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Abstract

Recent outbreaks of highly pathogenic avian influenza A virus infections (including those of the
H5N1 subtype) in poultry and in humans (through contact with infected birds) have raised
concerns that a new influenza pandemic will soon occur. Effective vaccines against HSN1 virus
are, therefore, urgently needed. Reverse genetics-based inactivated vaccines have been prepared
according to WHO recommendations and licensed in several countries following their assessment
in clinical trials. However, the effectiveness of these vaccines in a pandemic is not guaranteed. We
must, therefore, continue to develop alternative pandemic vaccine strategies. Here, we review the
current strategies for the development of H5N1 influenza vaccines, as well as some future
directions for vaccine development.

1. Introduction

Only type A influenza virus exhibits pandemic potential due to antigenic variation.
Currently, 16 hemagglutinin (HA) and 9 neuraminidase (NA) subtypes have been identified
among type A viruses (Wright et al. 2007). Three influenza pandemics emerged during the
20" century, the most devastating of which was the Spanish influenza, which was caused by
an H1N1 virus and was responsible for the deaths of at least 40 million people in 1918-1919
(Johnson and Mueller 2002). Sequence information from resurrected lung tissue samples
suggest that the 1918 virus was derived from “an unusual avian precursor” (Reid et al.
2004). The HA of the 1918 virus retained the residues in the host-receptor-binding site that
are characteristic of an avian precursor HA, but could bind human cell-surface receptors
containing a2,6-linked sialic acid (Gamblin et al. 2004; Stevens et al. 2004). Reverse
genetics studies, including the reconstitution of the 1918 virus itself and experimental
infection of macaques with the reconstituted virus, suggest that, unlike other human
influenza, the 1918 virus induced dysregulation of the antiviral response, causing acute
respiratory distress and a fatal outcome in the non-human primate model (Kobasa et al.
2007). The other two, less serious pandemics of the 201" century occurred in 1957 (Asian
influenza [H2N2]), and 1968 (Hong Kong influenza [H3N2]) (Wright et al. 2007). The 1957
virus consisted of HA (H2), NA (N2), and PB1 gene segments from an avian virus, with the
other gene segments derived from a previously circulating human virus. The 1968 virus had
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avian HA (H3) and PB1 segments in a background of human viral genes. The acquisition of
novel surface antigens allowed these viruses to circumvent the human immune response,
resulting in these pandemics. The HAs of these two pandemic strains also bind preferentially
to human-type receptors, although they originated from avian viruses (Matrosovich et al.
2000). Thus, for a virus to become a pandemic strain, it appears to require a novel HA
subtype, to which humans are immunologically naive, that efficiently binds to human-type
receptors. It must also possess internal proteins to promote efficient growth in human upper
respiratory cells and thereby facilitate its human-to-human transmission (Horimoto and
Kawaoka 2005).

Vaccination is considered one of the most effective preventive measures for the control of
influenza pandemics. Recent direct transmissions of avian viruses to humans suggest that
avian viruses of HA subtypes other than H1 and H3 have pandemic potential, emphasizing
the need for vaccines against these viruses. In particular, the widespread circulation of HSN1
viruses has focused current research on the development of HSN1 vaccines.

2. Developing H5N1 vaccines for humans

Although antivirals against HSN1 influenza viruses such as NA inhibitors (oseltamivir and
zanamivir) may be effective for pandemic control, the possible emergence of drug-resistant
viruses highlights the need for vaccination (Le et al. 2005; Gupta et al. 2006). Vaccination is
considered the most effective preventive measure to combat an influenza pandemic.
Currently, inactivated vaccines are typically used for influenza prophylaxis. They are usually
prepared from virus that is grown in chicken embryonated eggs, purified from the allantoic
fluids of the inoculated eggs, and inactivated with formaldehyde or B-propiolactone for
“whole virus” vaccine formulation. Alternatively, the purified virus is treated with detergent
for “split” or “subunit” vaccine formulation. These inactivated vaccines are then inoculated
intramuscularly or subcutaneously into individuals. However, the high pathogenicity of the
currently circulating H5N1 viruses presents difficulties for this type of vaccine preparation.
Highly pathogenic avian influenza (HPAI) H5N1 viruses cannot be used as seed viruses for
inactivated vaccine production, because their virulence threatens the lives of vaccine
producers and it is difficult to obtain high-quality allantoic fluid with acceptable virus titers
from embryonated eggs.

2.1 The conventional approach

Seed viruses for inactivated vaccines must be antigenically similar to the circulating viruses
and grow efficiently in eggs. Faced with a pandemic thread posed by the Hong Kong H5N1
outbreak in 1997, the low pathogenic avian influenza (LPAI) virus A/duck/Singapore/
F119-3/97 (H5N3) was selected as a vaccine seed virus. Vaccine prepared with this virus
was assessed in a randomized phase I clinical trial (Nicholson et al 2001; Stephenson et al
2004), the results of which showed that although antibody responses indicative of protection
were achieved by administration of the vaccine with the oil-in-water MF59™ adjuvant, this
strain was not suitable for large-scale vaccine production due to its inefficient growth in
eggs. However, this adjuvanted vaccine candidate induced cross-reactive neutralizing
antibody responses in humans to heterologous H5N1 viruses, including 2004 isolates
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(Stephenson et al. 2005), demonstrating its potential for use until an antigenically matched
vaccine becomes available. Since no such antigenically matched natural avirulent isolates
have been found for recent H5N1 viruses, an alternative approach is needed to produce safe
vaccine seed viruses to protect humans from this virus infection.

2.2 The practical approach

New vaccines are being developed that exploit reverse genetics technology (Neumann et al.
1999; Fodor et al. 1999) and the knowledge that the pathogenicity of avian influenza viruses
is primarily determined by HA cleavability (Kawaoka and Webster 1988; Horimoto and
Kawaoka 1994). Conversion of the HA cleavage site sequence of HPAI viruses to that of
avian influenza with low pathogenicity (LPAI) viruses attenuates virulence but does not
affect antigenicity. Several researchers have used reverse genetics to produce candidate
H5N1 vaccine strains, whose HA and NA were derived from a human H5N1 virus and the
remainder of their genes from a virus (termed a backbone virus) that grows well in eggs
(Takada et al. 1999; Subbarao et al. 2003; Webby et al. 2004; Wood and Robertson 2004;
Lipatov et al. 2005; Horimoto et al. 2006; Govorkova et al. 2006). For these vaccine strains,
the HA cleavage site sequence was modified from virulent- to avirulent-type sequences. The
WHO has recommended the use of A/Puerto Rico/8/34 (HLN1; PR8) as a backbone virus.
PR8, originally a human isolate, has been passaged extensively in eggs and proven to be
attenuated for humans. Indeed, the PR8 backbone has been used to produce annual vaccines
against human H1N1 and H3N2 virus infections. Several high-growth reassortant viruses
(PR8/H5NL1 6:2 reassortant virus) have been developed by reverse genetics, including the
NIBRG-14 reference strain (produced by the National Institute for Biological Standards and
Control, UK). Following extensive clinical testing, these viruses have now been licensed as
vaccine seed viruses for inactivated vaccine in several countries (Treanor et al. 2006;
Bresson et al. 2006). HS5N1 inactivated vaccines require adjuvants in addition to the “whole
virus” formulation for adequate immunogenicity in humans, unlike seasonal vaccines. To
compensate for the low immunogenicity of H5N1 vaccines in humans, antigenic matching
between vaccine seeds and circulating strains should be considered. A panel of vaccine seed
viruses with antigenic variations that reflect the genetic diversity of HSN1 viruses is
required.

2.3 A promising approach

2.3.1 A high-growth seed for an egg-based vaccine—To increase the total number
of vaccine doses from the limited production capacity of current vaccine manufacturers, seed
viruses with high growth properties in eggs are required. Given that the NIBRG-14 seed for
H5N1 inactivated vaccine grows less efficiently in eggs than the seeds use for seasonal
vaccines, the selection of other seeds with higher growth potential is a germane strategy for
H5N1 vaccine production and stockpiling. The PR8(UW) strain maintained in our laboratory
is a superior donor virus for H5N1 vaccine production than is the PR8(Cambridge) used to
produce the NIBRG-14 seed virus, with respect to in ovo growth (Horimoto et al. 2007).
PR8 strains differ in their growth properties depending on their passage histories; PR8(UW)
may be more highly adapted in eggs than PR8(Cambridge). The high growth property in
eggs of PR8(UW) was determined via several mutations in polymerases and NP.
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Inclusion of an alterative NA protein in PR8(UW) further enhances its growth in eggs. The
HA-NA functional balance affects the growth in eggs of influenza viruses (Castrucci and
Kawaoka 1993) and of seed strains for influenza seasonal vaccines (Lu et al. 2005). We
found that HA-NA functional balance also determines the in ovo growth of H5N1 vaccine
seed viruses; 7:1 reassortant viruses containing only modified HA from H5N1 viruses (and
PR8 NA) grow significantly better than standard 6:2 reassortant viruses (Horimoto et al.
2007) (Figure 1). One might argue that reassortants that lack NA from an H5N1 isolate
would induce a less protective immune response than recombinant viruses with HSN1 NA,
because of antigenic differences in these proteins (even though the NA of PR8 is of the N1
subtype). However, since HA is the major protective antigen in inactivated vaccines, the
enhanced growth potential conferred by the PR8 NA should offset the limited antigenic
mismatch in this minor protective antigen. We propose that, in addition to the 6:2 reassortant
viruses recommended by the WHO, 7:1 reassortant viruses (containing only a modified H5
derived from circulating strains) in the background of the PR8(UW) strain should be
considered as vaccine seeds for H5N1 inactivated vaccine production. This approach would
increase the available doses of pre-pandemic or pandemic H5N1 vaccines in a timely, cost-
efficient manner.

2.3.2 Cell culture-based vaccines—Given that chicken embryonated eggs, which are
currently used for inactivated vaccine production, would be in a short supply during a
pandemic, the development of cell culture-based H5 vaccines is an attractive alternative
approach. In fact, inactivated influenza vaccines produced with Madin-Darby canine kidney
(MDCK) and African green monkey Vero cells have been licensed in The Netherlands
(Medema et al. 2006). Important considerations for this approach include the selection of
background viruses that grow well in these cell cultures and monitoring for antigenic
changes during propagation of the virus in cell culture. The safety of the vaccine products
for human use is also important with respect to tumorigenicity.

We found that our PR8(UW) strain also supports better growth in MDCK cells than does the
PR8(Cambridge) strain, due to its enhanced polymerase activity in this cell line.
Interestingly, the NS gene of PR8(Cambridge) possesses higher interferon-antagonized
activity in MDCK cells compared with that of PR8(UW). Accordingly, we believe that a
chimeric PR8 construct whose NS gene is derived from the Cambridge strain and its
remaining five internal genes from the UW strain would be the optimal donor for HSN1
vaccine production in MDCK cells. In addition, we found that inclusion of an HK213 (A/
Hong Kong/213/2003) NA, whose stalk region does not have the deletion observed in most
other H5N1 virus NAs, enhances the viral titers of 6:2 reassortants, indicating that the HA-
NA functional balance is a determinant for viral growth in MDCK cells, as it is in eggs
(Murakami et al. unpublished).

2.3.3 Live attenuated vaccines—To overcome the potential low immunogenicity of H5
inactivated vaccines for humans, live HSN1 attenuated vaccines whose HA has been altered
to a nonpathogenic form have been developed. These vaccines are based on the recently
licensed product FluMist®, possess a cold-adapted backbone virus, and are nonpathogenic in
mammalian and chicken models (Li et al. 1999; Suguitan et al. 2006). Live influenza
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vaccines elicit systemic and local mucosal immune responses that include stimulating
secretory IgA (slgA) in the respiratory tract, a portal for the virus. They also elicit cellular
immunity, which may provide better protection than that afforded by inactivated vaccines
(Beyer et al. 2002). Live attenuated vaccines may also offer wider protection by protecting
against viruses that have undergone antigenic drift. However, live H5N1 vaccines will not be
used until the H5N1 virus has become widespread among humans, so as not to introduce
new influenza viral HA and NA genes into the human population. In addition, they may not
be used for the major high-risk groups of infants and the elderly due to safety
considerations, as is the case with FluMist®. The use of live influenza vaccines for a
pandemic is also currently limited by production capacity.

2.3.4 Mucosal inactivated vaccines—The primary target tissue of influenza virus
infection is the respiratory mucosa. Therefore, virus-specific sIgA antibody induced in this
organ by the mucosal immune system would efficiently protect against virus infection. slgA
antibody also exhibits cross-protection to antigenically drifted viruses, since its response to
subsequent infection is driven by nonantigen-specific bystander help (Sangster et al. 2003).
In this context, the protective efficacy of the licensed parenteral H5N1 inactivated vaccines,
which induce mainly serum IgG antibodies, may be less satisfactory in pandemic vaccines.

Mucosal inactivated vaccines can induce sIgA antibody in respiratory organs and are safer
for the vaccinees compared with live vaccines. Therefore, they can be used for people of all
ages, including high-risk patients. In clinical trials with seasonal vaccine both inactivated
whole-virus particles and split vaccines are effective in preventing live virus infection when
administrated intranasally; although stronger immunogenicity is seen with the whole-virus
vaccine, probably due to the stimulation of innate immunity by single-strand RNA via toll-
like receptor (TLR)-7 (Hasegawa et al. 2007).

To enhance the immunogenicity of nasal inactivated vaccines, mucosal adjuvants should be
combined with these vaccines. Commercially available double-strand RNA, poly(1:C1,U)
(Ampligen®) is effective as an adjuvant for HSN1 nasal inactivated vaccines. In addition,
NKT cell-specific glycolipid ligand (a-galactosylceramide), bacterial toxin-derived forms of
cholera toxin B subunits (CTB) and Escherichia coli heat-labile enterotoxin (LT), as well as
physiological complement component C3d all possess adjuvant effects with nasal vaccines,
although neurological side effects were associated with toxin-derived LT in clinical use
(Hasegawa et al. 2007).

The sublingual mucosal route is an attractive alternative to mucosal immunization routes for
administering inactivated vaccines (Song et al. 2008). Studies in a mouse model revealed
appreciably high levels of virus-specific IgG in serum and slIgA antibodies in mucosal
secretions even in the absence of adjuvants. Co-administration of a toxin-derived mucosal
adjuvant enhanced these immune responses.

2.4. An improved method for reverse genetics

Currently, pre-pandemic H5N1 vaccines are being stockpiled in many countries. These
inactivated vaccines were produced from viruses propagated in chicken embryonated eggs
following inoculation of the vaccine seed virus, generated by reverse genetics in an African
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green monkey Vero cell line that is approved for human vaccine production (Nicolson et al.
2005). However, the generation of the HSN1 vaccine seed viruses in Vero cells is not
optimal due to the low plasmid transfection efficiency of these cells for reverse genetics. In a
pandemic situation, vaccines whose antigenicities match the circulating strain(s) need to be
rapidly produced. Therefore, a more robust reverse genetics system is desirable for
pandemic vaccine preparedness. Although 12- or 8-plasmid reverse genetics systems may
prove useful for the production of pandemic and interpandemic vaccines, the possibility
exists for the transfection efficiency of sets of plasmids to be so low as to impede the rapid
and robust generation of vaccine seed viruses. To overcome this possibility, we have reduced
the number of plasmids required to generate virus by reverse genetics (Figure 2) (Neumann
et al. 2005). In this system, one plasmid synthesizes the six gene segments for the internal
proteins (PB2, PB1, PA, NP, M, and NS), and a second plasmid synthesize the HA and NA
segments. Two viral protein-expressing plasmids (one expressing NP and the other
expressing PB2, PB1, and PA) complete this system. Thus, only four plasmids are
transfected into Vero cells, which results in the generation of virus with significantly higher
efficiency than that achieved with traditional 12-plasmid systems. This 4-plasmid system
could, therefore, be valuable in the future generation of pandemic vaccine seed viruses.

Besides Vero cells, a limited number of other cells are approved for human vaccine
production, for example, MDCK cells and chicken embryonic fibroblasts (CEF). A modified
reverse genetics system that uses the chicken RNA polymerase | (Poll) promoter also
supports the generation of influenza virus in CEF (Massin et al. 2005), with an efficiency of
virus generation comparable to that of the human Poll system in Vero cells. MDCK cells
also support the efficient growth of influenza virus and are used as a substrate for the
production of seasonal influenza vaccines (Brands et al. 1999, Govorkova et al. 1999,
Halperin et al. 2002). In MDCK cells, however, reverse genetics with the human Poll
promoter does not work well, due to the host specificity of the Poll promoter. Recently,
another reverse genetics system with T7 RNA polymerase Il was shown to support influenza
virus generation in MDCK cells (de Wit et al. 2007), although the efficiency of virus
generation was inconsistent. We and others also established an alternative reverse genetics
system driven by canine Poll (Murakami et al. 2008, Wang and Duke 2007) and generated
recommended H5N1 vaccine seed viruses in MDCK cells with high efficiency.

3. Concluding remarks

Research on H5N1 vaccine development has revealed that in clinical trials, the immune
responses in humans to H5N1 inactivated vaccines are lower than those to annual vaccines,
and therefore multiple doses of the vaccines with adjuvants would be required. Reverse
genetics-based H5N1 inactivated vaccines with adjuvants have been licensed in several
countries; however, whether these vaccines will be effective against antigenically different
strains in humans is unknown. Thus, H5N1 vaccine libraries that reflect the different
antigenicities of currently circulating strains are needed as we cannot predict which strain
will cause a pandemic. Furthermore, the adverse effects of adjuvants might also become
apparent upon large-scale vaccination.
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In the event of a pandemic caused by an HPAI virus, chicken eggs will likely be in short
supply. Under such conditions, a reassortant vaccine seed virus with higher growth
properties in eggs than the current seed strains is needed to produce sufficient vaccine. For
this reason, we propose the reselection of a background virus for the production of seed
viruses. As an alternative approach, cell-culture-based vaccines are currently being
developed. Such egg-free vaccines may also be useful for those who have egg allergies.

Another consideration is the development of vaccines against influenza viruses of other
subtypes, such as H2N2, HON2 and H7N7 viruses, which also possess pandemic potential
(Hehme et al. 2002, de Wit et al. 2005, Stephenson et al. 2003). Essentially, the same
strategies as those for HSN1 vaccines can be employed for the development of vaccines to
these virus subtypes.

Lastly, there may be concerns regarding production capacity and global accessibility of
vaccines, manufacturing costs, and the cooperation of international governments, which
must be addressed. It is also essential that we continue to promote alterative approaches to
the development of cross-reactive and long-lasting pandemic vaccines that are egg- and
adjuvant-independent, although it will likely take years to achieve this objective.
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Figurel.
Growth enhancement of vaccine seed viruses in chicken embryonated eggs. PR8/H5N1 6:2

reassortants were prepared using H5N1 viruses of different clades with PR8(UW) donor
virus; A/Vietnam/1194/04 (clade 1), A/Vietham/30259 (clade 1), A/Indonesia/3006/05
(clade 2.1), A/lwhooper swan/Mongolia/4/05 (clade 2.2), A/Vietnam/30850/05 (clade 2.3),
and A/Anhui/2/05 (clade 2.3). All reassortants replicated significantly better in eggs than did
the reference seed NIBRG-14 with PR8(Cambridge). PR8/H5 7:1 reassortants containing
PR8(UW) NA and HA from H5N1 viruses of different clades replicated significantly better
than the corresponding PR8/H5N1 6:2 reassortants. Virus titers of the allantoic fluids were
determined 48 hours post-inoculation after incubation at 33°C.
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Figure 2.
Schematic diagram of a 4-plasmid-based reverse genetic approach to generate vaccine seed

viruses. A Pol | plasmid that synthesizes modified HA and NA gene segments is prepared
from the circulating wild-type strains. Another Pol | plasmid that synthesizes the other six
gene segments is prepared from a backbone virus that grows well in eggs or in cell culture.
Two plasmids, expressing polymerase proteins or NP, respectively, are also prepared. Thus, a
total of 4 plasmids are used to generate the vaccine seed viruses, with higher efficiency than
other current systems, which can contain more than 8 plasmids.
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