seasonal influenza setting, the theoretical advantage of a broadened
immune response is only seen in the younger cohorts [25,26]. This is hypothesized to be due
to the over attenuation of the viruses in an immunologically primed population. Within the
context of a release of a novel strain, however, the population will essentially be naïve and
LAIV could have an important role to play in terms of corresponding vaccine strategies.

Despite some advantages, LAIV do suffer from some of the same issues as do their inactivated
counterparts. LAIV will also likely require two doses to elicit optimal immune responses and
their generation time is not substantially different from inactivated vaccines. LAIV also have
some unique drawbacks in that it is possible not all HA and NA combinations will form viable
viruses on the attenuated backbone, the vaccine virus must be able to infect the human upper
respiratory tract (potentially an issue for avian strains [27,28]), and potential safety risks of
administering a live virus into a population before the target strain is widespread.

Novel approaches to influenza vaccination
As discussed, the major challenge with the development of vaccines against a novel influenza
strain is the fact that generally the most potent forms of immunity target the most variable
proteins. As such, and due to the enormous antigenic diversity possible within influenza
viruses, most potent vaccines must be produced in response to an emergency rather than in
advance of one. The time needed for such processes essentially means the first months of an
emergent virus will not be met with any available vaccine. In very general terms, there are two
major areas where newer generation influenza vaccines are poised to improve our ability to
respond to or prepare for an influenza pandemic; increasing the speed at which matching
vaccines can be produced or improving the breadth of immunity generated therefore extending
the usefulness of stockpiled vaccines. Below we will briefly review, certainly not exhaustively,
some of the more advances of these approaches.

Increasing the speed of vaccine preparation and delivery
Reverse Genetics

One of the more touted advances in influenza vaccine processes in recent times has been the
utilization of plasmid based reverse genetics systems [29,30]. These systems allow the
generation of viruses of defined genetic composition. Although these processes do not speed
up the actual time of manufacture for influenza vaccines, they can provide advantages in the
development of seed strains which are typically produced within laboratories associated with
the World Health Organization. It is these strains that are sent to manufacturers for bulk vaccine
production. Although reverse genetics systems can potentially speed up the generation of the
typical reassortant seed strains to seasonal and low pathogenic strains, their real value comes
to the fore when the circulating virus is one of the highly pathogenic H5 or H7 strains [31,
32]. In these instances, the molecular features which primarily confer this high virulence, and
coincidently reside within the HA protein, can be removed to produce a safe matching seed
strain. Indeed, these technologies have been the backbone to the success of the production of
inactivated and LAIV vaccines to H5N1 viruses.

Use of adjuvants
The poor immunogenicity of conventional influenza vaccines is a major hurdle in the rapid
response to an emerging virus. The impact is twofold, first higher doses of antigen are needed
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per dose meaning it takes longer to produce the required amounts, and second, is that two doses
are needed in vaccine recipients, therefore the time to when they are protected is extended. The
use of adjuvants to overcome poor immunogenicity and for antigen sparing is not new to
vaccinology, indeed, adjuvants such as Alum salts for several human vaccines started several
decades ago [33]. Addition of Alum adjuvant to split or subunit influenza vaccines has,
however, induced only marginal improvements [10,34]. Whole virus vaccines have feared
slightly better, but are still less than optimal even in the presence of alum [35–37]. In contrast,
oil-in-water based adjuvants (e.g., MF59 and AS03) have reduced the antigen requirements of
H5N1 vaccines by at least 6 fold and have induced protective response after only single doses
[38,39]. MF59 has shown encouraging results in a number of influenza formulations and is
licensed in seasonal influenza vaccine in Europe [40,41]. These results strongly suggest that
unless novel production and/or adjuvant systems are developed, oil-in-water adjuvants should
go hand-in-hand with the development of influenza vaccines for biodefense.

DNA vaccination
Although some advances in improving the speed of conventional vaccines are being made, it
is probable that the most advances in this area of flu vaccinology will require newer generation
technologies. Although not new technology in itself, DNA vaccines are also being explored
for their utility in influenza vaccines. DNA vaccines expressing various combinations of the
viral HA or NA as well as other viral genes have been shown to be protective in animal models
[42–44]. Production of these vaccines is relatively safe and economic and potentially rapid.
The historical concern with DNA vaccines in humans is their poor immunogenicity, although
clinical studies utilizing plasmids expressing H3 HA proved effective at a single 4 microgram
dose [45]. More clinical studies are, however, required to fully understand the safety,
immunogenicity, and effectiveness of DNA vaccines in humans. Of the newer approaches they
do, nevertheless, possess many advantages while still targeting the preferred viral target, HA.

Increasing the breadth of immunity
Although increasing the speed of producing a matching vaccine is a key area, in the context of
biodefense, perhaps of greater importance is the generation of more broadly reactive vaccines.
The rational for this conclusion is that having a vaccine able to protect against a myriad of
different strains would mean that the vaccine could be produced, manufactured, and stored
prior to the emergence of a virus, potentially saving many lives. Although a long sought after
goal for influenza vaccinologists, it is fair to say that such a vaccine does not currently exist
and as discussed those vaccine approaches that are less strain specific tend to be less effective.
Perhaps, however, we must lower our expectations of a biodefense influenza vaccine and strive
for the target of reducing severe disease and death as opposed to reducing infection; at least
while a matching vaccine is in development. In this scenario, some of the approaches described
below become more attractive.

Use of adjuvants
In addition to their ability to enhance vaccine immunogenicity, adjuvants have also been
suggested to expand the breadth of an immune response. It has been claimed that oil-in-water
adjuvants induce higher serum antibody titers as well as more cross reactive responses when
administered with split or subunit H5N1 vaccines [38,46]. Although these vaccines are unlikely
to protect across subtypes, they do appear to be more cross reactive across the variations within
a subtype. Despite the claims, however, it is a little unclear if the cross reactivity noted is due
to a qualitative difference in the specificity of the antibody response or if it is simply a reflection
of the higher overall titers, i.e., the specificity of an adjuvanted vaccine induced antibody is
the same but the minor populations have been elevated to above detectable levels. Recently,
Malherbe and colleagues have shown that different adjuvants can promote the accumulation
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of different dominant clonotypes of CD4+ T-cells in the context of protein vaccination [47],
perhaps through differential activation of antigen presenting cell populations, and it would
certainly not be surprising to find that adjuvanted influenza vaccines do induce a qualitatively
different response.

Universal target approach
Due to the inherent variation of the influenza HA, a number of attempts have been made to
design influenza vaccines based on more conserved viral epitopes. In theory this sounds
appealing, but in practice few of these approaches have come to fruition. One of the most
studied and developed of these “universal target” antigen vaccines are those that target the
extracellular portion of the M2 protein (M2e) [48]. The M2 protein is a transmembrane ion
channel and studies have shown that in appropriate configurations and in certain models,
antibodies to the M2e domain can be protective; virtually no M2e antibodies are produced after
natural infection. Vaccination of mice with M2e has proved to be protective against a range of
influenza strains, but the data is less convincing in other animal models and even in mice the
potency of the immunity has been questioned [49–51]. Nevertheless, clinical trials have been
initiated with M2e approaches, and many issues will become clearer in the near future [48].

M2e is not the only conserved epitope between influenza viruses and a number of other proteins
have been targeted. These include nucleoprotein and polymerase proteins through T cell
mediated approaches and also more conserved domains of HA [24,52,53]. Recent studies with
monoclonal antibodies have shown that a domain in the stalk region of HA is conserved across
a number of subtypes, and these results have led to speculation about using the epitope as an
immunizing antigen [54]. The immunogenicity of this part of the HA molecule and its
protective potential when used as the immunizing antigen is yet to be determined.

Summary
Although in comparison to other organisms of biodefense concern, the influenza virus has
minimal genetic material and much is known about the protective vaccine epitopes, we do not
yet have a vaccine that could be considered optimal for emergency situations. Spurred to some
degree by the influx of federal and private industry investment into H5N1 vaccine research
there has, however, been a flurry of recent research effort targeted at addressing this deficiency.
As such, the short to midterm should hopefully see a number of key steps completed in the
development of faster, more cross reactive, and more effective vaccines.
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Figure 1. The dilemma of influenza vaccination
Generally speaking, the most protective epitopes, HA and NA, are also the most variable viral
proteins. The key is finding the balance between immunogenicity and protein variability or
enhancing methods of delivering HA antigen.
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