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Approved influenza vaccines based on the induction of antibodies to hemagglutinin are strain specific andAbstract
cumbersome to manufacture. Several alternative vaccine strategies based on the induction of humoral responses
against the external domain of the M2 protein, as well as cellular responses against nucleoprotein, have the
potential to target multiple strains of influenza. A universal vaccine would be a major advancement in the
prevention of influenza infection as it would alleviate the need for tailored vaccines to control seasonal influenza
epidemics while simultaneously providing a level of protection against potential pandemic strains.

The mechanisms of protective immunity induced by approved four amino acid substitutions are introduced per year.[1] The anti-
influenza vaccines are well understood. Current vaccines, which genic drift resulting from the accumulation of amino acid substitu-
contain three components representing circulating influenza A tions reduces vaccine efficacy; consequently the components of
strains H1N1 and H3N2 and an influenza B virus, effectively the vaccine must be periodically updated to match the anticipated
stimulate strong antibody responses against the viral surface gly- predominant circulating strains of influenza. This seasonal pro-
coproteins. The antibody response is primarily directed against the duction of influenza vaccine is costly, requiring a reassortment
hemagglutinin (HA), which confers sterilizing immunity by with a high-yield strain or, in the case of the live attenuated
preventing viral infection. To a lesser degree the vaccines stimu- vaccine, a cold-adapted strain to generate a master seed strain for
late responses against the viral neuraminidase (NA), which inhibit manufacturing. These complexities in manufacturing have result-
release of progeny virus from the infected host cells. Annual ed in limited vaccine availability. Moreover, this production pro-
immunization effectively prevents homologous influenza infec- cess is lengthy, requiring up to 9 months to complete, which
tion in children and adults, although the vaccines are less effective precludes easily adapting the vaccine to include influenza strains
in elderly patients. corresponding to the prevailing strains in the general population.

As recently as the 2003–4 influenza season the vaccine composi-One shortcoming of the current influenza vaccines relates to the
tion ineffectively reflected the principal infective strain, whichinability to provide protection against influenza strains that are
resulted in suboptimal vaccine protection.[2]antigenically distinct. Influenza A viruses are subtyped on the

basis of antigenicity of the viral surface proteins; 16 HA and 9 NA A graver problem with the current vaccine strategy concerns
subtypes are known to exist. While relatively few subtypes infect treating potential pandemic strains of influenza. Influenza
humans, HA subtypes H1, H2, and H3 and NA subtypes N1 and pandemics occur when viral strains expressing an HA for which
N2 have widely circulated in the population, and there is signifi- individuals have no pre-existing immunity gain the ability to
cant amino acid sequence variation in HA and NA of individual productively infect the human population. The entry of the H1N1
subtypes. The high mutation rate associated with transcription of subtype into the human population in 1918 was responsible for
the viral RNA genome results in the continuous introduction of >40 million deaths worldwide.[3] Subsequent pandemic outbreaks
amino acid changes in the viral antigens, particularly in the regions in 1957 and 1968, corresponding with the emergence of H2N2 and
of the HA and NA that are exposed to selective immune pressure. H3N2 viruses, respectively, were also associated with high mortal-
Analysis of mutation frequencies has found that typically three to ity rates.[4]
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Aquatic birds can be infected with all known influenza A capacity. There are a number of points in the viral life cycle that
strains. Most infections in waterfowl do not result in death, al- could be targeted by vaccines with multistrain application (figure
lowing these animals to serve as reservoirs of viral selection and 1). These include humoral-based vaccine strategies that could
reassortment as a result of co-infection with multiple influenza prevent influenza attachment to the respiratory epithelial cell or
subtypes. This reservoir has the capability to produce an avian release of the progeny virus, as well as vaccines designed to elicit
influenza strain that can enter into the human population and cellular immunity that could reduce the levels of influenza replica-
trigger a pandemic. In the last decade there have been over ten tion by lysis of the infected cell.
documented cases of transmission of avian influenza strains to

1. Humoral Immunity-Based Strategies for Targetinghumans.[5] These infections have encompassed a diversity of influ-
Multiple Influenza Strainsenza subtypes including H5N1,[6,7] H7N7,[8,9] as well as

H9N2.[10,11] While in most cases infections were restricted to <100 As vaccine-induced antibody responses clearly prevent influen-
individuals, the recurring instances of avian influenza infection in za infection, the ideal universal vaccine would elicit a humoral
humans serve as a reminder of the ever-present risk that an response directed against a conserved influenza antigen. Although
influenza strain expressing a novel HA, and possibly NA, that can the distal immunodominant receptor binding site of HA is variable
be effectively spread between humans may enter the global popu- and subject to continual antigenic drift, the portion of antigen
lation. While forecasts on the spread and mortality resulting from proximal to the viral membrane exhibits a higher degree of conser-
the emergence of a pandemic influenza strain differ, most esti- vation, ranging from 50% to 80% homology between subtypes.
mates agree the impact on public health would be severe. Al- For antibody-mediated protection to be effective the epitope must
though antiviral therapies can control disease if administered prior be accessible for binding. These membrane proximal conserved
to or early in infection, the practicalities of drug stockpiling and regions are exposed in the HA precursor present on the plasma
distribution would likely limit their effective application in a
scenario of a quickly spreading influenza pandemic.[12] Conse-
quently, vaccination represents the most effective means of com-
bating infection; however, applying the current vaccine strategy to
the development of a pandemic influenza vaccine reiterates the
problem of strain selection. There is no way to predict which
influenza strain will cause the next pandemic. A virus originating
from avian reservoirs could express a variety of HA and NA
antigens. In addition, there is the potential for the re-emergence of
an H2N2 strain in humans. Since this viral subtype exited human
circulation in 1968, a growing proportion of the population lacks
the immunologic memory to provide protection from infection
with this influenza subtype.

The development of a pandemic vaccine is further complicated
by the relatively poor immunogenicity of vaccines based on avian
influenza isolates. Clinical trials with subunit vaccines designed to
target H5N1 subtypes found that at least two doses were required
to induce a neutralizing antibody response.[13] Combination of the
vaccine with MF-59 adjuvant significantly increased the serocon-
version rates and geometric mean antibody titers, and reduced the
required antigen dose; nonetheless, two doses of vaccine were
required to provide a level of response expected to provide protec-
tion.[14] Similar results have been found with experimental vac-
cines targeting H9N2 influenza subtypes.[15,16]

The challenges in the production of vaccines against possible
pandemic strains, as well as the limitations of the approved vac-
cines against circulating strains, could be addressed by the devel-
opment of a universal influenza vaccine with multistrain targeting
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Fig. 1. Points in the influenza life cycle that could be targeted by potential
multistrain vaccines. Targets for humoral immunity include conserved anti-
gens accessible on the virion or on the membrane of the infected cell.
Vaccine-induced antibodies recognizing these targets could confer steril-
izing immunity by preventing attachment or ameliorate disease by limiting
the amount of progeny virus released. Vaccines designed to induce cellular
immunity might also provide a means of controlling infection by reducing
viral replication through the elimination of infected cells by cytotoxic T
lymphocytes.
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membrane prior to cleavage by extracellular proteases, which (H3N2), the influenza strains used in the 2005–6 vaccine formula-
induces a conformational change that conceals this portion of the tion, have complete sequence identity. Analysis of the 1918 pan-
antigen. Murine studies using a multiple-antigenic peptide corre- demic H1N1 influenza reveals that there is only one amino acid
sponding to the conserved cleavage site found that this immu- substitution compared with the currently utilized vaccine strains.
nogen did confer a degree of protection to influenza A/PR/8/34 Antibodies directed against M2e from human influenza strains,
infection.[17,18] Other conserved antibody determinants may exist such as PR8, are able to react with M2e peptides representing a
in HA; however, use of these regions in vaccine design may be variety of human isolates.[25] Moreover, experimental data suggest
complicated by additional conformational considerations. that the extent to which M2e can mutate to escape immune

pressure may be limited. Zharikova and colleagues[26] have foundAn alternative influenza surface antigen that may serve as a
that M2e mutants isolated from severe combined immune defi-target for humoral-based vaccine strategies capable of inducing
ciency (SCID) mice protected from influenza infection by passiveimmunity against multiple strains of influenza is the matrix 2
transfer of M2e-specific antibodies were limited to one of twoprotein (M2). This 97 amino acid transmembrane protein forms
amino acid substitutions at distinct positions.homotetramers that function as ion channels involved in the re-

lease of the influenza ribonucleoprotein complex from the viral In order to develop a truly universal influenza vaccine, one
membrane after fusion. In addition, they are involved in regulating capable of providing protection against both circulating human
the pH in the vesicles where the viral antigens undergo maturation influenza strains and potential pandemic strains, the vaccine will
as they are transported from the endoplasmic reticulum to the probably need to incorporate peptides to account for the variation
plasma membrane of the host cells.[19,20] M2 is expressed in the found in M2e from avian influenza subtypes. An avian M2e
plasma membrane of infected cells at high density, similar to that consensus sequence, based primarily on H5, H7, and H9 subtypes,
of HA molecules; however, the density of M2 is reduced during bears three notable amino acid substitutions, compared with the
the release of progeny virus.[21] On average, influenza contains 10 human consensus, within the 15 N-terminal residues containing
M2 tetramers per virion compared with approximately 400 HA the primary epitope recognized by protective antibodies.[25] An-
trimers and 100 NA tetramers.[22] The antigenic contribution of tibodies against the human influenza M2e sequence do not effec-
M2 is further reduced by the relatively small size of the tively recognize avian-derived peptides containing an isoleucine
ectodomain, referred to as M2e, which consists of 23 amino acids. for threonine substitution at position 11.[25,27] These results suggest
In comparison, the ectodomains of HA and NA consist of over 500 that a single M2e peptide may not be able to provide universal
and 400 amino acids, respectively. As a consequence of these protection against all influenza subtypes or potential escape mu-
factors, M2e-specific antibodies are rarely observed following tants; however, given the small size of the peptide and the limited
influenza infection and antibodies directed against M2e fail to number of peptides that would need to be incorporated into the
bind viral particles or prevent infection.[23] Nevertheless, M2e vaccine, a number of feasible designs are conceivable.
antibodies recognize influenza-infected cells and reduce plaque The benefits of M2 vaccination were initially demonstrated in
size, an effect attributed to an alteration in the localization of the murine studies that found that immunization with recombinant
antigen during the release of virus from the infected cell. Despite full-length M2 was able to confer protection from homologous and
the inability to provide sterilizing immunity, passive transfer of heterologous influenza challenge.[28] Subsequent vaccine studies
M2e-specific antibodies protects against lethal influenza challenge have largely focused on the induction of M2e-specific antibody
in animal models.[24] response using peptide conjugate vaccines consisting of M2e

The potential for developing humoral-based vaccine strategies recombinantly or chemically linked to carrier proteins such as
capable of targeting multiple influenza strains on induction of M2e hepatitis B virus core antigen,[29] glutathione-S transferase
antibodies is particularly compelling given the high degree of (GST),[30] keyhole limpet hemocyanin, or Neisseria meningitidis
amino acid conservation for this antigen. Detailed analysis of outer membrane protein complex.[27] These vaccines are immuno-
hundreds of M2e sequences has found that the nine N-terminal and genic in a variety of animal models, inducing M2e-specific an-
four C-terminal amino acids are nearly invariant in all influenza tibody responses when delivered intramuscularly, intraperitoneal-
subtypes, including H1–H7 and H9 isolates.[25] Amino acids ly, or intranasally.[27,31,32] The majority of these M2e conjugate
10–20 exhibit a greater degree of variability, on average approxi- vaccines are inherently active; however, the immunogenicity is
mately 75% conservation; however, the variation is largely a dependent on vaccine structure and formulation. Epitope density
reflection of host restriction. Consensus M2e sequences from appears to play a significant role as constructs bearing multiple
human influenza strains are highly conserved. For example, M2e copies of M2e exhibit enhanced immunogenicity. GST fusion
in A/New Caledonia/20/99 (H1N1) and A/California/7/2004 proteins containing 16 copies of M2e are immunogenic after a
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single immunization in either mice or rabbits, whereas related epitope, high titer viral challenges resulted in exacerbated viral
constructs bearing four copies are comparatively poorly immuno- pathology, an effect attributed to the production of inflammatory
genic.[33] Similar results have been observed with synthetic multi- cytokines by lymphocytes infiltrating the airway epithelium; how-
ple-antigenic peptide vaccines.[34] As has been the case historically ever, at lower challenge doses, the presence of NP-specific T cells
in the field of vaccine development, use of an adjuvant-containing enhanced viral clearance.[42]

formulation increases immunogenicity, and a variety of animal While antibody responses to influenza are primarily directed
studies have found that delivery of M2e vaccine constructs with against the variable surface antigens, cellular immune responses
adjuvants such as alum, Montanide ISA-720, QS-21, or CpG- are frequently directed against internal viral antigens, which are
containing immunostimulatory oligonucleotides increases an- highly conserved between divergent strains of both human and
tibody titers.[27,31,34] avian influenza subtypes. For example, the NP sequence of A/PR/

The multistrain targeting potential of M2e-based vaccine strate- 8/34 (H1N1) bears approximately 90% amino acid identity to a
gies and the passive transfer of nonhuman primate serum contain- consensus NP sequence generated based on nearly 1000 influenza
ing high M2e antibody titers has been demonstrated in mice and strains isolated since 1990. Furthermore, the amino acid sequence
ferrets.[27,30] In these studies, animals exhibit reduced viral replica- variation in NP sequences between subtypes is typically con-
tion in the lower respiratory tract, accelerated influenza clearance, served. Amino acid substitutions commonly found in the immu-
and are protected against both H1 and H3 influenza subtypes. nodominant H-2b-restricted CD8+ T-cell epitope present in A/PR/
Protection appears to correlate with a high IgG2a titer, suggesting 8/34 (H1N1), NP366-374, have little impact on MHC class I bind-
that T-helper type 1 (Th1) responses play an important role in ing.[43] Cross-protection studies in mice have shown that recogni-
protection.[32,35] Not surprisingly, given the expression and distri- tion of epitopes in the NP protein can confer heterosubtypic
bution of the target antigen, M2e vaccines do not prevent morbidi- immunity. Immunization with an H9N2 virus expressing an NP
ty; animals exhibit significant weight loss following challenge. antigen 98% homologous to the NP of a challenge H5N1 virus
The relative severity of these effects are difficult to extrapolate to a results in protection that is T-cell mediated.[43] Related murine
clinical situation as the influenza challenge doses in animal mod- studies have found that the recall CD8+ T-cell memory established
els typically far exceed the levels of naturally occurring exposure by immunization with an H1N1 virus provides increased protec-
in humans. The clinical efficacy of M2e vaccination remains tion from lethal H7N7 virus challenge.[44]

untested in humans; however, the data from multiple animal model DNA immunization studies have provided perhaps the most
systems support the rationale and the potential for the develop- direct evidence on the potential role of cellular immune responses
ment of an easily manufactured vaccine that would not require to confer protective efficacy to influenza infection. In animal
annual updating and merits investigation in human clinical trials. models, in situ antigen expression resulting from DNA immuniza-

tion effectively induces broad cellular immune responses.[45] Mice
immunized with DNA encoding the A/PR/8/34 (H1N1) NP have2. Cellular Immunity-Based Strategies for Targeting
decreased viral lung titers, less weight loss, and increased survivalMultiple Influenza Strains
following heterologous challenge with A/HK/68 (H3N2).[46]

While DNA immunization resulted in the induction of NP-specificAlthough cellular immune responses are known to contribute to
antibodies, in vivo depletion and passive transfer experimentsthe control of numerous viral infections, their role in protection
clearly demonstrated that the CD8+ T cells were the effectors ofagainst influenza infection remains controversial. Influenza-spe-
protection.[47] Collectively these data suggest that cellular immunecific CD8+ cytotoxic T lymphocytes (CTL) limit viral replication
responses play a significant role in controlling influenza infectionand protect against challenge in murine models.[36-38] Mice lacking
and support the rationale of developing vaccines designed toMHC class I molecules have delayed viral clearance and increased
induce cellular immune responses directed against conserved anti-mortality after influenza challenge.[39] Moreover, the magnitude of
gens that will confer a degree of protection against multiple strainsthe CTL response has been shown to directly correlate with the
of influenza.extent of protective immunity.[40] In humans, influenza-specific T-

cell responses are correlated with improved viral clearance.[41] To date, clinical studies have not been conducted with a vaccine
Despite the data indicating the contribution of cellular immune designed to solely induce a cellular immune response in the
responses in the control of influenza infection, under some circum- absence of a neutralizing antibody response; however, human data
stances these responses may in fact have detrimental effects. In a also suggest that cellular immune responses play an important role
T-cell receptor transgenic mouse model, where approximately in controlling influenza infection. Recent studies have shown that
90% of the peripheral T cells are specific for a nucleoprotein (NP) the expansion of CD8+ T cells is reduced in the elderly and that
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