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1. ABSTRACT  
 

Influenza viruses pose a major challenge to those 
concerned with global public health. Not only do influenza 
viruses cause yearly epidemics that are associated with 
slight changes in viral antigenicity, but occasionally new 
viruses cross from animal reservoirs into humans causing 
major pandemics. The most effective method to lower the 
mortality and morbidity associated with influenza is 
vaccination. In this review current and pending influenza 
vaccine technologies will be discussed in the context of 
both epidemic and pandemic influenza. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION  
 

Influenza in humans is caused by viruses 
from one of three genera within the family 
Orthomyxoviridae: influenza A virus, influenza B virus, 
and influenza C virus (1). Each flu season, influenza A and 
B viruses combine to cause substantial human morbidity 
and mortality, and seasonal influenza vaccines target both 
strains. However, type A viruses are the ones associated 
with pandemic episodes and thus are most actively 
targeted for development of newer generation 
vaccines.  
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Influenza A viruses pose a rather challenging 
quandary as a target for vaccination, because the best 
form of immunity against these viruses is neutralizing 
antibodies that target the most variable viral protein, 
hemagglutinin (HA). Although antibodies against other 
viral proteins such as neuraminidase (NA) and matrix 
protein 2 (M2) reduce disease severity, those directed 
against HA are the only ones that effectively neutralize 
the viral infection.  The difficulty lies not only in the 
fact that 16 subtypes of HA have been serologically 
defined in influenza A (2), but also in the fact that 
influenza viruses have evolved two mechanisms for 
creating antigenic diversity, antigenic drift and antigenic 
shift.  

 
2.1. Mechanisms of Influenza Virus Evolution 

Antigenic drift is the result of the infidelity of the 
virally encoded, RNA-dependent RNA polymerase. As 
with other polymerase enzymes using RNA as template, the 
lack of proofreading activity introduces a number of errors 
during each replication cycle. When combined with the 
selective pressure applied by a host population that is 
continually infected or vaccinated, these errors result in the 
rapid emergence of antigenically novel forms of the 
virus. Any vaccination regime based on neutralizing 
antibodies must therefore contend with this “moving 
target.” In response to the antigenic drift of influenza 
strains, the World Health Organization (WHO) has 
developed a worldwide network of more than 100 
laboratories to monitor the evolution of the virus and to 
ensure that the most appropriate strains are included in 
the yearly vaccine formulations.  The practical 
implication of influenza virus antigenic drift is that one 
of the vaccine components (H1N1, H3N2, or B) needs to 
be updated at least every other year.  

 
Potentially of greater concern than antigenic drift 

is the second mechanism of influenza A virus evolution, 
antigenic shift, which occurs through the process of genetic 
reassortment. The segmented nature of the influenza 
virus genome allows for the mixing of gene segments in 
dually infected cells.  This process has been responsible 
for the genesis of at least the last two human influenza 
pandemics in which circulating human viruses acquired 
gene segments (including HA) from animal viruses 
(3,4). Although humans and other mammals host limited 
lineages of influenza A viruses, wild aquatic bird 
populations serve as their major reservoir, and it is 
generally accepted that all influenza A viruses have 
ancestral links to that population (5). Although only 
three subtypes of influenza A virus have formed stable 
lineages in humans (H1, H2, and H3), viruses 
representing all 16 HA subtypes are harbored in aquatic 
birds (6). Substantial genetic and antigenic diversity 
exists within these aquatic bird reservoirs, and viruses of 
different subtypes rarely cross-react serologically (5).   

 
2.2. Resurgence of Influenza Vaccinology 

The genetic and antigenic diversity among 
influenza viruses presents a major challenge to preparing 
vaccines against them. In light of the facts that we cannot 
predict with any accuracy which influenza viruses pose the 

greatest threat to humans and our current vaccine is unable 
to induce cross-protecting immunity, there is substantial 
room for improvement of influenza vaccination. 

 
Although the deficiencies in influenza vaccine 

technologies have been long recognized, only recently 
has the field been substantially rejuvenated in response 
to contemporary outbreaks of highly pathogenic H5N1 
influenza viruses in global avian populations, with 
sporadic spillover into the human population (7). This 
rejuvenation has been led by the serious public health 
threat posed and probably more importantly by the 
subsequent increase in funding.  Highly pathogenic 
strains of influenza not only have the inherent property 
of variability, but also are highly virulent, which adds 
difficulties to preparing vaccines against these strains. 
With enhanced virulence comes the added challenge of 
enhanced biosafety-handling requirements. These 
requirements limit the number of academic, 
pharmaceutical, and government laboratories that can 
handle these viruses. As a result, our ability to produce 
vaccines against these strains is limited. In addition to 
the danger the highly pathogenic strains pose to poultry 
and humans, many kill embryonated chicken eggs, 
which are the backbone of current influenza vaccine 
strategies. 

 
Highly pathogenic avian influenza (HPAI) 

viruses are not naturally present in the aquatic bird 
populations of the world. Instead, they evolve from less 
pathogenic strains that cross the species barrier into 
domestic poultry. After replication in these hosts and for 
reasons not well understood, a percentage of H5 and H7 
strains accumulates additional amino acids at the HA-
cleavage site (8-10). Proteolytic site–specific HA 
cleavage is required for all influenza virus infections, 
because it releases the peptide that is necessary for the 
fusion of viral and host membranes (for review see 11).  
The cleavage of most influenza viruses is mediated by 
trypsin-like proteases, which are primarily produced by 
Clara cells lining the respiratory tract. As a result, the 
growth of those viruses is limited to the respiratory 
tract. In contrast, the altered cleavage site of the highly 
pathogenic strains responds to the action of ubiquitous 
furin-like proteases, and these viruses can replicate 
outside the respiratory tract (12). Although it is unlikely 
that their response to the activation of the ubiquitous 
furin-like proteases is the sole reason for the extreme 
virulence of the highly pathogenic strains, removal of 
the additional amino acids at the cleavage site results in 
virus attenuation. This phenomenon has been exploited 
for vaccine production, as detailed below.  Another 
aspect of H5N1 vaccines that has spurred research into 
adjuvants and other antigen-sparing technologies is their 
apparent poor immunogenicity in humans (13).  

 
This review will focus primarily on vaccines 

targeting influenza A viruses, though in some cases, the 
approaches are also applicable to influenza B. This 
review is far from exhaustive, but it is designed to 
highlight some of the recent areas of progress in 
influenza vaccinology. 
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3. CURRENT INFLUENZA VACCINES 

3.1. Inactivated Vaccines 
Although live, attenuated vaccines are available 

in some countries (14), the vast majority of the world’s 
supply of influenza vaccine is based on inactivated, egg-
grown, intramuscularly administered vaccine, the principles 
of which were developed during the 1940s. In 2000, 
approximately 233 million doses of trivalent (H1N1, 
H3N2, and B strains), inactivated vaccine were distributed 
worldwide (15). The first trials of inactivated influenza 
vaccines were in the United States military during World 
War II, and the first commercial vaccine was available in 
the United States in 1945 (see 16  for review). During the 
next 30 years, relatively major changes were made to the 
process such as the introduction of split-virion vaccines to 
reduce adverse effects, or reactogenicity, (17) and high 
egg-growth reassortant influenza A strains to improve 
yields (18). The development of these high-growth strains 
took advantage of the capacity of the influenza genome to 
undergo reassortment and the finding that incorporation of 
HA and NA genes into the egg-adapted A/Puerto Rico/8/34 
strain often led to a virus with improved growth properties 
in eggs. In addition to increased growth, the reassortant 
strains are attenuated in humans, which provides an extra 
level of safety in the manufacturing process (19,20). The 
use of reassortant strains, however, does have its problems, 
including the randomness of the reassortment process and 
the subsequent need to screen progeny viruses for the 
desired genotype, the need for selection methods, and the 
requirement that all strains are capable of egg growth.  
Although theoretically all but the HA and NA gene 
segments of the vaccine virus would be from the A/Puerto 
Rico/8/34 strain, in practice this is seldom the case. One 
has to keep in mind that the contemporary viral strains 
represented in the vaccine change in response to the 
evolution of the virus in the human population, and the 
production of reassortant strains is a continuing effort. 
Nevertheless, the increased yield offsets these limitations.  

 
Vaccine is produced from high-growth strains by 

amplification in the allantoic cavity of embryonated 
chicken eggs. Typically, detergent is used to disrupt lipid 
envelopes of harvested virus. The virus is concentrated and 
purified via rate zonal centrifugation and inactivated with 
β-propiolactone or formaldehyde. Detergent is used to 
disrupt lipid envelopes of harvested virus. Vaccine proteins 
are concentrated and purified from viral constituents via 
rate zonal centrifugation.. The vaccine is then formulated to 
15-µg HA protein per virus strain per dose. Note that high-
growth reassortants are not produced against influenza B 
viruses. As described above, the primary mechanism of 
inactivated influenza vaccine is the production of 
antibodies targeting the HA. HA is the protein that attaches 
the virus to the host cell; thus, antibodies that bind HA can 
neutralize the virus and inhibit the infectious process. A 
review of efficacy data from various sources showed that in 
adolescents and adults (14-60 years of age), the inactivated 
vaccine reduced serologically confirmed influenza illness 
by 70% compared to controls (21). Similar analyses 
demonstrated a 65% efficacy of the vaccine in children 
older than 2 years (22) and a reduced efficacy in the elderly 
(23). 

3.2. Live Attenuated Vaccines 
In contrast to inactivated vaccines that stimulate 

little, if any, cellular and mucosal immunity, vaccines 
based on attenuated live viruses are thought to stimulate 
humoral and cellular immune responses (24). Another 
perceived benefit of the live attenuated influenza vaccines 
(LAIVs) is that they are administered via the intranasal 
route, and they do not require a needle. LAIVs are available 
in Russia and the United States. The basis for production of 
seasonal live attenuated vaccines is also the generation of 
reassortant strains. In these reassortant strains, the HA and 
NA genes of the target viruses are incorporated into the 
backbone of master strains attenuated by cold adaptation. 
Cold adaptation introduces temperature sensitivity, which 
limits master strain replication to the upper respiratory 
tract. In Russia, the cold-adapted strains are based on 
A/Leningrad/134/57 (H2N2) and B/USSR/60/69 (24,25); in 
the United States, they are based on A/Ann Arbor/6/60 
(H2N2) and B/Ann Arbor/1/66 (24,26).  

 
LAIVs are thought to induce a cellular immune 

response targeted toward more conserved viral proteins 
(e.g., nucleoprotein). Therefore, LAIVs may have an 
advantage over inactivated vaccine when a mismatch 
between the vaccine and the circulating strain occurs. This 
certainly appeared to be the case during the 1997-1998 
influenza season, when the A/Wuhan/359/95 H3N2 vaccine 
component was antigenically mismatched with the 
circulating A/Sydney/5/97-like H3N2 viruses. During that 
season, the LAIV was 86% effective, despite the mismatch 
(27,28), and the effectiveness of the inactivated vaccine 
was questioned (29).  

 
Two studies have directly compared the efficacy 

of LAIVs and inactivated influenza vaccines. The first by 
Edwards and colleagues found no differences in efficacy in 
adults over a 5-year period (29). In contrast and somewhat 
unexpectedly, a head-to-head comparison of LAIVs and 
inactivated vaccines in adults during the 2004-2005 season 
showed that the inactivated vaccine was more efficacious, 
when laboratory-confirmed influenza was used as a 
measure of vaccine efficacy (30). The 2004-2005 influenza 
season was also considered a mismatch season; the 
difference in efficacies between the two vaccines was 
related mainly to divergent outcomes of influenza B 
infection (30). Although a definitive answer will require 
further head-to-head trials, it appears that in adults there is 
little difference between the efficacies of LAIV and that of 
inactivated influenza vaccines against seasonal influenza. 
The added benefit of LAIVs might, however, manifest in 
young children or against pandemic influenza strains in 
which preexisting immunity to the vaccine strains is 
limited. 

 
3.3. Limitations of Current Influenza Vaccine Strategies 

The two biggest drawbacks of the current 
influenza vaccine strategies are their targeting of variable 
proteins and the time needed to produce updated vaccines. 
The second drawback is actually a result of the first one. 
Using current technologies, the production time for a 
seasonal influenza vaccine is approximately 6 to 7 months 
(31,32). This period includes the distribution and testing of 
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WHO-supplied seed strains and the manufacture and 
release of vaccine. In addition to time limitations, the 
current system is also limited by the reliance on eggs for 
vaccine virus propagation. This system is inflexible, and in 
some cases, viruses will not grow in this substrate. The 
latter problem is highlighted by a couple of recent events, 
i.e., the emergence of the A/Fujian/411/02-like viruses in 
the 2003-2004 season and the desire to produce 
prepandemic vaccines against HPAI strains. 

 
The A/Fujian/411/02-like viruses did not 

replicate in embryonated chicken eggs; thus, it was very 
difficult to produce a matched vaccine (33-36). The 
A/Fujian/411/02 episode was not the first of its kind, but it 
does demonstrate the fragility of a system built on 
replication of virus on an egg substrate. The 
A/Fujian/411/02 virus was predicted to be the dominant 
strain in the 2003-2004 season, but due to the lack of an 
egg-grown isolate (viruses isolated on nonvalidated cell 
lines could not be used for production of high-growth 
reassortants), a matching vaccine strain could not be 
produced in time for the seasonal vaccine production cycle. 
Producing egg-grown vaccines against HPAI viruses can 
also be very difficult, because the viruses can cause the 
premature death of the developing embryo. Although this 
issue is very much secondary to the biosafety issues 
associated with bulk manufacture of HPAI viruses, it 
emphasizes another deficiency in the current technology.  

 
A number of alternative strategies have been 

proposed for influenza vaccine design and manufacture.  
The present development of these strategies ranges from 
those in advanced clinical trial (e.g., cell culture derived 
vaccine) to those still in the discovery phase (e.g., virus-
like particles). Perhaps the approaches that offer the most 
short-term hope are those aimed at improving the 
production of the current vaccines, particularly the 
incorporation of reverse genetics and cell culture systems. 
 
4. REVERSE GENETICS 

 
The first reverse genetics systems designed to 

generate replicating influenza virus were developed in the 
late 1980s by Palese and colleagues in New York (37). 
Although successful, the systems relied on purification of 
viral ribonucleoproteins (RNPs) and a helper virus, which 
meant that the desired virus had to be purified by selection. 
These problems were overcome in 1999, when researchers 
developed the first plasmid-based reverse genetics systems 
designed to generate influenza A virus (38). Soon 
thereafter, similar systems were developed that allowed the 
reconstitution of fully viable virus from cDNA of the viral 
RNA (39,40). For the first time, the genome of influenza A 
viruses could be manipulated with ease using the most 
basic of molecular biology tools.  
 
4.1. Creation of High-Growth Reassortant Vaccine 
Strains  

One of the first demonstrations of the power of 
reverse genetics was in proof-of-concept experiments in the 
rapid generation of high-growth reassortant vaccine strains 
for human (41,42) and avian (41,43) viruses. The strains 

were created by transfecting cultured cells with plasmids 
encoding the PB2, PB1, PA, NP, M, and NS gene segments 
from A/Puerto Rico/8/34 and the HA and NA gene 
segments from the target virus (Figure 1). This method 
produced high-growth reassortant strains without requiring 
selection mechanisms and screening of progeny for the 
desired gene configuration; simply, what you put in is what 
you get out. Although these technologies are better than 
conventional reassortment techniques in terms of producing 
reference viruses for seasonal influenza vaccines, perhaps 
their biggest contribution is producing such viruses from 
HPAI isolates.  

 
On the basis of RNP-based reverse genetics 

studies completed in response to the H5N1 outbreak in 
Hong Kong in 1997 (44,45), a number of investigators 
conducted proof-of-concept studies showing that 
A/Puerto Rico/8/34-based H5 reassortants could be easily 
produced using these systems  (41,46,47). The basic 
principle underlying the methodology was as described 
above for non-HPAI strains, with the added step of 
removing from the HA cleavage site the multiple basic 
amino acids associated with high virulence. Although these 
proof-of-principle studies showed that plasmid-based 
reverse-genetics technologies could be exploited to produce 
vaccine-reference virus, it was not until 2003 that these 
technologies were put to the test.  

 
In February 2003, public health officials 

confirmed the first cases of human infection with H5N1 
HPAI virus (48) since 1997 (49,50). This news sparked fear 
of an impending pandemic. During the earlier 1997 H5N1 
outbreak, several options for vaccine development were 
explored, including the attenuation of the virus by RNP 
reverse-genetics systems, the development of a vaccine by 
using an antigenically matched nonpathogenic strain, and 
the expression of the H5 protein by using baculovirus 
vectors (for review see 13). In 2003, the emphasis was 
placed on producing a matched high-growth reassortant 
reference strain by using plasmid-based reverse genetics 
techniques because a nonpathogenic, antigenically matched 
strain was not available, and the immunogenicity of the 
1997 baculovirus-derived H5 protein was disappointing 
(51). The attempts at reverse genetics were very successful, 
and within weeks of the H5N1 virus being isolated in 
humans, a candidate reference virus was available for 
testing (35,52). Although whole vaccines derived from 
these 2003 reference strains have proven to be efficacious 
against homologous and heterologous H5N1 lethal 
challenge in mouse and ferret models (53,54), the demise 
of the 2003 threat and the emergence of an antigenically 
distinct virus in 2004 halted the planned production of 
clinical-grade vaccine. 

 
While it was becoming obvious that the 2003 human 
infections of H5N1 were isolated cases, a more ominous 
scenario was unfolding throughout Southeast Asia. Viruses 
that were genetically similar but antigenically distinct to the 
2003 H5N1 viruses were spreading in avian species 
throughout the region (55). Their spread culminated in the 
emergence of new human H5N1 infections in early 2004. 
Again, global health authorities were put on high
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Figure 1. Traditional and reverse genetics-based reassortment of influenza strains.  A) High-growth, attenuated vaccine seed 
viruses bearing HA and NA of seasonal influenza strains have been derived to-date by co-infection of embryonated eggs. 
Random reassortment of the eight gene segments potentially yields up to 256 permutations, and thus is followed by screening for 
proper surface proteins, as well as high growth in eggs. B) Plasmid-based reassortment of viral genes enables precision in the 
mixing of gene segments and versatility in the development of vaccines against highly pathogenic strains. HA and NA gene 
segments amplified from cDNA are cloned into plasmids. These, along with six internal gene segments cloned from the donor 
vaccine strain (possessing attenuated and high-growth properties), are used to co-transfect cultured cells. In the case of a highly 
pathogenic parent strain, nucleotides encoding the multiple basic amino acid site can be deleted from the HA plasmid via routine 
mutagenesis methods. Screening for desired reassortants is unnecessary, substantially reducing the biosafety requirements for 
deriving a reassortant vaccine. 

 
alert, and matching vaccine strains were sought. Building 
on experiences and mistakes from the previous year, 
candidate live attenuated vaccine viruses were again 
produced. Plasmid-based systems accelerated the initial 
phase of vaccine production (i.e., reference virus creation). 
Unfortunately, the 2004 outbreak was not isolated, and the 
virus has continued to spread and cause further human 
infection, forcing national and international agencies to 
contemplate preparation of trial batches of vaccine to be 
tested and stockpiled.  

 
By mid-2005, the first doses of split-virion, 

inactivated vaccine produced from a reverse genetics–
derived strain had entered a federally funded clinical trial in 
the United States. Although the results of these trials were 
not unforeseen, they were also not encouraging. Two doses 
of 90 µg (six times the standard dose) were needed to elicit 
a detectable response in 58% of participants (56). Similarly 
disappointing results were reported from another trial of a 
split-virion vaccine formulated with aluminium hydroxide 

(57). In that study, 67% of individuals seroconverted, but 
only after two doses of 30 µg each. Taken at face value, 
neither of these studies is particularly reassuring. In the 
event of a global pandemic, the vaccine-manufacturing 
resources would be under considerable strain, and the 
requirement for two doses of 30-µg vaccine would add 
even more pressure. More encouraging are studies using an 
aluminium hydroxide–adjuvanted whole-virus formulation. 
In those studies, 78% of participants seroconverted after 
two doses of 10 µg (58). This latter result suggests that, in 
the event of a pandemic, a tradeoff may need to be made 
between the added reactogenicity of a whole-virus 
formulation and its superior immunogenicity. Of course, 
one should be careful not to overextrapolate based on three 
published studies. It is also worth considering the results of 
preclinical studies of H5N1 vaccines in which protection 
from lethal disease can be observed in the absence of 
“protective” levels of serum antibodies (53,54,59,60). 
These results suggest that protection from lethal infection, 
which in the case of a pandemic episode might be a more 
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than worthy goal, can be achieved at antibody levels below 
what is generally considered protective. Unfortunately, this 
hypothesis can be tested only in humans in the event that 
H5N1 becomes a bona fide human pathogen; thus, we hope 
that this hypothesis will never be tested. 

4.2. Other Uses of Reverse Genetics in Influenza 
Vaccines 

The power of reverse genetics for influenza 
vaccine development goes well beyond the creation of 
high-growth or LAIV-reference strains. These systems can 
manipulate the viral genome, an ability that has led to a 
number of promising developments, many in the area of 
introducing attenuating mutations. For example, NS1 is a 
multifunction protein that antagonizes the host type I 
interferon response (61,62). Correspondingly, truncated 
NS1 can severely attenuate the growth of the virus in 
interferon-competent systems (Quinlivan, Zamarin et al., 
2005;Richt, Lekcharoensuk et al., 2006;Talon, Salvatore et 
al., 2000). The challenge for this approach will be fine-
tuning the attenuation so that enough viral replication 
occurs in a primed individual to generate an immune 
response without causing disease. Another challenge for 
such an approach is the possibility of reversion of the 
vaccine strain to virulence after a reassortment event with 
wild-type strains. This concern has been raised often in 
debates on the safety of cold-adapted LAIVs, but the 
available data suggest that these events are unlikely and 
that transmission of these vaccine strains in close-contact 
pediatric populations is minimal (63).  

 
In another example of harnessing reverse genetics 

to introduce attenuating mutations into vaccine strains, 
Stech and colleagues recently altered the protease 
requirements of a laboratory strain of influenza (64). As 
described above, influenza HA requires cleavage by host 
trypsin-like proteases to initiate fusion. In a simple but 
clever move, these investigators switched an amino acid at 
the cleavage site of A/WSN/33 from a trypsin-like protease 
target to a porcine elastase target. This manipulation 
created an attenuated virus that grows well in vitro in the 
presence of elastase but replicates only minimally (i.e., 
enough to induce an immune response) in mice. Although 
this finding is a good demonstration of the practical use of 
basic information on the viral-replication cycle, it would 
appear the ability of the attenuated strains to revert back to 
the pathogenic form, albeit infrequently, will likely limit 
the usefulness of this approach. 

4.3. Barriers to Using Reverse Genetics in Vaccine 
Production 

Although powerful, reverse genetics cannot be 
universally incorporated into the influenza vaccine 
production chain until certain legal and regulatory issues 
are resolved (15). One issue is that these systems require 
cell culture, which is not required for the development of 
conventional high-growth strains. Unfortunately, the 
number of suitable cell lines is very limited. In addition to 
the regulatory requirements for a well-characterized cell 
bank, the technology limits the choice of cell. The first-
generation plasmid-based reverse-genetics systems (38-40) 

use the species-specific human RNA polymerase I 
promoter, which limits the use of these systems to cells of 
primate origin. Second-generation systems utilizing avian 
promoters (65) are in development, and one would assume 
canine systems are not far behind. Among existing primate-
origin cell lines, the African green monkey kidney cells, 
Vero cell line is likely best suited to meet technical 
demands and has historically been a substrate for licensed 
vaccines. Cultures of Vero cells are easily obtainable, but 
only cells from fully tested and licensed cell banks are 
likely to be acceptable for vaccine manufacture. Creating 
such cell banks requires dedicated facilities and substantial 
financial input. During the 2003 H5N1 outbreak, access to 
such cells was a significant hindrance to vaccine 
production, and much time was lost getting the appropriate 
cells to the laboratories capable of creating the vaccine 
strains.  

 
In many countries, reference vaccine strains 

derived from reverse genetics are considered genetically 
modified organisms. Although classification as genetically 
modified does not necessarily preclude the viruses’ use, it 
will require that manufacturers obtain additional 
government approval; this process is now well underway in 
several countries. In addition, reverse genetics technologies 
are covered by intellectual property patents, which again 
does not preclude their use, but may discourage the full 
involvement of commercial entities. Although these issues 
are potential barriers to influenza vaccine development, 
they can be overcome. Pandemic scares such as those 
sparked by the 2003 and ongoing 2004 H5N1 outbreaks are 
forcing commercial and regulatory parties to address these 
issues with some urgency. 

 
5. CELL CULTURE VACCINES 

 
Although the current system of influenza vaccine 

production in eggs works well most of the time, there is 
little doubt that cell culture systems have advantages and 
that vaccine produced in this way will be available within 5 
to 10 years. A major public health advantage to using cell 
culture systems is that it is easier to manage an inventory of 
frozen cells than flocks of chickens. Therefore, cell culture 
systems will add substantial flexibility to the influenza 
vaccine production system. The end user will probably not 
notice any difference between the egg-grown and cell 
culture–grown vaccines, but in times of emergency, the 
speed of production in the latter system will be beneficial  

 
The outbreaks of H5N1 and increasing demands 

for seasonal influenza vaccine have driven the development 
of the cell culture technologies forward. Manufacturers 
have hesitated to invest in cell culture production, mostly 
due to the historically poor financial return on influenza 
vaccines (66).  Converting from chicken egg to cell culture 
systems is not a simple affair. With increasing demand and 
increasing federal support the major influenza vaccine 
manufacturers are developing cell-based production 
systems.  

 
At least three cell types are being explored as 

substrates for vaccine virus growth: Madin-Darby canine 
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kidney (MDCK), Vero cells, and PER-C6 cells. MDCK cells 
have historically been the cell type most commonly used for 
propagation of influenza viruses. They are susceptible to most 
strains of flu, and the resulting virus yields are generally good. 
Some anxiety accompanies the use of MDCK cells because of 
their tumorigenicity when injected into immunocompromised 
mice (67). However, licensure for an MDCK-generated 
influenza vaccine has been gained in The Netherlands (68), 
and there is an expanding safety database (69-71). After 
MDCK, the cell line that has been most explored for influenza 
vaccine production is the Vero line (67,72).  The third cell line 
being touted as a substrate for influenza vaccine is the human 
embryonic retinal cell line PER-C6 (73). 

 
6. ANTIGEN-SPARING APPROACHES 

 
A major drawback of influenza vaccines, 

particularly pandemic vaccines, is their poor 
immunogenicity in naïve individuals. This has spurred 
much research into antigen-sparing approaches such as 
adjuvants and alternative routes of delivery. Although a 
number of adjuvants, many targeting mediators of the 
innate immune response, are in early preclinical stages of 
development, the two most developed for use in influenza 
vaccine are aluminium and MF-59. Aluminum-containing 
influenza vaccines have only a modest advantage over 
nonadjuvanted formulations, though this adjuvant is 
commonly used in other vaccines (74). In contrast, MF-59 
(an oil-in-water emulsion) has shown encouraging results 
(75-81) and is licensed in seasonal influenza vaccine in 
parts of Europe. 

 
The second approach that has been used to reduce 

the dose of inactivated influenza virus in vaccines is 
intradermal administration.  Two trials examining the dose-
sparing effect of intradermal administration of a seasonal 
influenza vaccine showed that reduced doses of vaccine 
given via this route induced equivalent or better responses 
than a single, intramuscular full dose in healthy adults 
(82,83).However, a similar study in Bangkok was not able 
to reproduce these results (84).   

 
6.1. Foreign Expression of Hemagglutinin 

Good immunoprotection against influenza can be 
generated using antibodies against the viral HA alone; thus, 
it is not surprising that a number of approaches have been 
used to create recombinant vaccines based on the 
expression of this protein. These approaches have the 
added benefit that safety concerns are alleviated when 
dealing with the highly pathogenic strains.  

 
In terms of clinical development, the most 

advanced recombinant vaccine in production is 
baculovirus-expressed HA. H5 and seasonal vaccines 
produced using this approach have entered the clinical trial 
phase of development. Although the H5 trial was 
disappointing, in terms of immunogenicity, it did show that 
the baculovirus-expressed protein induced functionally 
relevant antibodies in humans (51). More promising results 
have been seen in boosting primed individuals (i.e., those 
who have had previous infections and/or vaccinations in a 
seasonal vaccine setting). In the absence of an adjuvant, 

these vaccines may be better suited to the seasonal vaccine 
niche (85-87).  Another recombinant approach is the 
manufacture of virus-like particles (VLPs). VLPs form 
spontaneously when HA, NA, and M1 proteins are 
expressed together. Baculovirus-expressed VLP vaccines 
are immunoprotective in mouse models of H9N2 (88), 
H3N2 (89) and H1N1 (90) infection.  

 
In addition to recombinant HA, a number of viral 

vectors have been assessed for their suitability as influenza 
vaccines. Those in clinical development include adenovirus 
and alphavirus vectors. In clinical trials, nasal or 
epicutaneous administration of a replication-defective 
human Ad serotype 5–derived vector expressing an H1 HA 
protein was well tolerated (91). Adenovirus approaches do, 
however, have the limitation of vector immunity. This 
problem is confounded with influenza vaccination, where 
immunization is a yearly phenomenon. Other approaches 
that appear to be less limited by vector immunity include 
those based on alphavirus replicon systems. Both Semliki 
Forrest virus (92) and Venezuelan equine encephalitis virus  
replicon systems have shown promise as humoral and 
cellular immunity–stimulating influenza vaccines. 

 
6.2. DNA vaccination 

Since the 1993 report of the first experiments 
using influenza to demonstrate the utility of DNA 
vaccination against infectious diseases (93), several 
subsequent reports have been published. These include the 
demonstration of DNA vaccine efficacy against a range of 
influenza viral subtypes in several animal models. One 
attractive feature of the DNA approach is that large 
amounts of vaccine could theoretically be produced in a 
short period of time. Substantial, but not insurmountable 
hurdles would have to be overcome if this approach was 
used. For example, delivering the quantities of DNA 
needed during a pandemic may be difficult (94). Another 
advantage of this approach is the ease with which 
additional gene segments could be incorporated into the 
vaccine. A viral protein such as the nucleoprotein (NP), 
which contains known CD8+ T-cell epitopes, would be a 
prime example. 

 
Although DNA vaccines in humans have yet to 

live up to the promise suggested by preclinical animal data, 
influenza DNA vaccines against pandemic and seasonal 
strains are in clinical trial. Data from a small Phase I study 
using intradermal gene gun delivery of an H3 HA–based 
DNA vaccine showed that the criteria for the Committee of 
Proprietary Medical Products (European guidelines for 
influenza vaccine immunogenicity) was met at a single 4-
µg dose (95). Interestingly, the kinetics of the antibody 
response was slower than that observed for inactivated 
virus vaccines (95). This DNA vaccine was given to a 
primed population, and for a pandemic vaccine where no 
preexisting immunity is present, much larger or multiple 
doses would almost certainly be needed. 

 
7. NOVEL INFLUENZA VACCINE TARGETS 

 
As discussed above, the major hurdle limiting the 

development of a long-lasting influenza vaccine is the fact
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Figure 2. Potential mechanisms of M2 antibody-mediated 
inhibition of influenza virus.  A) Immunoglobulin binding 
to M2 expressed on the surface of an influenza-infected cell 
may recruit an antibody dependent cellular cytotoxicity 
(ADCC) response. Binding between Fc receptors of an 
innate immune cell and the constant region of M2-bound 
antibodies might then bring the effector cell into focused 
contact with the infected cell and trigger its killing via 
perforin/granzyme-mediated or death receptor (e.g. FasL) -
mediated mechanisms.  B) Cross-linkage between nascent 
influenza virions and cell membrane by M2-specific 
antibodies may inhibit release and dissemination of virus to 
other susceptible host cells. 

 
that the best forms of protection target the most variable 
viral proteins.  The major surface glycoproteins HA and 
NA are effective immunogens in a variety of vaccine 
formulations; however, population-wide acquisition of 
immunity to HA and NA – due to infection and vaccination 
– drives perpetual genetic drift in these proteins, thereby 
forcing the constant updating of vaccine antigens. In light 
of this problem, much effort has been made to induce 
immunity against antigens derived from more conserved 
proteins or from highly conserved portions of HA or NA. 
Vaccination with such targets could protect against a wide 
spectrum of human influenza strains circulating from year 
to year and possibly provide heterosubtypic immunity 
against avian strains such as H5N1. 

 
NP is conserved among influenza A viruses and 

elicits cytotoxic T lymphocyte (CTL) responses in infected 
mice. DNA vaccines based on NP genes induce CTL 
responses and protect against heterologous challenge in 
mice (96). CD4+ and CD8+ T cells help mediate protection 
elicited by NP DNA in this model (96). More robust 
protection has recently been achieved using a regimen of 
multiple NP DNA injections plus priming with adenovirus-
vectored NP (97). The breadth and durability of this 
protection was demonstrated when mice were substantially 
protected against challenge with highly pathogenic H5N1 
influenza viruses 5 months after vaccination. 

 
Significant attention has been directed toward 

M2, the third transmembrane protein of influenza A 
viruses, as a potential vaccine target. Unlike HA and NA, 
M2 has an inconspicuous profile at the surface of virions or 
infected cells: the extracellular domain includes only the 
first 24 of 97 amino acids. As a result, virtually no 
detectable antibodies are made against this virus during a 
natural infection. Supporting the notion that M2 is not a 

major natural target for neutralizing antibodies is its high 
degree of conservation. However, it has been proposed that 
driving an immune response against the M2 extracellular 
domain (M2e) via vaccination could elicit a protective 
antibody response. If so, this approach could potentially 
simplify the influenza vaccine regimen, as high cross-
reactivity among influenza A strains would be predicted. 
Data from several studies partially support this hypothesis. 
An M2-specific monoclonal antibody administered to mice 
permitted more rapid elimination of influenza A virus from 
lungs during sublethal challenge (98). Protection from the 
challenge was observed after vaccinations with several 
forms of M2, including baculovirus-expressed full-length 
protein (99), M2 with deleted transmembrane region (100), 
and M2e conjugated with hepatitis B virus core (HBc), 
keyhole limpet hemocyanin, or Neisseria meningitidis outer 
membrane protein complex (OMPC) (101,102). Despite the 
apparent promise of these and other approaches, the 
viability of an M2-based influenza vaccination strategy still 
remains to be determined.  

 
One limitation of using M2-based vaccines may 

be the mechanism of action of M2-based immunity, which 
has not been well resolved (Figure 2). The efficacy of M2-
based vaccines is antibody mediated, but the antibodies are 
not neutralizing. Studies by Jegerlehner and colleagues 
consequently suggested that instead of binding to the virus, 
these nonneutralizing antibodies bind to the infected cells, 
and protection is mediated by antibody-dependent cell 
cytotoxicity (ADCC) of natural killer cells 103. Results of 
the study suggest that resistance to viral challenge was 
comparatively weak: M2-specific antibodies reduced 
disease severity but failed to prevent infection. The 
investigators also suggested that the mechanism of M2 
action is confined largely to the lung, as opposed to upper 
respiratory tract tissues (103).  

 
In the mouse model of influenza infection lungs 

are the primary site of influenza virus replication, but lung-
localized M2 antibody action may be less relevant during 
human infection or the ferret model, in which upper 
respiratory tract virus replication is pivotal. In a ferret 
study, M2e-immunized animals had significantly reduced 
viral titers in the lung but no reduction was observed in 
nasal washes after influenza virus challenge, when 
compared to control mice (101). Another potential concern 
raised in an animal M2 immunization study is the 
possibility of exacerbated disease upon subsequent 
infection. Swine vaccinated with M2eHBc fusion protein or 
a plasmid encoding M2e and NP displayed enhanced 
clinical disease upon H1N1 challenge (104). Vaccination 
with M2e-NP DNA led to the most marked disease 
exacerbation. Therefore, although the idea of using M2 as a 
vaccine target is attractive, it remains to be seen if M2 
vaccines satisfy efficacy standards for use in humans or 
livestock. While M2 is an attractive vaccine target, early 
animal studies have, not surprisingly, pointed out efficacy 
and safety issues for further study.     

 
The cleavage site of HA has potential as a target 

for vaccines with broad efficacy. Cleavage at this site in 
HA0, the precursor to HA, is an indispensable step in 
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maturation of virions to a form capable of fusion with host 
cell membranes. This helps explain the high conservation 
of the cleavage site and suggests that antibodies directed 
there could block replication by a broad spectrum of viral 
subtypes. One group of researchers tested a candidate 
vaccine in which the consensus sequence of the influenza B 
cleavage site was conjugated to Neisseria meningitidis 
OMPC (105). Administered to mice, this vaccine (B/HA0-
OMPC) elicited HA0-specific antibodies and protected 
against lethal challenge with either of the 
immunologically distinct type-B lineages. Protection was 
mediated by antibodies, as it could be conferred by 
passive transfer of immune serum to naïve mice. Mice 
with an FcR (–) phenotype were not protected by B/HA0-
OMPC, implicating ADCC as the most likely mechanism 
of antibody-mediated protection. This corresponds with 
the above-mentioned findings for HBc-M2e–conjugate 
vaccine against influenza A.  Unlike the M2e 
approaches, the B/HA0-OMPC approach protected mice 
from weight loss and death. The same study reported 
preliminary tests of an equivalent vaccine based on the 
HA0 cleavage site of influenza A. This approach 
provided a measure of protection against viral challenge, 
including heterosubtypic protection, but immunized mice 
were not spared from marked weight loss. Although this 
vaccine strategy has not been subjected to extensive 
testing or optimization, it holds promise for leading to 
valuable, broad-spectrum vaccines against influenza A or 
B. 

 
7. PERSPECTIVES 

 
Despite a substantial amount of work being 

done to optimize newer generation influenza vaccines, it 
appears that improvements in the near future will remain 
limited to the upgrading of current systems to cell culture 
systems, improving other aspects of vaccine production, 
and developing antigen-sparing techniques. 
Notwithstanding the attractiveness of a vaccine that 
induces immunity to more conserved viral proteins, the 
bottom line is that there is little data to suggest that these 
targets provide strong enough immunity to act as a stand-
alone vaccine for seasonal influenza. Nevertheless, they 
may provide added benefit when used in conjunction 
with current influenza vaccines. This may be true in the 
elderly, in whom vaccines are less efficacious, or in 
stockpiled pandemic vaccines, when the goal of a 
vaccine is more directed toward reducing mortality than 
morbidity.  HA is, and will most likely remain, the 
antigen of choice for influenza vaccines, despite its 
limitations 

 
The production systems for current influenza 

vaccines need updating. A 6-month time frame for 
production is laudable considering the need to make new 
vaccine every year, but it is woefully inadequate in times of 
emergency. Technologies for delivery of HA antigen that 
decrease this down time should remain a major focus for 
research and development. One thing is for certain––
influenza is not an eradicable disease. Therefore, there will 
always be a need for new and improved influenza vaccines. 
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