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Abstract
Influenza vaccines used today are strain specific and need to be adapted every year to try and match
the antigenicity of the virus strains that are predicted to cause the next epidemic. The strain specificity
of the next pandemic is unpredictable. An attractive alternative approach would be to use a vaccine
that matches multiple influenza virus strains, including multiple subtypes. In this review, we focus
on the development and clinical potential of a vaccine that is based on the conserved ectodomain of
matrix protein 2 (M2) of influenza A virus. Since 1999, a number of studies have demonstrated
protection against influenza A virus challenge in animal models using chemical or genetic M2
external domain (M2e) fusion constructs. More recently, Phase I clinical studies have been conducted
with M2e vaccine candidates, demonstrating their safety and immunogenicity in humans. Ultimately,
and possibly in the near future, efficacy studies in humans should provide proof that this novel vaccine
concept can mitigate epidemic and even pandemic influenza A virus infections.
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Influenza is a vaccine-preventable disease. Currently, licensed seasonal influenza vaccines
provide considerable benefit to children, healthy young adults, the elderly and people with a
condition that increases the risk of complications following influenza virus infection [1,2].
Influenza vaccination is especially recommended for the elderly and certain risk groups,
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including immunocompromised individuals and people with a cardiovascular or pulmonary
disorder. Human influenza is caused by influenza A and B viruses, which are classified as
Orthomyxoviridae, a virus family in which the members are characterized by the presence of
an envelope and a segmented negative-stranded RNA genome. Hemagglutinin (HA) and
neuraminidase (NA), the two membrane-anchored glycoproteins of influenza A and B virions,
constitute the receptor-binding and receptor-destroying viral molecules, respectively, as well
as the major antigenic determinants (Figure 1). The presence of serum antibodies that inhibit
the hemagglutination activity of influenza A and B virus particles in an in vitro assay correlate
well with protection against seasonal influenza [3]. Nearly all currently licensed vaccines are
derived from virus propagated on chick embryos, a production system that has been in place
for over 60 years. Inactivated whole virion can be used as a vaccine, but most manufacturers
produce a split-virus or subunit vaccine, which have a weaker reactogenicity than whole-virion
vaccines [4]. Live-attenuated influenza vaccines are also used in Russia and have been licensed
by the US FDA since 2003, initially for use in healthy individuals aged 5-49 years, and with
a recent extension to children of 2-5 years of age [5,6]. Although there is some evidence that
live-attenuated influenza vaccines can induce slightly cross-reactive anti-HA responses in
children [7], the principle aim of both available human influenza vaccine types is to induce an
antibody response that best matches the HA of the virus strain likely to cause the next epidemic.

Is there room for improving current influenza vaccines, especially by overcoming the rigorous
strain specificity? If so, where and how can a vaccine based on the third influenza A virus
membrane protein, matrix protein 2 (M2), the focus of this review, offer an alternative? Most
efforts exploiting M2 for vaccine development are directed towards M2e, the external domain
of the M2 protein, because of its accessibility to antibodies.

A first answer to these questions concerns vaccine-production capacity. Today, the global
capacity of seasonal influenza vaccines for human use is approximately 400 million doses, or
less than 7% of the world population [8]. Two main factors that limit production capacity are
the high turnover rate of strain-specific vaccines and the short production time imposed by the
seasonality of influenza epidemics in temperate climate zones. Production starts when the
WHO proposes the vaccine strain composition for the Northern hemisphere in February, and
the vaccine is delivered to the market starting in October. By focusing current influenza
vaccines on a protective immune response directed against HA, their composition has to keep
pace with the continuously changing immunogenicity of the HA expressed by circulating
influenza A and B viruses. This gradual antigenic change, termed antigenic ̀ drift', results from
the selection of escape virus strains with altered amino acid residues in two or more of the five
major antigenic regions of HA [9]. The selection of these escape mutants is driven by the
prevailing herd immunity in the human host, directed against the major antigenic sites of HA.
Notably, antigenic drift also occurs in NA [10], but current influenza vaccines are only
standardized on the basis of their HA immunogenicity. Based on global surveillance of
influenza viruses by reference laboratories, a WHO expert panel predicts, twice a year, which
virus strains will most likely cause the next epidemic. Since 1977, two A subtype strains (one
H3N2 [HA subtype 3 and NA sub-type 2] and one H1N1) and one B strain have been circulating
in the human population. Therefore, each recommendation for the vaccine composition has to
be made for the three virus types. For example, for the winter season of 2008-2009, all three
vaccine strains are different from the strains that were represented in the 2007-2008 vaccine
[101]. Although the strains selected for inclusion in seasonal influenza vaccines usually agree
well with the prevailing epidemic strain in the ensuing winter, occasionally the antigenic match
is poor, resulting in partial or complete vaccine failure. For example, an antigenic mismatch
occurred during the winter season of 2005-2006 in the Northern hemisphere, where both
circulating H3N2 and B viruses poorly matched the vaccine [11]. Focusing on a conserved
protective influenza viral antigen, such as M2, would not require annual revision of the
influenza A vaccine content, and would even allow stockpiling of the vaccine. Since there are
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no time constraints, not one but two or more immunizations can be administered, thus
considerably consolidating the immune response.

A future pandemic influenza outbreak is feared, although no one can predict the subtype, let
alone the strain, that will cause it. Current pandemic vaccine preparedness efforts largely focus
on the production and clinical evaluation of vaccines based on the HA antigen derived from
strains with presumed pandemic potential. These strains include avian H5N1 viruses that have
sporadically infected humans in Asia, Africa and the Middle East, with a more than 60% fatality
rate [12]. Since the first human H5N1 cases were reported, the pandemic alertness has increased
considerably and this has definitely promoted research on and clinical evaluation of new
vaccine concepts for influenza [13]. However, an inactivated H5N1 vaccine that is produced
and available now will most likely have a negligible impact in controlling disease following a
pandemic outbreak caused by a different influenza subtype, such as H2N2 or H7N7. Even if
the next pandemic is caused by H5N1, it is unlikely that a currently available H5N1 vaccine
would antigenically match the H5N1 strain sweeping the globe, since the virus would drift and
diversify at an alarming rate [14]. Nevertheless, the use of an oil-in-water emulsion-based
adjuvant system together with a recombinant H5N1 split-virion vaccine can induce cross-clade
humoral immunity, determined in an in vitro assay, in humans [15]. On the other hand, the
typical sequence of avian M2e differs from that of human M2e by four amino acid residues
(Figure 2). This sequence variation occurs at positions 11, 14, 16 and 20 of M2e [16].

Immunity against M2e in response to natural infection or induced by conventional influenza
vaccines is weak to non-existent [17-22]. Therefore, the concept of using M2(e) as a vaccine
is radically different from the conventional approach, which aims to induce an adaptive immune
response resembling that of a host that has controlled the infection, which correlates with the
presence of humoral anti-HA and anti-NA immunity. Influenza viruses have successfully
evolved to cope with humoral anti-HA and anti-NA immunity by drifting away from the
prevalent herd immunity and occasionally even by completely shifting HA (and NA) subtype.
By contrast, an immunoprotective M2 vaccine, even if it were used on a global scale, would
confront the virus with a new hurdle that cannot be overcome by the known shift or drift
mechanisms. M2e-escape virus mutants have been isolated from challenged severe combined
immunodeficiency mice that had been injected with passively administered anti-M2e
monoclonal antibodies [23]. These escape viruses had an altered M2e mutations at a single
amino acid position (P10). However, even after 11 consecutive passages in immunocompetent
mice that had been actively vaccinated with M2e, no escape viruses could be isolated,
suggesting that the likelihood of emergence of fit M2e escape viruses is low [24].

Influenza control by anti-M2 immunity
The M2 protein was first described by Lamb and Choppin [25] and characterized in more detail
in 1985 by the same group [26]. This tetrameric membrane protein is translated from a splice
variant of the mRNA coding for the matrix protein M1. M2 is a so-called `viroporin' with pH-
controlled, passive proton-selective channel activity [27,28]. Following endocytosis, this
activity of M2 promotes acidification of the virion interior, a process that unties the interactions
between the viral ribonucleoprotein complexes and the matrix and allows the entry of the viral
core constituents into the cytosol. Following genome replication and progeny virus maturation,
the proton-transfer function of M2 slightly increases the pH of the Golgi lumen, thereby,
preventing HA from adopting its low pH-induced membrane fusion conformation, at least in
the case of particular H5 and H7 viruses [29-31]. Finally, M2e is involved in the incorporation
of M2 in newly formed virions [32,33], and the 54-amino acid residue cytoplasmic tail of M2
is needed for proper particle formation, presumably by interacting with M1 [34,35].
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The first evidence that anti-M2 immunity has antiviral activity was demonstrated in vitro using
a mouse monoclonal antibody directed against M2e [36]. This antibody, 14C2, was isolated
following immunization of mice with M2 protein derived from cells infected with influenza A
virus; it was extracted from a denaturing polyacrylamide gel and emulsified with Freund's
adjuvant. This monoclonal antibody could reduce the plaque size of many but not all influenza
A virus strains expressing M2 that were recognized by 14C2. Passive administration of this
14C2 monoclonal antibody also reduces virus titers in the lungs of mice infected with influenza
A virus [37]. Recently, human anti-M2e monoclonal antibodies were isolated and evaluated
prophylactically as well as therapeutically in adoptive transfer experiments in mice for
protection against influenza A virus challenge [38]. Interestingly, intraperitoneal injection of
anti-M2e antibodies in cotton rats protects these animals from influenza-induced tachypnea
(increased respiratory rate), suggesting that these antibodies could indeed provide clinical
benefit against influenza when used for passive immunoprophylaxis [39].

While antibody-based therapies are an attractive strategy for treating severe human influenza
disease, for example following zoonotic infection by highly pathogenic avian influenza strains
[12,40], inducing adaptive anti-M2 immunity with a prophylactic vaccine would be far more
cost effective and practical for controlling an influenza epidemic or pandemic.

Following the original report of a M2e-based influenza A vaccine [41], several groups have
reported that immune responses induced by recombinant M2-based vaccines can protect
against influenza virus challenge. Most of these studies focused on M2e fusion constructs,
using mouse models and occasionally ferrets. Protection was measured by reduced host
morbidity, host mortality and virus replication following challenge with human or avian
influenza A viruses (Table 1). In 1995, Slepushkin and coworkers reported vaccination with
complete M2 protein as antigen [42]. These authors partially purified an M2-containing
membrane fraction derived from a recombinant insect-cell expression system. They
demonstrated that vaccination reduced morbidity and virus replication in challenged mice.
Although this M2 vaccine preparation induced M2e-specific antibodies, including M2e-
directed antibodies, attempts to transfer immunity by serum to naive mice were not successful.
This result is at odds with the passive immunization studies using anti-M2e monoclonal
antibodies reported previously [36]. More recent vaccination studies using full-length M2-
protein where either based on gene vaccination or viral vectors encoding M2 and, thereby, not
only circumvent the difficult task of purifying membrane-anchored M2 for use as a vaccine
antigen, but also induce cellular immune responses [16,43,44]. M2 contains cytotoxic T-cell
epitopes against which (cytotoxic) cellular immune responses can be elicited, for example by
a DNA vaccine alone or by priming with a DNA vaccine and boosting with an adenoviral
vector coding for the same influenza genes; these cells contribute to protection against
experimental infection in mice and ferrets [16,43-45]. However, the clinical impact of M2-
specific cellular responses during a natural infection is probably negligible in view of the
immunodominant cellular responses that are directed mainly against nucleoprotein [46].

M2e, on the other hand, is conserved across influenza A viruses and is soluble; however, its
drawback is that it is only 23 amino acids long. Although one study reported protection of mice
against lethal challenge after immunization with adjuvanted M2e peptide [47], most efforts to
produce an M2e vaccine have made use of chemical or genetic M2e fusion constructs to a
variety of carriers (Table 1). Our group was the first to report protection against influenza A
virus challenge after vaccination with an M2e fusion construct [41]. Protection was
demonstrated against challenge with H1N1 and H3N2 viruses, it could be conferred by
intranasal immunization, and it was dependent on anti-M2e IgG antibodies, which were
induced at high levels using recombinant M2e-hepatitis B virus core (HBVc) virus like-
particles (VLPs). Other M2e VLPs, including M2e displayed on papaya mosaic virus, human
papillomavirus and phage Qβ-derived VLPs, have since been used successfully to protect mice
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against influenza A virus challenge [48-50]. VLPs as antigen carriers allow the presentation
of foreign epitopes in an ordered array, which promotes a strong immune response [51]. In
addition, recombinant VLPs may be tuned to increase their stability and the immunogenicity
of the presented antigen of interest [52].

Other M2e fusion constructs that were shown to provide protection from influenza A virus
challenge in mouse models include M2e-linkage to keyhole limpet hemocyanin, Neisseria
meningitides outer membrane complex (OMPC), bovine serum albumin, gluthation S-
transferase, a synthetic multiple antigen peptide, flagellin and CTA1-DD [16,21,22,53-58].
CTA1-DD is a powerful and safe recombinant mucosal adjuvant that targets the enzymatically
active A1 part of cholera toxin to immunoglobulin-expressing cells, such as B cells [59]. Some
M2e fusion constructs reportedly induce a M2e-specific CD4+ T-cell response [58,60], which
may contribute to protection by stimulating antibody class switching and affinity maturation
of M2e-specific antibodies.

Mode of action & clinical application of M2e vaccines
Mice are excellent models for identifying the mechanisms of action of vaccines because many
protocols and mutant strains are available for studying in vivo vaccine efficacy when specific
immune functions are altered. Such in vivo studies are crucial for defining genuine correlates
of protection. For example, a study by Huber et al. revealed that anti-influenza humoral
immunity induced by an influenza subunit vaccine was dependent on opsonophagocytosis of
influenza virions by macrophages and was not the result of virus neutralization by vaccine-
induced antibodies [61]. Protection induced by M2e-directed vaccines depends largely on anti-
M2e antibodies, but contradictory findings have been reported on the role of natural killer
(NK)/NK T-cell host cells versus complement [16,38,62]. It was recently reported that
FcγRIII, an IgG-binding receptor present on many immune cells, such as NK cells,
macrophages and neutrophils, plays an important role in protection against a lethal respiratory
tract influenza challenge by anti-M2e human monoclonal antibodies [38]. Most likely, the
effector mechanism involves the binding of anti-M2e IgG to infected cells, which abundantly
express M2 at their cell surface [26], followed by elimination of the infected cell by killing
(e.g., complement mediated or NK cell mediated) or phagocytosis (e.g., by macrophages)
(Figure 3). Eliminating the infected cells suppresses new virus production and spreading.
However, the route of vaccine administration and the mode of challenge that is used to evaluate
protection play important roles in determining correlates of protection. Mozdzanowska and
coworkers used a mouse challenge model in which influenza A virus infection is initiated in
the nasal tissues and then proceeds further into the lower respiratory tract. They reported that
serum anti-M2e IgG levels following immunization with M2e synthetic conjugate vaccine did
not necessarily correlate with protection, defined as the decrease in virus titers in the respiratory
tract compared with untreated, infected controls [63]. However, following subcutaneous
immunization with their M2e vaccine, protection did correlate with the level of a subset (~15%)
of the anti-M2e serum IgGs that were specific for native, tetrameric M2. By contrast, intranasal
immunization of mice with the same construct provided better protection despite the induction
of lower levels of serum IgG specific for native M2. Most likely, local airway-associated
immunity, comprising mucosal anti-M2e IgA and activated M2e-specific B and T cells, was
induced more efficiently after intranasal vaccination compared with parenteral immunization.
Furthermore, mucosal M2e-specific immunity in the upper respiratory tract presumably
operates more effectively against nasal challenge. Clearly, further research is needed to identify
the mechanism of action of anti-M2e immunity, since this information will be essential to
identify true correlates of protection and to set up assays for measuring them in vitro. Such
assays will be very helpful for further clinical development of M2e vaccines and will ultimately
provide more reliable correlates of protection.
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There has been a time gap of nearly 10 years between the publication of the initial proof-of-
concept findings [41] and the first Phase I clinical studies, which were initiated in 2007. What
has happened during that time? First, to take a novel vaccine from the bench into the clinic
takes 10-12 years [64]. Second, the entirely new concept of raising immune protection by using
a viral peptide (M2e) that is naturally not or hardly immunogenic differs fundamentally from
the conventional vaccine approach, where the aim of the vaccine is to mimic (part of) the
immunity that is present in the blood of convalescent patients. In the mean time, different
independent studies confirmed that the M2e vaccine approach is indeed protective in animal
models involving influenza A virus challenge. Third, anti-M2e antibodies do not neutralize
influenza virus in vitro, whereas, anti-HA antibodies raised by conventional vaccines do. As
mentioned previously, the level of these hemagglutination-inhibitory antibodies in serum
correlates with protection against disease caused by an antigenically matching influenza virus
infection; although, whether the in vitro test truly reflects the in vivo mechanism of protection
remains an open question. Correlates of protection are not yet known for a M2e-based vaccine
and defining these correlates in humans requires, in the first place, efficacy studies that
demonstrate clinical benefit by M2(e) vaccines.

Four companies have reported preliminary results from Phase I clinical studies with M2e-based
vaccines: Acambis Inc. (Cambridge, UK), Cytos Biotechnology (Schlieren, Switzerland),
Merck & Co Inc. (NJ, USA), and VaxInnate Corp. (NJ, USA) [102]. Two genetic (M2e-HBVc
and M2e-flagellin) and two chemical (M2e-Qβ phage and M2e-OMPC) M2e fusions were
evaluated for safety, immunogenicity and tolerance with or without adjuvant. Although the
results of these trials have not been reported yet in the scientific literature, it appears that
humans have negligible anti-M2e serum titers before vaccination and that the tested M2e
vaccine formulations are immunogenic and well tolerated.

Summary & conclusion
During the last three decades, many approaches have been pursued to develop a vaccine that
can induce cross-protective immunity against influenza A. Such a vaccine could overcome the
recurrent uncertainty regarding the antigenic match between the proposed vaccine seed strains
and the subsequent epidemic strain(s) that cause(s) disease 6-9 months later. In addition, if a
cross-protective vaccine could also induce hetero subtypic immunity, it could mitigate a
pandemic influenza outbreak. Based on all studies reported to date, M2e remains a very
promising candidate for a universal influenza A vaccine. M2e is highly conserved across all
human influenza A viruses, it is an extracellular target and, therefore, accessible to specific
antibodies, and M2e-based vaccines can be easily produced in efficient recombinant
prokaryotic-expression systems that require minimal containment. M2e fusions to VLPs are
intrinsically very immunogenic and generally very stable. For these reasons, they are promising
candidates for further clinical evaluation. Mucosal delivery may be the preferred way for future
clinical evaluation, especially when the goal is to develop a pandemic vaccine. Furthermore,
efforts to design M2e vaccine antigens for induction of antibodies that preferentially react with
the native, tetrameric membrane-anchored form of M2 may improve efficacy [65]. The
mechanism of action of M2e-specific immunity is still poorly understood. Anti-M2e antibodies
play an essential role, presumably in concert with NK cells and phagocytes. However, the route
of administration and the vaccine formulation also contribute to the type and site of anti-M2e
immune induction, which, in turn, determines the mechanism(s) of protection that becomes
operational upon challenge. Ultimately, the effectiveness of an M2e-vaccine has to be
determined by clinical trials in humans, an endeavor that will require substantial resources but
may answer the key question: is it possible to make an effective universal influenza vaccine
for humans?
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Expert commentary
The M2e vaccine approach has now entered the early clinical test phase. However, in the wake
of efficacy studies in human volunteers, two critical questions have been raised regarding the
prospect of introducing M2e vaccination into the general population. There may be a concern
that introducing immune pressure on M2e will promote the evolution of antigenic escape
viruses. Such escape viruses were actually reported in a severe combined immunodeficiency
mouse model in which a panel of anti-M2e monoclonal antibodies was used to suppress virus
replication [23]. However, M2e mutations were confined to a single residue (P10) and were
not detected following multiple passages of virus under anti-M2e immune pressure in normal,
immunocompetent mice [24]. The possibility of the emergence of M2e-escape mutant viruses
after extensive vaccination with an M2e vaccine can not be excluded. However, there is no
experimental evidence to support this scenario and, furthermore, unlike the case of emergent
amantadine-resistant strains, M2e vaccination induces a polyclonal anti-M2e response,
meaning it would require two or more amino acid residue changes to escape the immune
protection. In addition, such M2e mutant viruses would have to gain a selective advantage over
wild-type M2e-coding viruses in order to become dominant and, unless M2e vaccination covers
almost 100% of the population, such a vaccine-induced selection environment remains
unrealistic. Nevertheless, monitoring the genetic diversity of influenza virus should be
continued regardless of the use of M2e vaccines.

Should a M2e vaccine be used as a stand-alone vaccine or should it be added to seasonal
vaccines? In our opinion, clinical effectiveness of this universal influenza A vaccine candidate
should be tested using clinical efficacy as a readout, which may require approximately 2000
volunteers [66]. Based on early in vitro studies and on the results of experiments performed in
mouse models, M2e immunity is infection permissive. It is unknown how this will translate
into clinical benefit in humans under natural challenge and transmission conditions. There are
several, equally important considerations as to why the M2e vaccine should be developed as
a stand alone. First, the M2e vaccine is produced in a highly efficient microbial expression
system and, thus, can be made very cheaply. This advantage would be lost if it has to be admixed
with an expensive conventional vaccine derived from virus growth. Furthermore, owing to
supply and time constraints, only a single administration of seasonal vaccine is administered,
while the M2e vaccine needs at least one booster immunization. Perhaps most important of all,
especially with regard to pandemic preparedness, the M2e vaccine, unlike all commercially
available vaccines, is not strain specific. Therefore, there is no time constraint. One does not
have to wait until the strain characteristics of the forthcoming epidemic can be guessed with
some degree of confidence. With respect to pandemic preparedness, it is estimated that the
time delay between the certified emergence of a new pandemic strain, characterized by human
transmissibility and possibly high pathogenicity, and availability of a vaccine seed strain of
lower pathogenicity and high virus production yields in embryonated chicken eggs, is
approximately 4-6 months. This should be compared with a recombinant M2e vaccine that can
be made, distributed and administered long before any epidemic or pandemic is on the horizon.

Five-year view
What are the important milestones, apart from the necessity to continue clinical testing, that
lie ahead and that could bring us closer to a universal human influenza vaccine? First, it would
be valuable if a universal influenza B vaccine could be developed as well. Although only one
subtype of this virus is known, its HA and NA are equally subject to antigenic drift and two
distinct antigenic lineages are discerned [67]. The Merck group has reported on a cross-reactive
universal influenza B vaccine that is based on the conserved fusion peptide of the viral HA
[68]. A M2e-like approach, based on the conserved ectodomain of NB or BM2, might also
provide protection against multiple influenza B strains, and so it should be explored further.
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The influenza A M2e and the conserved influenza B target epitope could be integrated into the
same fusion construct or could be delivered as separate vaccine antigens.

Based on animal studies, vaccination with M2e vaccines by the intranasal route improves
protection against influenza virus challenge [41,48,52,63,69]. This is likely due to stimulation
of local immunity and may involve cellular responses as well, particularly when mucosal
vaccination is performed in the presence of potent mucosal adjuvants [70]. A safe mucosal
vaccine would also improve vaccine take and compliance because no needles are required.
Most important, especially for mass-vaccination campaigns, is the elimination of accidental
transmission of blood-borne diseases through contaminated needles. Finally, more attention
will probably be paid to the design and testing of improved M2e vaccines that mimic tetrameric
M2e as present on the surface of infected cells. Determining the structure of the M2 ectodomain
would be an important step forward and may help the design of such tetrameric M2e vaccines.

Key issues
• It is unclear to what extent the efficacy studies of matrix protein 2 (M2) and M2

external domain (M2e) vaccines in animal models, usually involving a lethal
challenge dose, can predict clinical outcome. Efficacy studies under natural
transmission conditions and in other species will be necessary to evaluate this.

• A stand-alone M2e vaccine should be evaluated further in humans, using clinical
benefit as readout.

• The performance of M2e-based vaccines can be modulated by different adjuvant
formulations. This should be further explored in the clinical setting and/or in
monkeys.

• The intranasal route of M2e-vaccine administration improves protection in animal
challenge models. Intranasal vaccination of humans should be explored further.

• The mechanism of action of M2e vaccines requires further investigation.
Protection following parenteral M2e-vaccine administration mainly induces anti-
M2e antibodies that operate in concert with immune cells; these should be further
characterized in vivo and in vitro.

• Correlates of protection need to be developed in order to identify reliable
parameters for predicting the success rate of vaccination programs.

• It will be important to discriminate between anti-M2e antibodies that preferentially
bind to monomeric M2e peptide versus tetrameric M2e as present in native M2.
Do both contribute to protection?
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Figure 1. Influenza A virion
There are three proteins embedded in the influenza A virion envelope: hemagglutinin,
neuraminidase and matrix protein 2. Below the envelope is the matrix, composed of matrix
protein 1, which surrounds the segmented negative-stranded RNA genome. The genome
consists of eight segments that are packed into ribonucleoprotein complexes, with the three
polymerase subunits (turquoise, teal and orange) assembled at the genomic RNA termini.
Nonstructural protein 2 is also incorporated in the virion.
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Figure 2. The M2e consensus sequences of human (top) and avian (bottom) influenza A viruses
Amino acid differences between the two sequences are highlighted in bold. The consensus
human and avian M2e sequences were obtained by aligning 3913 human and 2994 avian M2
amino acid sequences, respectively, as present in the Influenza Virus Resource database
(National Center for Biotechnology Information) on 3 February 2009, using MUSCLE version
3.6 [76].
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Figure 3. Proposed in vivo immune mechanism of action of anti-M2e and anti-HA antibodies
Infected epithelial cells display hemagglutinin, neuraminidase and matrix protein 2 (M2) on
the cell membrane in the course of infection. Anti-M2 external domain (M2e) antibodies can
bind to M2 present on infected cells and the resulting immune complexes can be recognized
by Fc-receptor bearing effecter cells, such as natural killer cells, leading to killing of the
infected cell by antibody-dependent cellular cytotoxicity (right). Alternatively, anti-M2e
opsonized infected cells can be taken up by phagocytes in a Fc-receptor-dependent way. The
canonical mode of action of anti-hemagglutinin (HA) antibodies is through the direct
neutralization of virions (left). In addition, anti-HA antibodies can promote uptake of virions
by phagocytes and bind to HA on infected cells followed by removal of infected cells by
phagocytes.
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Table 1
Overview of M2-based vaccine studies.

Antigen Vaccine type Carrier Type of antigen Ref.

M2 Protein Human [42]

DNA vaccine Human, avian [16,43,44,71]

Adenoviral vector Human, avian [16,44]

M2e Peptide [47]

M2e Virus-like particle HBVc [41,52,54,69,72,73]

PaMV [49]

HPV [50]

Qβ [48]

M2e Protein -/GST Human [55,57]

CTA1-DD Human [60]

KLH Human, avian [16,54]

tGCN4 Human [65]

M2e Synthetic Synthetic multiantigenic carrier Human [22]

Liposome Human, avian [53]

M2e DNA NP Human, avian [74,75]

HBVc: Hepatitis B virus core; HPV: Human papillomavirus; KLH: Keyhole limpet hemocyanin; M2: Matrix protein 2; M2e: M2 external domain; PaMV:
Petunia asteroid mosaic tombusvirus; tGCN4: Transgenic general control nondepressible-4.
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