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Current Advances in Developments of New Influenza Vaccines
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Abstract: We have been now experiencing the first pandemic in the 21st century by a 2009 novel influenza A (H1N1)
virus infection. The use of effective vaccination is the most reliable prophylactic measures against influenza virus
infection. Hemagglutinin (HA) of surface viral glycoproteins plays a principal role as immunogenecity induced by natural
infection or vaccination in our bodies. A split-product vaccine is prepared from inactivated influenza virus particles of
epidemic strains and used worldwide. However, the administration of inactivated vaccine is not always effective. The
antigenicity of HA proteins is continuously changed according to mutations in its gene for escaping from host immune
systems. Therefore, vaccination against epidemic strains with mutations is needed to repeat annually. Contrary to
epidemic strains, it is difficult to propagate pandemic strains of influenza viruses owing to the virulence. Consequently,
a sufficient quantity of antigen cannot be obtained. Thus, currently licensed influenza vaccine has a lot of inevitable
problems. New developments for influenza vaccination, such as live cold-adapted vaccine, reverse genetics vaccine, DNA
vaccine, universal vaccine and co-administration with adjuvant, have been tested in order to solve the problems. It is noted
that the development of vaccine preparation using genetic engineering progressed rapidly. This article, therefore, reviews
recent knowledge regarding (1) influenza virus HA, (2) currently licensed influenza vaccines, and (3) new devices for
developing influenza vaccines.
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1. INTRODUCTION

Influenza is a highly contagious acute illness of the respi-
ratory tract caused by influenza virus infection. Influenza is
self-limited but can cause complications that lead to hospi-
talization and death. Influenza virus hemagglutinin (HA) that
is one of the surface proteins embedded into the envelope
exhibits the principal immunogenicity in our bodies. That is,
antibodies against HA can prevent reinfection with influenza
viruses that have infected once. However, the viruses with
selected point mutations within two surface glycoproteins,
such as HA and neuraminidase (NA), are emerged in the
body during the replication cycles by the host immunological
pressure, resulting in new epidemic strains every 1 to 2
years. Although the epidemics of influenza virus infection
stay in local areas, it has been estimated that 500,000 people
died from severe complications associated with influenza
virus infection worldwide every year. In contrast to epidem-
ics, pandemics are rare events that occur every 10 to 50
years. The reassortment of viral segmented genes among
human, swine and avian viruses appears to arise pandemic
virus strains. During the 20th century, three influenza
pandemics have occurred. The death toll has been estimated
as 1 million to 50 million during the past pandemics. As
adjusted for today’s world population, it has been calculated
that death toll would be ranging from 1.7 million to 180
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million when a new pandemic of influenza virus infection
occurred.

We have been now experiencing the first pandemic in the
21st century by a 2009 novel influenza A (H1N1) virus in-
fection. Human infection with the novel virus has been ini-
tially confirmed in Mexico since March 2009 and spread out
to 9 countries within one and half of months [1]. Hereby,
World Health Organization (WHO) has considered the influ-
enza to be a pandemic threat and raised the influenza pan-
demic alert level to phase-5 on the 29th of April 2009.
Phylogenetic analysis has revealed that the novel influenza A
(H1N1) virus was genetically related to recent swine influ-
enza viruses, while the genetic profile regarding HA, NA
and matrix protein (M) genes was not detected among those
of viruses infecting previously to either swine or human
populations [2]. Hemagglutination inhibition tests using an-
tisera obtained from ferrets have demonstrated that the novel
influenza A (H1N1) virus strains isolated from different ar-
eas, such as North America, Europe and Oceania, were anti-
genically homogeneous but distinct from currently circulat-
ing seasonal influenza A (H1N1) viruses. However, their
antigenicities were the most closely related to those of the
past seasonal influenza virus strain of A/California/7/2009
(H1N1) and similar to those of strains of triple-reassortant A
(HIN1) swine influenza virus strains (e.g. A/lllinois/09/
2007) in North American lineage that have circulated in pigs
over the last 10 years in the USA and occasionally infected
into humans during the same period. Therefore, the 2009
pandemic influenza in humans is named as “swine influ-
enza” or HIN1 influenza A. As of the 31st January 2010,
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worldwide more than 209 countries have reported laboratory
confirmed cases of pandemic influenza HIN1 2009, includ-
ing at least 15,174 deaths.

Furthermore, we have still faced to the threat of infection
with highly pathogenic avian influenza viruses. In 1997, hu-
man infection with a highly pathogenic avian influenza A
(H5N1) virus has been reported for the first time in Hong
Kong. Eighteen cases with H5N1 virus infection have been
confirmed, six of them have died from acute respiratory dis-
tress syndrome or multiple organ failure, followed by serious
outbreak of chicken infection with H5N1 virus in poultry
farms. The strains of H5N1 viruses isolated from human
have been apparently avian origin but not had swine type
viral genome segments. These facts indicate that the avian
viruses can directly infect to humans, providing a sign of an
incipient pandemic of the highly pathogenic avian influenza
A (H5N1) virus infection in humans.

Individual species, such as human, bird, pig, horse and
sea animals, can be infected with respective species-specific
influenza viruses, the infection with which usually stay in the
respective species. However, these viruses rarely cause in-
fection in irrelevant species by acquiring transmissibility via
two principal mechanisms, such as reassortment of viral ge-
nome segments and adaptive mutations in viral genes. An
intermediate host of influenza viruses having an ability of
infection to human is considered swine, while avian virus
directly infect to human as shown in Fig. (1).

Influenza viruses infected to human are divided into three
types, A, B and C, on the basis of serological properties of
the major internal proteins, such as nucleoprotein (NP) and
M1. Influenza virus type A is further classified into subtypes
according to the serotypes of the surface glycoproteins, such
as HA and NA. HA facilitates virus attachment to cell sur-
face receptors and virus invasion into cells with the mem-
brane fusion activity. It is well known that antibodies to neu-
tralize virus infection consistently present in anti-HA anti-
bodies. Anti-NA antibodies do not neutralize virus infection,
however, they inhibit spread of virus infection through the
suppressive effect on virus release from host cells. Anti-M2
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antibodies also exhibit suppressive effect on virus prolifera-
tion. Intracellular domain of M2 protein presents antigenic-
ity, while antibodies against the region do not neutralize
virus infection because they cannot pass the envelop of
viruses.

A split-product vaccine is prepared from inactivated in-
fluenza virus particles of epidemic strains and widely used
worldwide. However, inactivated vaccines have a lot of in-
evitable problems. New devices for influenza vaccination,
such as live attenuated vaccine, reverse genetics vaccine,
DNA vaccine, universal vaccine and co-administration with
adjuvant, have been developed in order to solve the prob-
lems. Accordingly, to understand the availabilities and limits
of current inactivated vaccines in the prevention of influenza
virus infection, knowledge of structures, functions and anti-
genicities of HA is important. This article, therefore, reviews
recent knowledge regarding (1) influenza virus HA, (2) cur-
rently licensed influenza vaccines, and (3) new devices for
developing influenza vaccines.

2. HEMAGGLUTININ PLAYING CRITICAL ROLE IN
INFECTIVITY

2.1. Characteristic Structures of HA

Influenza virus HA is a glycoprotein on virus surface as
spikes composed of homotrimer. The schematic structure of
HA of A/Hong Kong/68 (H3NZ2) is shown in Fig. (2). The
structure of HA can be divided into conservative and vari-
able regions. The signal peptide, trans-membrane and fusion
peptide domains, the cleavage site and disulfide bound site
are located within the conservative regions. Contrary, the
variable region contains the receptor-binding domain, the
domain surrounding the cleavage site, the binding sites for
oligosaccharide chain, and the antigenic domains that are
recognized by antibodies. The variations in HA protein lead
the alteration of immunogenicity against influenza virus in-
fection, resulting in the emergence of epidemic strains.

The basic structures including an amino acid sequence of
various HA subtypes are well established and compared
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Fig. (1). Scheme of antigen drift and shift of influenza virus.
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Fig. (2). Structures of HA1 and HA2 subunits of influenza A/Hong Kong/68 virus (H3N2).

among them [3]. HA is synthesized as a single polypeptide
precursor, HAOQ. For an instance, HAO of A/Hong Kong/68
(H3N2) is composed of 550 amino acid residues. The HAQ is
located into the endoplasmic reticulum through the signal
peptide that is consisted of 16 amino acid residues placed at
N-terminal end, in which they form homotrimer associating
with molecular chaperons. Thereafter, the HAO is modified
(e.g. glycosylation) and translocated to the cell surface
through the Golgi apparatus [4]. HAO polypeptides of all
subtypes of influenza A virus are cleaved into two subunits,
HA1 and HA2, by trypsin-like proteases present in respira-
tory and intestinal tracts or by ubiquitous subtilisin-like pro-
teases present in the Golgi apparatus [5]. The cleavage of
HAO precursor into HA1 and HA2 subunits is carried out on
the cell surface or on whole virus particles after the release
from cells. The limited distribution of trypsin-like protease is
responsible for the limited tissue tropism of influenza vi-
ruses.

Analysis of amino acid sequences has revealed that the
cleavage domains are slightly but significantly different
among high pathogenic H5N1 subtypes and low patho-
genic H5N2 and H1N1 subtypes [3, 5, 6]. The cleavage se-
quence of high pathogenic H5N1 subtype is composed of
“RRKKR/G” consisting with polybasic amino acids with
positive charge (amino acid positions ranging from 342 to
347; a slash mark means cleavage point by protease),
whereas those of H5N2 and H1N1 are composed of
“QRETR/G and SIQSR/G”, respectively, with a small num-
ber of basic amino acid (amino acid positions ranging from
338 to 343 of H5 and from 325 to 330 of H1). The HAO
polypeptides for the H1, H2 and H3 subtypes of previous
epidemic strains may be cleaved by the serine protease, tryp-
tase Clara derived from Clara cells in the bronchiolar epithe-
lium [7, 8]. The trypsin-like enzyme specifically recognize
the amino acid sequence with a little or low content of argin-
ine. For some of the HAs of the H5 and H9 subtypes, the
HA1 and HA2 subunits are separated by polybasic amino
acid sequences with high content of arginine, which is
cleaved with subtilisin-like enzyme, furin present in
the Golgi apparatus. As shown in Table 1, amino acid
sequences at the cleavage sites are conserved in each group
of HA subtypes, while there is a difference in amino acid
sequences between high and low pathogenic viruses with H5
subtypes. It is predicted that the difference in amino acid
sequences reflects the protease susceptibility. The polybasic
amino acid sequence of HA with H5 subtype seems to be
related to a broad tissue tropism, resulting in the high patho-

genicity [11].

HAO polypeptide is cleaved into HA1 and HA2 subunits
by proteases [12]. HA1 subunit is linked to HA2 subunit
with a single disulfide bond [13]. HAL forms a globular head
at the tip of the HA spike and contains biologically signifi-
cant domains, such as five antigenic moieties and a receptor-
binding site. The exposure of hydrophobic domain at the N-
terminus of HA2 subunit embedded in the viral envelope is
prerequisite for fusion with the inner layer of the endosome
membrane, resulting in the formation of a fusion pore.

2.2. Subtype Classification of HA

The influenza virus genome consists of several single-
stranded negative-sense RNA segments. Each influenza A
and B virus contains eight RNA segments, while influenza C
virus contains seven RNA segments. HA and NA of influ-
enza A virus are encoded by RNA segments 4 and 6, respec-
tively. Influenza A viruses are classified into subtypes ac-
cording to the antigenic properties of HA and NA proteins.
In avian viruses, 16 subtypes of HA and 9 subtypes of NA
have been currently identified [14]. In the combination of 16
HA subtypes and 9 NA subtypes, it is presumed that 144
subtypes of influenza A virus are presented. Although many
subtypes are not recognized in influenza B virus, influenza B
virus is classified into only two types, such as Victoria and
Yamagata.

Influenza A viruses have been isolated from humans and
various animals, such as domestic animals (i.e. swine and
equine), sea mammals (i.e. seals and whales), wild water-
fowls (ducks), and poultry [15]. Of the 16 HA subtypes (H1-
H16), H3 and H7 subtype viruses infect equine. H1 and H3
subtype viruses infect swine. H2, H4, H5, and H9 subtype
viruses rarely infect swine. H1 and H3 subtype viruses infect
human. In addition, avian viruses, such as H2 (A/Japan/170/
63; H2N2), H5 (A/Hong Kong/97; H5N1), H7 (A/Seal/Mass/
1/80 and A/Fowl Plague/Dutch27; H7N7), and H9 (A/Hong
Kong/99; HIN2), rarely infect human.

Liu et al. have analyzed the phylogenetic diversity and
the distribution among HA genes selected from approxi-
mately 23,000 influenza A virus strains registered in the da-
tabase of GenBank. They generated two panorama phyloge-
netic trees of influenza A viruses covering all the 16 HA
subtypes and 9 NA subtypes [16, 17]. As shown in Table 2,
lineages and sublineages were classified according to genetic
distances, topology of the phylogenetic trees and distribu-
tions of the viruses in hosts, regions and time.
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Table1. Comparison of Amino Acid Sequences of the Cleavage Site of HAO by Trypsin- Like Protease
Subtypes Strains Sequence References
H1 AJPuertoRoco/8/34 P S I Q S G [3]
H1 AJSouth Calrolina/1/18 P S | Q S G [3]
H1 AJ/sweine/lowa/15/30 P S | Q S G [3]
H2 AJSingapore/1/57 P Q | E S G [3]
H3 A/Duck/Ukraina/63 P E K Q T G [9]
H3 AJ/Aichi/68 P E K Q T G [9]
H3 A/Duck/Hokkaido/5/77 P E K Q T G [9]
H3 AJAichi/2/68 P E K Q T G [3]
H3 AJAichi/2/68 P E K Q T G [10]
H5* A/Hong Kong/157/97 R R R K K G [3]
H5 A/Duck/Singapor/97 P Q R E T G [10]
H5* A/Hong Kong/486/97 R R R K K G [10]
H5N1* QINGHAI R R R K K G [6]
H5N2 USDA P Q P E T G [6]
HO A/Hong Kong/1073/99 P A R S S G [3]
H9 AJSweine/9/97 P A R S S G [10]
* Highly pathogenic strains.
Table 2. Host Distribution of 14,328 Influenza A Viruses with HA Sequences
Host
Subtype Birds Humans Pigs Horses Others
H1 71 1,994 311 0 1
H2 77 84 2 0 0
H3 215 6,868 179 154 9
H4 129 0 2 0 1
H5 2,120 240 11 0 27
H6 374 0 0 0 0
H7 446 6 0 12 2
H8 12 0 0 0 0
H9 759 7 34 0 0
H10 58 0 0 0 0
H11l 65 0 0 0 0
H12 24 0 0 0 0
H13 14 0 0 0 1
H14 3 0 0 0 0
H15 6 0 0 0 0
H16 10 0 0 0 0

2.3. Antigenicity of HA

2.3.1. Antigenic Drifts and Shifts

The HA of surface protein is the major target for host
immune responses as it plays a critical role in the attachment
to and penetration into host cells. Influenza A virus pos-

sesses a unique capability of altering antigenicity in order to
evade from neutralization with antibodies. Viruses bearing
HA genes with point mutations that lead unresponsiveness
against antibodies are selectively proliferated under host
immunological pressures. An accumulation of such muta-
tions associates with “antigenic drift”, resulting in the pro-
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duction of potential new epidemic strains potentially [18,
19]. Pandemic strains of influenza A viruses are resulting
from “antigenic shift” which reflects a major change in the
HA and possibly NA. Antigenic shift occurs as a result of
genetic reassortment among genome pools of avian, swine
and human viruses in swine as a mixing vessel [20, 21].
Since there is little or no background immunity in the popu-
lation to the new viruses with antigen shifts, human infection
with the new viruses spreads rapidly and extensively.

2.3.2. Studies of Antigenic Structures
(a) Antigenicities Against Panels of Monoclonal Antibodies
H1 Subtype

Caton et al. have demonstrated the antigenic structure of
HA of influenza A/PR/8/34 (H1N1) virus strain by using a
large number of monoclonal antibodies. Five immuno-
dominant antigenic sites (designated Sa, Sh, Cal, Ca2 and
Cb) presented on the globular domain. The changes of amino
acid residues at these sites were detected in mutant strains,
the antigenicity of which were different each other among
H1 subtypes [22]. Shen et al. have analyzed the antigenic
properties of HA among hundreds of H1 subtypes of viruses
isolated between 1918-2008, suggesting the evolutionary
trends of antigenic properties by host selection through im-
mune response, host-driven antigenic drift [23].

H2 and H3 Subtypes

Antigenic structure and properties among 6 HA mole-
cules of H2 subtype have been analyzed using 19 mono-
clonal antibodies. Distinctive 6 antigenic sites (designated I-
A to I-D and I1-A and 11-B) have been identified. The study
suggested that the structures of 5 antigenic sites were similar
to those of the H3 subtype HA, while a highly conserved
antigenic site in the stem domain of HA was significantly
different from that of H3 subtype HA [24].

H5 Subtype

The antigenic sites on HA molecules of 16 mutant strains
of H5N2 virus (A/Mallard/Pennsylvania/10218/84) have
been analyzed using a panel containing 5 monoclonal anti-
bodies. In the study, 5 epitope sites were identified and de-
fined as group-1 to group-5, the positions of amino acids on
which were as follows: Group 1 at positions of 156 and 193;
group 2 at a position of 62; group 3 at a position of 46; group
4 within a 3-amino-acid gap in the alignment between 119
and 120 of positions; group 5 at a position of 145; ungrouped
at a position of 186. Three of five epitopes closely corre-
sponded with those of H3 subtype HA. The group 1 was ei-
ther in antigenic site B or between sites A and B. The groups
5 and 2 were located within sites A and E, respectively.
However, the other two epitopes on H5 subtype HA did not
correspond with those of H3 subtype [25]. Based on the re-
sults from the phylogenic tree of influenza A viruses, Liu has
demonstrated that H5 and H2 subtype HA molecules were
placed on exceedingly mutually near position in the tree,
however, the antigenicities of them were different each other
significantly.

H9 Subtype

Okamoto et al. have analyzed the antigenic structure of
H9 subtype HA of 21 strains. Based on the reactivity pat-

Ohyama et al.

terns using eight monoclonal antibodies, 5 non-overlapping
antigenic sites and seven distinct epitopes designated as I-
VII at least were identified [26]. The reactivity patterns with
the panel of monoclonal antibodies suggested that strains
used in the study can be antigenically divided into 7 distinct
groups, and that the structures of epitopes were changed by
point mutations in viral genome.

(b) Nucleotide Sequence-Based Study for Evolution

Huang et al. have developed a new method for identify-
ing antigenic critical amino acid positions, rules and co-
mutated positions for antigenic variants, using 45 HA se-
quences (genetic data) and 181 hemagglutination inhibition
data (antigenic data). They have considered amino acid posi-
tions with both highly antigenic discriminating score and
highly genetic diversity as antigenic critical positions. Their
results have demonstrated that such positions were highly
correlated to site for an antigenic drift, and that most of these
antigenic critical positions were located on five epitopes or
on the surface based on the HA structure. The method may
be useful for studying influenza virus evolution and vaccine
development [27].

These results highlight the urgency to understand the
interplay between antigenic drift and receptor binding in HA
evolution, and provide molecular signatures for monitoring
future antigen drifts in epidemic and pandemic influenza
viruses.

3. CURRENTLY LICENSED INFLUENZA VACCINES

Prophylaxis and therapeutics of influenza virus infection
are practiced by an immunization with vaccines and chemo-
therapy with antiviral drugs, such as M2 inhibitors and NA
inhibitors, respectively. The use of antiviral drugs is also a
temporal strategy for prophylaxis in limited cases because
the use of antiviral drugs induces the emergence of drug re-
sistant viruses frequently.

Vaccination is an acquisition of protective immunity in
advance by administration with viral antigenic glycoproteins,
such as HA and NA. Therefore, the vaccination is widely
considered to be the first line of defense for protecting popu-
lations in advance against influenza virus infection. Since
anti-HA antibody in the serum has the most consistent rela-
tion to the immunity against influenza virus, it is considered
that the HA as transmembrane protein exhibits the principal
immunogenicity in our bodies [28]. Moreover, other trans-
membrane proteins, such as NA and M2, are also considered
candidates for immunization. Currently available and under
developed vaccines are listed in Fig. (3).

The effectiveness of vaccine administration is determined
by the antigenicities of viruses used for vaccine preparation.
Based on a continuous worldwide surveillance for circulat-
ing influenza viruses, WHO recommends potential virus
strains for vaccine preparation for a coming season [29].

3.1. Split Vaccines

Three types of influenza vaccine using inactivated whole
virion, split-products and purified surface antigens are cur-
rently available worldwide for parenteral administration.
Since the administration of inactivated whole virion vaccine
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Licensed Vaccines (Cell-derived or Egg-derived )
Inactivated Vaccines
Whole particles
Split ingredients
Purified surface antigens
Live-cold attenuated reassortment Vaccines
Vaccines in the development
Development of vaccine strains
Reverse genetics
Development of adjuvants
New type of Vaccines
DNA vaccines
Recombinant Vaccines
Virus vectors
Bacteria vectors
Universal vaccines

Fig. (3). Licensed and under developing vaccines.

is associated with frequent systemic adverse effects, it is
unsuitable for young children and elderly, and unlicensed in
many countries except for some countries. The split-product
vaccine is widely used worldwide. It is prepared from highly
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purified influenza viruses that were disrupted by treatment
with either detergent or ether, and then inactivated with for-
maldehyde. The surface antigen vaccine contains predomi-
nantly purified HA and NA. The cost for preparation is rela-
tively high. These licensed vaccines usually contain 15 pg of
each HA protein derived from two strains of influenza A
viruses with different subtypes (e.g. HIN1 and N3N2) and
one strain of influenza B virus.

3.1.1. Preparation

The split-product vaccine is produced using vaccine
strains that are reassortant viruses. The prevalent preparation
processes of inactivated vaccines are shown in Fig. (4) [30].
A laboratory-adapted influenza strain, A/ PR/8/34 (H1N1),
and the epidemic strain are co-inoculated in the allantoic sac
in fertile chicken eggs for preparing seed strains in order to
obtain reassortant viruses with high growth ability. For se-
lection of seed strains, the reassortant viruses are tested to
confirm the absence of genes encoding PR8 or PR8-like sur-
face glycoproteins using specific antibodies. The seed strain
containing HA and NA of the epidemic strain is selected for
a vaccine strain and propagated in large quantities in fertile
eggs. Seed strains of influenza B virus are isolated from
fields. The inactivated viruses are prepared from seed strains
by chemical treatments. This procedure is recommended by
WHO.

Co-infection to fertile hen’s eggs with A/PR/8/34 and epidemic strain

s

Viral replication and genetic reassortment

a

Screening and selection of seed strain

s

Harvesting and purification of virus

s

Propagation of seed strain in hen’s eggs

a

Harvesting of the vaccine virus

-
= = — —4
Treatment with Treatment Treatment with
formaldehyde with ethyl detergent and
ether or SDS purification of viral

proteins

0

a

Whole inactivated
vaccine

Split vaccine Surface antigen

vaccine

Fig. (4). Scheme of production of inactivated influenza vaccines in hen’s eggs.
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In recent years, certain cell lines, such as MDCK, Vero
and Per.C6 cells, have been used for vaccine production in-
stead of eggs [31, 32]. The use of cell lines for vaccine pro-
duction has advantages over the conventional method using
eggs, such as high yield of viruses, less adverse reaction,
good antigenicity, easier supply, and reduced risk of con-
tamination with microbes [33]. The innovation using cell
lines may contribute for the supply of safe vaccine products
in a large-scale in a future.

3.1.2. Immune Response

Although the respiratory tract mucosa is the site for in-
fluenza virus infection, the tissue plays a role in the primary
barriers against the viral infection. The primary defense
mechanisms involves the innate immune system constructing
from mucus, IgA antibody, macrophages, dendritic cells,
natural killer cells and interferons (IFNs) a and . In the
respiratory tract, viruses are neutralized with secretory IgA
antibody that is synthesized by IgA-producing cells and
transported to the epithelial cell surface. IgA antibody, there-
fore, plays an important role in the protection at the early
step of the infection rather than IgG in the humoral immunity
[34]. When viruses defeated the innate defense barriers, the
following adaptive immune system should eliminate viruses.
CD8" cytotoxic T lymphocytes (CTL) should destruct the
virus-infected cells. The parenteral administration of cur-
rently licensed vaccines can induce systemic 1gG antibody
but neither mucosa IgA antibody or heterosubtypic CTL
(Table 3). Accordingly, the immunization with split-product
vaccine can induce the higher protective effect against infec-
tion with vaccine strains but not against infection with the
other epidemic or pandemic strains.

It is generally believed that inactivated vaccines includ-
ing split-product, whole virion and purified surface antigens
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do not induce influenza virus-specific CTL because they do
not produce virus-derived endogenous antigens in cells that
can stimulate epitope-specific CTL via an MHC class I-
restricted antigen processing pathway subunit (direct presen-
tation). However, it has been recently reported that vaccina-
tion with inactivated whole virus can induce cross-protective
CTL presumably by cross presentation [35].

3.1.3. Safety

The split-product vaccine induces a good protective ef-
fect in healthy older children and adults, although the protec-
tive effect is lower in young children and the elderly [29]
(Table 4). After vaccination with split-products and surface
antigens, the local erythema and tenderness are documented,
while the incidence of adverse reactions including systemic
symptoms, fever and allergic reactions, such as urticaria and
anaphylaxis, is similar to that of placebo [36, 37]. Recent
randomized and controlled trials in a large cohort study have
confirmed the safety of these vaccines in patients with
asthma [38]. Although the current influenza vaccines contain
a small quantity of egg protein, it has been confirmed that
even sufferers having the allergic reactions probably resulted
from hypersensitivity to residual egg protein can safely re-
ceive these vaccines [39, 40]. The worldwide investigations
including above reports suggest that these vaccines are well
tolerated and extremely safe [41].

As described in the above, inactivated vaccines provide
us a benefit through the induction of highly specific humoral
immunity. However, they have some inevitable problems.
The effective period after vaccination is relatively short as 3-
4 years because variant viruses with selected mutations ap-
pear frequently. The vaccination fails to induce protective
mucosal and cellular immunities. Infants showed a signifi-
cantly poor antibody rise and lymphocyte response as com-

Table 3. Characteristics of Current and Developing Vaccines
Immunresponse (production of Ig type)
Vaccine
IgA 1gG CTL
Current licensed vaccines
whole, split-product, and subunit vaccines (parentanal) - ++ -
Cold-adapted live virus vaccine (intranasal) +++ ++ +++
Developing or new vaccines (not licenced)
Inactivated vaccines
Ajdubant-combined vaccines (parentanal) - +++ +
Ajdubant-combined vaccines (intranasal) +++ ++ +
whole, split-product, and subunit vaccines (intranasal) ++ +
DNA vaccines
prentanal type - + +
intranasal type ++ + +
Live virus vaccines (intranasal)
Virus-vectored vaccines ++ + ++
Recombinant virus vaccines + + +
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Table 4. Responses of Hemagglutinin-Inhibition Antibody in Serum Induced by the Inactivated Influenza Vaccines
Vaccine Virus Strain Age Rise (%) Titer of Abs =40 (%)
Pre Vac Pro Vac Pre Vac Pro Vac

Adults 52 92 279 38 100

AJSoloman/ Island/03/06 (H1N1) Elderly 92 14 129 8 100
Children 96 6 457 79 63

Adults 50 95 457 79 100

AJWisconsin/67/05 (H3N2) Elderly 54 66 267 58 100
Children 86 8 48 17 69

Adults 54 27 220 46 100

B/Malasia/2506/04 Elderly 42 30 82 54 88
Children 72 8 65 14 72

pared with young children [42]. Consequently, the develop-
ment of immunologically superior vaccines has been re-
quired.

3.2. Live Cold-Adapted Vaccines

The live cold-adapted (CA) vaccines have been devel-
oped as one of immunologically superior vaccines and li-
censed in Russia and the USA. The CA and attenuated virus
strains replicate well at 25-33 °C, while the replication at 37
°C is reduced. The live CA vaccine should be administrated
intranasally except for the high-risk groups, such as infants,
immunodeficient patients and pregnant women.

3.2.1. Preparation

CA type, temperature sensitive type and host range type
have been proposed for live attenuated vaccines in the earlier
studies [43, 44]. Due to the uncertain genetic stability and a
possible reversion to virulent phenotypes, live CA vaccines
are of interested and eventually selected for live-attenuated
vaccines [45].

The live CA vaccine is prepared from reassortant viruses
that contain genes for HA and NA of the wild-type virus
strains and the six non-surface genes from one of CA master
virus strains. Either influenza A/Ann Arbor/6/60 (H2N2) or
B/Ann Aber/1/66 virus is used for the CA master strain. The
CA master viruses are prepared by serial passage under low
temperature conditions at 25 °C and 33 °C, which are attenu-
ated and unable to replicate at human body temperature [46].
After co-infection of cultured cells with the CA master virus
strain and the wild-type virus strain, reassortant viruses are
selected using plaque purification techniques. The reassor-
tant viruses are proliferated in the presence of antiserum to
HA and NA of the CA master virus strain. The replicated
reassortant viruses carry HA and NA of the wild-type virus
strain and exhibit the avirulence accompanied by stable mu-
tations derived from the CA master virus strain.

3.2.2. Immune Response

The subcutaneous or intramuscular administration of
inactivated vaccine can induce humoral immunity but neither

local immunity in the nasal cavity and pharynx where are
infected with viruses firstly or cellular immunity. However,
the intranasal administration of live CA vaccine can mimic
natural infection and produce a larger quantity of antigen
than inactivated vaccines, providing an advantage of broader
immunological responses. The intranasal administration of
live CA vaccines induces the cross-protective immunological
responses including secretory IgA and humoral 1gG antibod-
ies and CTL responses to both HA and NA. It is notable that
the immune responses induced by live CA vaccine are
greater than its parental vaccines [47]. The live CA vaccine
can reduce the amount and frequency of viral shedding in
comparison with the inactivated vaccines [48].

After the intranasal administration of live CA vaccine to
children, the efficacy of vaccination in preventing culture-
confirmed influenza was estimated as 87% after the first
administration and 96% after the second administration. Fur-
thermore, live CA vaccine has been efficacious against in-
fection with a variant virus strain, which was not contained
in the vaccine strains [47]. In animal models, it has been
demonstrated that the live CA vaccine was safe and immu-
nogenic against infection with HON2 and H5N1 avian influ-
enza viruses [49-51].

3.2.3. Safety

The live CA vaccines are suitable for use in children and
elderly. CA reassortant viruses have been established to be
genotypically stable and suitable for administration to chil-
dren with asthma. The live CA vaccines are well tolerated in
children with minor upper respiratory symptoms including
rhinorrhoea or sore throat [52]. Excess systemic complaints
including myalgia, headache and lethargy occur not gener-
ally in healthy adult subjects [53]. Furthermore, these are
well tolerated by elderly in nursing homes and patients with
asthma, chronic obstructive airways disease or cardiac condi-
tions [54]. Good efficacy in clinical trials including young
children has been confirmed in Asia and Europe. Recently,
another CA master virus strains of A (HLN1) and A (H3N2)
subtypes have bee developed by growth of wild type of in-
fluenza virus in Vero cells at 25 °C, which were also safe and
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well tolerated and exhibits immunogenicity after intranasal
immunization in young adult volunteers [55].

Current report has demonstrated that live CA vaccines
were prepared from reassortant viruses possessed genes en-
coding a modified HA and a wild-type N1 subtype NA from
influenza A (H5N1) viruses isolated in Hong Kong and
Vietnam in 1997, 2003 and 2004, and the remaining genes
derived from CA master strain, influenza A/Ann Arbor/6/60
(H2N2). In mice, the H5N1 CA vaccines exhibited immuno-
genicity and completely protected from the lethal challenge
with wild-type H5N1 viruses and different subtype viruses
isolated in Asia between 1997 and 2005 [51].

CA vaccine and inactivated vaccine do not differ by sys-
temic reactions after administration, however, it is not ruled
out that there can be unfavorable reactions in vaccination of
persons with allergy to the chicken-embryo proteins as well
as in cases of persistence/reversion of CA strain observed in
vaccination of persons with primary impairments of the im-
mune system [56]. Therefore, CA vaccine still has disadvan-
tages.

4. NEW DEVICES FOR DEVELOPING INFLUENZA
VACCINES

4.1. Necessity for Developing New Type Vaccines

In Hong Kong in 1997, a highly pathogenic avian influ-
enza A (H5N1) virus has been apparently transmitted di-
rectly from chickens to human with no intermediate mam-
malian hosts. The catastrophe with influenza pandemic (e.g.
with H5 strains) will undoubtedly occur as issued a warning
by WHO. WHO has estimated that there globally are about
1.2 billion people at high risk for severe influenza outcomes:
385 million elderly over 65 years of age, 140 million infants,
and several hundred million children and adults with under-
lying chronic health problem. At the present time, the
world’s total vaccine production capacity is limited to about
900 million doses, which are not sufficient for the global
high-risk population. Therefore, it is obvious that a timely
manufacturing, distribution and delivery of pandemic influ-
enza vaccines cannot be carried out.

Current dosage of vaccines (i.e. 15 pg HA) induces im-
mune responses in most persons. Since it has been estab-
lished that the increase in vaccine dosage (antigen dosage)
enhances the serum anti-HA antibody response [57], a lager
amount of dosage will induce a higher immune response.
However, the infection of eggs with high pathogenic influ-
enza virus strains results in the rapid death of embryos.
Therefore, adequate viral titers for the preparation of vac-
cines cannot be reached. It has been attempted to settle this
problem by using low pathogenic strains having the same
HA subtypes instead of high pathogenic strains. Conse-
quently, new devices, such as reverse genenetics technology,
are needed for developing vaccines for highly pathogenic
viruses.

Current vaccines can immunize against highly specific
virus-membrane constituents, HA and NA, although these
vaccines are not effective against antigenic shift or drift vari-
ants of the original viruses, and also take a lot of time for
preparation. Since CTL response is one of the most impor-
tant reactions to eliminate virus particles from the body, it is
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difficult to induce the CTL response against variable viral
proteins, such as HA and NA, with currently available vac-
cines. Accordingly, new devices for vaccination have been
desired urgently, which can induce a protective cellular
immune response to conserved viral proteins. As such new
devices, DNA vaccines and universal vaccines have been
improved.

4.2. Reverse Genetics Vaccines

When human infection with the highly pathogenic H5N1
virus has occurred in Hong Kong in 1997, an antigenically
related but nonpathogenic H5N3 virus strain has been iso-
lated. The nonpathogenic H5N3 virus strain itself was grown
well, however, the growth of attenuated H5N3 reassortant
viruses with human PR8 strain was slow. Reassortant virus
carrying properties, such as higher growth ability in eggs,
low pathogenicity and antigenicity of the pandemic virus,
will be suitable for large-scale production of an adequate
vaccine. Therefore, alternative strategies for the production
of a safe pandemic vaccine strain have been required. It is
now possible to prepare a vaccine against any potential pan-
demic influenza virus strain, such as the avian H5N1 strain,
using genetic technologies [58, 59].

As shown in Fig. (5), the reverse genetics was conducted
using six plasmids carrying genes of PR8 and two plasmids
carrying modified HA genes with deletion of basic amino
acid sequences and NA gene of H5N1 virus. These plasmids
were co-transfected into Vero cells together with four plas-
mids encoding acidic polymerase (PA), basic polymerase
(PB) 1, PB2 and NP genes, which were prerequisite for the
replication of viral genes, of PR8 virus. The generated vi-
ruses possess a similar antigenicity to high pathogenic virus
strains. They grow and adapt to cell culture similar to low
pathogenic master strains [60, 61]. The high pathogenicity of
avian strains is associating with polybasic amino acids at the
HA cleavage site that allowed cleavage by ubiquitous furin-
like protease as described previously. Using simple genetic
engineering techniques, the extra basic amino acids at the
cleavage site can be excised from a cloned copy of the avian
HA gene [62].

Improved reverse genetics have reduced the number of
plasmids required for the generation of influenza A virus
particles as compared with that of previously utilized meth-
ods and allowed the generation of reassortant viruses [61].
The cDNA for each of the eight influenza virus RNA seg-
ments was inserted between the RNA polymerase | (pol I)
promoter and terminator sequences. This entire pol | tran-
scription unit was flanked by an RNA polymerase Il pro-
moter and a polyadenylation site. The orientation of the two
transcription units allowed the synthesis of negative-sense
viral RNA and positive-sense mMRNA from one viral cDNA
template. In other words, functions of both transcription of
viral gene and expression of viral proteins have been engi-
neered into one plasmid, making it possible to require only
eight plasmids. This approach has provided advantages in
the generation of reverse genetics viral strains (reassortants)
carrying sufficient viral titers for vaccine production on de-
mands, and in the elimination of contamination with any
potential pathogenic agents, such as other respiratory virus
present in the original specimen and unknown components
from cells used to isolate the virus.
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Fig. (5). NIBRG-14 virus is a reassortant containing six RNA seg-
ments from PR8 (black lines), and two from the wild type H5N1
strain (gray lines). The HA segment is modified to delete the basic
amino acid sequence domains (dot spot) conferring the high patho-

genicity.
4.3. DNA Vaccines

Wolff et al. have demonstrated for the first time a possi-
bility of vaccination by direct intramuscular injection of
DNA expression vectors containing genes for chlorampheni-
col acetyltransferase, luciferase and -galactosidase in mice
[63]. To generate a viral antigen for presentation to the im-
mune system, plasmid DNA encoding NP of influenza A
virus was injected into the muscle of mice. This resulted in
the generation of NP-specific CTL and protection from a
subsequent challenge with influenza A virus, as measured
by decreased viral lung titers, inhibition of mass loss, and
increased survival [64]. Experiments in mice have shown
that intramuscular and intranasal administrations of plasmid
containing HA sequences induced IgG and IgA against HA
protein [65].

Many studies have demonstrated that HA-based DNA
vaccines induced the protective immunity against influenza
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virus infection. Delivering DNA vaccines using “gene-gun”
inoculation techniques has shown to induce the protection
against influenza virus infection [66] and the long-life main-
tenance of protective B cell response and immunity [67, 68].
Gold particle-mediated epidermal deliveries, improvement of
plasmid vectors, and antigen planning have been examined
in order to enhance the efficacy of DNA vaccines [69-71].
Ljungberg et al. have successfully cloned the variable anti-
genic determinant domains of the HA gene derived from a
strain of H3N2 subtype and inserted it into a vector, fol-
lowed by the production of plasmid DNA vaccines in E. coli
XL1 [72]. Furthermore, it has been shown that both humoral
and cellular responses were induced by a very small amount
of plasmid encoding HA gene [73].

Following vaccine application and uptake by host cells,
the HA gene was transcribed into RNA and exported to the
cytoplasm for protein synthesis. The HA protein synthesized
in cells is processed via MHC class | proteins, which stimu-
lates CTL through CD8" T-cell stimulation and interleukin
(IL)-2 and IFN-y, or is presented by MHC class 1l molecules
for stimulation of humoral immunity through CD4" T-cell
and ILs-4, -5, -6, -10, and -13. In this regard, the mechanism
of immune induction of both neutralizing antibodies and
CTL is similar to that of live-virus vaccines [70, 74-79].

Many cytokines have been examined as adjuvant because
an addition of certain cytokine enhanced the immune re-
sponse induced by vaccination and subsequent protection
from virus infection. IL-6 molecule has been shown to en-
hance two immunologic responses including the induction of
IgA and the stimulation of CTL. Furthermore, it has been
reported that co-administration of DNA encoding IL-6 and
HA genes conferred effective immune response against a
lethal challenge of influenza virus, and that the long-term
protection was maintained [80]. These results suggest that
IL-6 molecule is useful adjuvant for vaccination against in-
fluenza virus infection.

DNA vaccines also have excellent safety profiles and
have shown no toxicity unlike other vaccines. These unique
features of DNA vaccine make it to be attractive. However,
some problems have been remained. In some cases, no DNA
vaccines have been licensed and manufactured for use be-
cause of the high cost for manufacturing and of the require-
ment of multiple vaccinations to achieve protective immu-
nity. There are also some concerns with a possibility of in-
ducing anti-double-stranded DNA antibodies and activating
the Toll-like receptors. Currently, there are several DNA
vaccines that have been developed for veterinary and human
purposes worldwide, while none have as yet proceeded be-
yond phase 2 trials. Much effort is needed to improve their
performance in the near future to fulfill their promise.

4.4. Universal Vaccines

It is predicted that millions people die from a new influ-
enza pandemic before vaccination matching to the pandemic
strain because it takes more than 6 months for manufacturing
those vaccines. To stand up to the potential threat of influ-
enza pandemic, it is looking forward to preparing a vaccine
that can protect against any influenza viruses universally, so-
called “universal vaccines”.
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Transmembrane M2 protein encoded viral genes is
scarcely present on the virus but is abundantly expressed on
virus-infected cells. The external domain, M2e, composed of
23 amino acids is highly conservative because the sequence
has hardly changed since the first isolation of influenza virus
strain in 1933, despite numerous epidemics and several pan-
demics [81, 82]. As M2e-specific antibodies have been
shown to reduce the severity of infection in animals, M2e is
being studied for its capability of providing protection
against a broad range of influenza A virus strains. However,
the antigenicity of M2e domain in humans is weak [82, 83].

The synthetic M2e peptide with both incomplete Freund's
and aluminum adjuvant induced M2e-specific 1gG antibodies
and also provoked M2e-specific T cell response in mice. The
immunization with M2e peptide protected mice from a lethal
challenge with influenza virus [84]. Without adjuvant, im-
munization with fusion protein of M2e and Toll-like receptor
ligand developed M2e-specific antibody responses that were
quantitatively superior to those observed with M2e peptide
delivered in aluminum [85]. Intraperitoneal or intranasal
administration of M2 protein fused with hepatitis B virus
core protein protected mice from a lethal challenge with
various types of influenza viruses [86]. Using a synthetic
multiple antigenic peptide (MAP) vaccine system, M2e-
MAP induced higher levels of anti-M2e antibody against
defined subtypes of viruses [87]. Recently, phase I clinical
studies with M2e vaccines have been completed. Further
development in humans pursue the protective efficacy of
universal vaccines against influenza A viruses [88].

The fusion peptide region of HAOQ is highly conserved
among all HA subtypes of influenza A viruses, a part of
which forms a loop on the virus-infected host cells [89].
Vaccination with a peptide spanning the HA1/HA2 joining
region decreased symptoms and mortality after influenza
virus infection in mice. The immunity against the HA1/HA2
joining region was more robust than M2e-specific immunity
[90, 91]. These findings suggest that the HA1/HA2 joining
region is a candidate for universal vaccines against influenza
virus infection.

4.5. Co-administration with Adjuvants

The co-administration of immuno-stimulating complexes
with vaccine has accelerated both antibody and T-cell re-
sponses [92]. Subunit influenza vaccine with adjuvant
MF59, an emulsion of squalene in water for parenteral use, is
licensed in some European countries. MF59 significantly
increased immune responses to interpandemic influenza A
and influenza B antigens, particularly in elderly with chronic
diseases [93, 94]. Virosomes can be constructed from virus
surface proteins embedded in phospholipids bilayers. Vacci-
nation with the virosomes induced higher concentrations of
protective antibody and higher rates of immunization than
that with inactivated vaccines without adjuvant [95]. A com-
plex of heat-labile E. coli toxin, lecithin as vesicles and inac-
tivated trivalent influenza virus preparations is considered
another adjuvant candidate for intranasal administration [96].
Ichinohe et al. have demonstrated that poly (1:C) was a new
and effective intranasal adjuvant for influenza virus vaccines
[97]. As previously described in the subsection of DNA vac-
cines, 1L-6 molecule appears to be useful as an adjuvant for
vaccination against influenza virus.
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5. CONCLUSION

The pandemic influenza (HLN1) 2009 has been spreading
to many countries and recognized as a most devastating in-
fectious disease of this century accompanied with many
deaths. Mutations in the virus genes may potentially lead
more dangerous outbreaks. Monitoring antigen drift and shift
in influenza A viruses is important not only to predict
changes of the virulence but also to prepare influenza vac-
cines matching to circulating strains in a timely fashion.
However, currently licensed influenza vaccines have many
inevitable problems to be solved. New devices for influenza
vaccination have been required and developed in order to
solve the problems. As described in this article, the live CA
vaccine, the reverse genetics vaccines, the DNA vaccines,
the universal vaccines and the co-administration with adju-
vant are promising for the new devices. We will be sure to
control epidemics and pandemics of influenza virus infection
using new technologies for vaccination in a near future.
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