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The influenza M2 ectodomain (M2e) is poorly immunogenic and has some amino acid changes among
isolates from different host species. We expressed a tandem repeat construct of heterologous M2e
sequences (M2e5x) derived from human, swine, and avian origin influenza A viruses on virus-like parti-
cles (M2e5x VLPs) in a membrane-anchored form. Immunization of mice with M2e5x VLPs induced pro-
tective antibodies cross-reactive to antigenically different influenza A viruses and conferred cross
protection. Anti-M2e antibodies induced by heterologous M2e5x VLPs showed a wider range of cross
reactivity to influenza A viruses at higher levels than those by live virus infection, homologous M2e VLPs,
or M2e monoclonal antibody 14C2. Fc receptors were found to be important for mediating protection by
immune sera from M2e5x VLP vaccination. The present study provides evidence that heterologous
recombinant M2e5x VLPs can be more effective in inducing protective M2e immunity than natural virus
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infection and further supports an approach for developing an effective universal influenza vaccine.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Current influenza virus vaccines mainly based on hemaggluti-
nin (HA) are effective if there is a good match between the chosen
vaccine strains and circulating variants. However, mutant influ-
enza viruses continue to circulate and evolve in diverse natural
hosts including wild birds, chickens, pigs, and humans. To accom-
modate circulating predicted variants, vaccines are updated annu-
ally. Recently, the 2009 outbreak of a swine origin HIN1 virus
illustrates how fast a new pandemic virus can spread in the human
population once it acquires the ability to transmit among humans
(Nava et al., 2009; Solovyov et al., 2009). Also, there is a threat of a
potential pandemic from highly pathogenic avian influenza viruses
(Abdel-Ghafar et al., 2008).

The influenza M2 is a transmembrane protein forming a homo-
tetramer (Sugrue and Hay, 1991). The extracellular domain of M2
(M2e) has 24 amino acid residues well conserved among human
influenza A strains (Liu et al., 2005). However there are some res-
idue differences in M2e depending on the host species such as pigs
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and birds (Fiers et al., 2004; Liu et al., 2005). M2e is poorly immu-
nogenic, due to its small size, its low level of incorporation into
virions, and possible shielding effects by larger viral surface pro-
teins. Previous studies have used various M2e-conjugating carriers
and adjuvant formulations to enhance the immunogenicity of M2e
(Bessa et al., 2008; Eliasson et al., 2008; Fan et al., 2004; Fu et al.,
2009b; Huleatt et al., 2008; Ionescu et al., 2006; Turley et al.,
2011). Such M2e conjugate vaccines have been used to immunize
mice multiple times, often together with experimental adjuvants
such as complete or incomplete Freund’s adjuvant (Fan et al,
2004; Tompkins et al., 2007; Wu et al., 2009), cholera toxin sub-
units (Liu et al., 2004), monophosphoryl lipid A (Eliasson et al.,
2008; Ernst et al., 2006), or heat-labile endotoxin (De Filette
et al., 2006; Fiers et al., 2004; Heinen et al., 2002; Neirynck et al.,
1999). Genetic fusion of M2e to the oligomerization domain of gen-
eral control nondepressible 4 (M2e-GCN4) or the rotavirus frag-
ment NSP4 was also applied to enhance its immunogenicity with
adjuvants (monophosphoryl lipid A, or cholera toxin subunits,
Freund’s adjuvant) (Andersson et al, 2012; De Filette et al,
2008). The wild type M2 presented in lipid enveloped virus-like
particles (VLPs) was capable of inducing protective anti-M2e anti-
bodies but its incorporation into VLPs and immunogenicity were
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low (Song et al., 2011c). A construct with multiple copies of homol-
ogous M2e, fused to the bacterial flagellin protein (4.M2e-tFliC)
and expressed on VLPs, was shown to be immunogenic (Wang
et al,, 2012).

We engineered a construct with a tandem repeat of heterolo-
gous M2e sequences (M2e5x), which was expressed in a mem-
brane-anchored form and presented on enveloped VLPs (M2e5x
VLPs) (Kim et al., 2013). Here, the breadth and potency of cross
reactivity of M2e5x VLP immune sera were investigated in com-
parison with live virus infection sera, homologous M2e VLPs, and
M2e monoclonal antibody 14C2. Protective mechanisms by M2e
immunity were also explored.

2. Materials and methods
2.1. Cells, viruses, and reagents

Sf9 insect cells were maintained in serum-free SF900 Il medium
(Gibco-BRL). Influenza viruses, 2009 pandemic A/California/4/2009
virus (a gift from Dr. Richard Webby), and A/Philippines/2/1982
and A/PR/8/34 (gifts from Dr. Huan Nguyen), were propagated in
10 day-old embryonated chicken eggs (Quan et al., 2010). Formalin
inactivated influenza virus was prepared as described using su-
crose-gradient purification (Quan et al., 2008).

2.2. Characterization of M2e5x VLPs

The gene construct for encoding multiple M2e (M2e5x) was
genetically designed to contain a melittin signal peptide, a poly-
peptide sequence derived from flagellin (amino acids 85-102, INN-
NLQRVRELAVQSANS), five copies of influenza virus M2e sequences
from human type-SLLTEVETPIRNEWGSRSNDSSD (2x), swine type-
SLLTEVETPTRSEWESRSSDSSD (1x, A/California/4/2009, H1NT1),
avian type I-SLLTEVETPTRNEWESRSSDSSD (1x, A/Vietnam/1203/
04, H5N1) and avian type II-SLLTEVETLTRNGWGCRCSDSSD (1x,
A/Hong Kong/156/97, H5N1), a tetramerizing leucine zipper de-
rived from GCN4 (De Filette et al., 2008), and transmembrane
and cytoplasmic domains of HA derived from influenza A/PR/8/
34 virus (Kim et al., 2013) (Fig. 1A). SF9 insect cells were co-in-
fected with rBVs expressing M2e5x protein and influenza M1 pro-
tein to produce VLPs containing M2e5x (M2e5x VLP) or infected
with rBV expressing M1 alone to produce M1 VLPs (Song et al.,
2011c; Kim et al.,, 2013). M2e5x VLPs or M1 VLPs were purified
from culture supernatants using the hollow fiber ultrafiltration
system and sucrose gradient ultracentrifugation, and characterized
by Western blot using anti-M2 monoclonal antibody (14C2, Abcam
Inc., Cambridge, MA) and anti-M1 monoclonal antibody (GA2B, Ab-
cam Inc., Cambridge, MA) (Song et al., 2011a; Kim et al., 2013).

2.3. Immunization and challenge

Female BALB/c mice (6-8 weeks, Harlan Laboratories) were
intramuscularly immunized with M2e5x VLPs (10 pg) or M1 VLP
(10 pg) at a 4-week interval. The mice (N = 8) were bled to test im-
mune responses at three weeks after prime or boost immunization.
Four weeks after boost immunization, mice were intranasally chal-
lenged with 4 x LDsg (50% mouse lethal dose LDsg) of A/PR/8/34
influenza virus. The endpoint of euthanasia criteria was 25% body
loss.

2.4. Determination of antibody responses

IgG and IgA antibody responses in immune sera were deter-
mined by ELISA using M2e peptides or inactivated HIN1 (A/PR8)
or H3N2 (A/Philippines/82) influenza viruses as a coating antigen
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Fig. 1. M2e content and immunogenicity of M2e5x VLPs. (A) The amino acid
sequence of M2e5x construct. M2e5x VLPs indicate VLPs containing M2e5x in a
membrane-anchored form. (B) M2e contents in M2e5x VLPs and influenza viruses.
Different amounts of live influenza viruses and M2e5x VLPs were probed with anti-
M2e monoclonal antibody (14C2) in Western blot. Lane 1: A/PR/8/34(H1N1) virus
(10 pg), Lane 2: A/Philippines/2/82(H3N2) virus (10 pg), Lane 3-9; M2e5x VLP
(100 ng, 50 ng, 25 ng, 12.5 ng, 6.25 ng, 3.13 ng, 1.56 ng). (C) M1 contents in M2e5x
VLPs and influenza viruses. Different amounts of live influenza viruses and M2e5x
VLPs were probed with anti-M1 monoclonal antibody in Western blot. Lane 1-3: A/
Philippines/2/82 (H3N2) virus (10 pg, 5 pg, 1 pg, respectively), Lane 4-5; M2e5x
VLP (1 pg, 100 ng, respectively).

(4 pg/ml). Antibody concentrations were calculated by standard
curves of purified mouse IgG and IgA antibodies (Southern Biotech,
Birmingham, AL) as described (Quan et al., 2007; Song et al.,
2011c).

Broncho-alveolar lavage fluids (BALF) were obtained at day 5
after challenge by infusing PBS buffer into the lungs via the trachea
using a 25-gauge catheter. To compare M2e reactivity in infected
or VLP immunized sera, ELISA plates were coated with human,
swine, avian I or avian II type M2e peptide (4 pg/ml).

2.5. Determination of cytokine or antibody secreting cellular responses

Interferon (IFN)-y secreting cell spots of splenocytes and lung
cells were determined on 96 well plates coated with cytokine spe-
cific capture antibodies (Song et al, 2010, 2011b). Briefly,
0.5 x 10° spleen cells or 0.2 x 10° lung cells per well were cultured
with human type M2e peptide (2 pg/ml) or M2e5x VLP (2 pg/ml)
as an antigenic stimulator, and IFN-y secreting cell spots were
counted using an ELISpot reader. For antibody-secreting cell
responses, spleen (0.5 x 10° cells/well), bone marrow (0.3 x 10°
cells/well), or lung (0.2 x 10° cells/well) cells were added to the
culture plates and M2e peptide or M2e5x VLP-specific antibodies
secreting cells were determined (Song et al., 2010).
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2.6. Protective efficacy of immune sera

To determine in vivo protective efficacy of sera, naive sera or
immune sera from mice that were previously immunized with
the M2e5x VLP or 4.M2e-tFliC VLP (Wang et al., 2012) were two
fold diluted with PBS and heat-inactivated at 56 °C for 30 min.
The inactivated serum samples were mixed with influenza A virus
and incubated at room temperature for 30 min as described (Quan
et al., 2007, 2012; Song et al., 2011b). Naive mice (N =4) were
intranasally infected with a mixture of influenza virus (3 x LDsg,
A/California/2009) and immune sera, and body weight and survival
rates were monitored for 2 weeks.

For testing the role of the Fc receptor in anti-M2 antibody med-
iated protection, BALB/c mice with genetic disruption of the Fc
receptor common 7Y-chain (homozygous Fcerlg) were obtained
from Taconic Farms (Germantown, NY). The M2e5x VLP immu-
nized sera or naive sera were mixed with influenza A/PR/8/34 virus
(10 x LDsp) and incubated at room temperature for 30 min. Naive
wild type and FcR knockout BALB/c mice (N = 4) were intranasally
infected with A/PR8/34 (5 x LD) virus and monitored daily for their
weight changes and survival rates.

2.7. Statistical analysis

To determine the statistical significance, a two-tailed Student’s
t-test was used when comparing two different groups. A p value
less than 0.05 was considered to be significant.

3. Results
3.1. Characterization of heterologous tandem repeat M2e5x VLP

To improve the immunogenicity of M2e, VLPs containing a tan-
dem repeat of M2e (M2e5x, Fig. 1A) from human, swine, and avian
origin influenza A viruses were produced (Kim et al., 2013). Com-
pared to the monomeric wild type M2 VLPs, this tandem repeat
M2e5x was shown to be incorporated into VLPs at much higher
levels (Kim et al., 2013). Here, the incorporation of M2e5x protein
into VLPs (M2e5x VLPs) was compared with M2 in A/PR/8/34 and
A/Philippines/2/82 influenza viruses (Fig. 1B). Even at hundred fold
higher concentrations of virus (10 pug), the band intensity was less
than that of 0.05 pig M2e5x VLPs. In contrast, M1 contents were
found to be similar between M2e5x VLP and influenza virus per
unit pg protein (column 3 and 4, Fig. 1C). Therefore, these results
suggest that 14C2 recognizing M2e epitopes were incorporated
into VLPs at several hundred fold higher levels compared to those
in influenza viruses.

3.2. Immunogenicity of heterologous tandem repeat M2e5x VLP

To evaluate the immunogenicity of M2e5x VLPs or M1 VLPs
alone, mice (N = 8) were immunized with M2e5x VLPs or M1 VLPs.
After prime-boost immunization with M2e5x VLPs, the IgG anti-
bodies specific for M2e (Fig. 2A) and HIN1 (A/PR/8/34) and
H3N2 (A/Philippines/2/82) viral antigens (Fig. 2B) were signifi-
cantly increased by approximately 37 and 7-9 folds respectively
compared to those after priming. However, after prime-boost
immunization with M1 VLPs, the IgG antibodies to M2e, HIN1
(A/PR/8/34), and H3N2 (A/Philippines/2/82) viral antigens were
not detected (data not shown). These results indicate that M2e5x
VLP is highly immunogenic, inducing antibodies recognizing differ-
ent types of influenza viruses.

3.3. M2e5x VLPs provide protection against influenza virus

M2e5x VLP or M1 VLP-immunized or naive mice were infected
with a lethal dose of A/PR/8/34 virus at 4 weeks after boosting. All
mice in the naive and M1-VLP groups lost over 25% in body weight
and had to be euthanized although M1-VLP immunized mice
showed a delay in weight loss and mortality (Fig. 3). However,
the M2e5x VLP vaccinated mice showed less than 5% loss in weight
resulting in 100% protection (Fig. 3). These results demonstrate
that M2e5x VLPs are effective in conferring protection without
adjuvant.

3.4. Cross-reactive immune responses post challenge

Higher levels of IgG and IgA antibodies cross-reactive to A/PR/8/
34 and A/Philippines/2/82 viruses were detected in bronchoaveloar
lavage fluids (BALF) compared to those from naive infected mice at
day 5 post-challenge (Fig. 4A and B). IFN-y secreting T-cells in
spleen and lungs were observed in vaccinated mice but not in
naive infected mice (Fig. 4C). The induction was more obvious in
lung cells than that in spleen cells after challenge of vaccinated
mice. These results suggest that mucosal antibodies and IFN-y pro-
ducing cellular response are induced after M2e5x VLP intramuscu-
lar vaccination.

There was a correlation between antibody secreting cell spots
and in vitro antibody production (Kang et al., 2011; Song et al.,
2010). As a measure of M2e5x VLP specific antibody secreting cell
(ASC) responses, we harvested spleen, bone marrow and lung cells,
cultured in vitro, and determined antibody levels. Higher levels of
IgG antibodies were secreted into spleen cell culture supernatants
at day 5 than those at day 1 (Fig. 4D). Cells from bone marrow and
lungs produced substantial amounts of antibodies at day 1. These
results indicate that vaccination with M2e5x VLPs can induce the
generation of plasma cells in bone marrow and lung, as well as
memory B cells in spleens which can differentiate into antibody
secreting cells upon influenza virus infection.

3.5. M2e5x VLP immune sera show reactivity to heterologous M2e
antigens

Wang et al. (2012) reported a fusion construct of bacterial fla-
gellin and 4 homologous tandem repeats of the human M2e se-
quence (4.M2e-tFliC). Since the M2e5x construct contains
heterologous tandem repeats, we compared cross-reactivity of
M2e5x VLP, 4.M2e-tFliC VLP immune sera (Wang et al., 2012),
and 14C2 antibody (Zebedee and Lamb, 1988). The 14C2 and im-
mune sera of 4.M2e-tFliC VLP vaccination showed similarly high
reactivity to M2e of human influenza A virus as observed with
M2e5x VLP vaccination (Fig. 5A). However, both 4.M2e-tFliC VLP
immune sera and 14C2 did not show reactivity to M2e from swine
or avian H5N1 influenza A virus (A/Hong Kong/156/97) (Fig. 5B and
D). Sera from infected mice with A/PR/8/34 (H1N1) or A/Philip-
pines/2/82 (H3N2) influenza viruses were reactive to the human
type M2e peptide antigen at lower levels and did not have reactiv-
ity to M2e derived from swine or avian isolates (Fig. 5B-D). M2e
reactivity of M2e5x VLP immunized sera was approximately 64
times higher than sera from virus infection (Fig. 5A). Interestingly,
immune sera from 4.M2e-tFliC VLP vaccination showed reactivity
to M2e peptide of avian I influenza A virus (Fig. 5C). Importantly,
only M2e5x VLP immune sera showed high cross-reactivity to dif-
ferent M2e peptides of human, swine, and avian origin isolates.
These results indicate that M2e5x VLPs enable the induction of
M2e antibodies with broader reactivity at higher levels than live
influenza virus infection.
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Fig. 2. Immunogenicity of M2e5x VLPs. (A) IgG antibody responses reactive to M2e peptide (BALB/c mice, N = 8). Levels of anti-M2e IgG antibodies were determined using
human type M2e peptide-coated ELISA plates. (B) IgG antibody responses reactive to influenza viruses (BALB/c mice, N = 8). Whole inactivated influenza A virus HIN1
subtype (A/PR/8/34) or H3N2 subtype (A/Philippines/2/82 abbreviated as A/Phil/2/82) were used as an ELISA coating antigen. Error bars indicates mean + SEM (standard
errors of mean). Asterisk indicates significant difference between prime and boost immunization groups (***p < 0.001).
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Fig. 3. M2e5x VLP vaccination induces protection against lethal infection. Mice (N = 4) that were immunized via intramuscular injection (IM) were intranasally challenged

with a lethal dose (4 x LDsg) of influenza virus, A/PR/8/34 (H1N1), 4 weeks after boost vaccination. (A) Average body weight changes and (B) survival rates were monitored for
14 days. Error bars indicates SEM. LD, lethal dose.
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Fig. 4. Cross reactive immune responses in M2e5x VLP immunized mice upon A/Phil/2/82 (H3N2) virus challenge. (A and B) BALF was prepared on day 5 after challenge for
cross reactive mucosal antibodies (N = 4). Mucosal IgG antibodies (A) and IgA antibodies (B) reactive to influenza virus particles were determined by ELISA using HIN1 A/PR/
8/34 or H3N2 A/Phil/2/82 as a coating antigen. (C) IFN-vy secreting T cells in spleen and lung cells (N = 4). (D) In vitro antibody production by spleen, bone marrow (BM), and
lung cells (N = 4). M2e5x VLP specific IgG antibody levels produced during in vitro cultures for 1 day (Day 1) and 5 days (Day 5) were expressed as values of optical density
(OD) determined by ELISA. Error bars indicates SEM (standard errors of mean). Asterisk or bar indicates significant difference (***p < 0.001).
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Fig. 5. Immune sera of M2e5x VLP vaccinated mice show a broader cross reactivity to different M2e antigens. (A) Human type M2e polypeptide antigen. (B) Swine type M2e.
(C) Avian type I M2e. (D) Avian type Il M2e. A/PR/8/34 (HIN1): Pooled serum from mice infected with A/PR/8/34 virus, A/Phil/2/82(H3N2): Pooled serum from mice infected
with A/Phil/2/82 virus, M2e5x: Pooled immune serum from mice vaccinated with M2e5x VLPs, 4.M2e-tFliC: Pooled immune serum from mice vaccinated with 4.M2e-tFliC
VLPs, M2 antibody (14C2): M2 monoclonal antibody (50 ug/ml), Naive: naive sera from unimmunized mice. Antibody reactivity was presented as optical densities at 450 nm
by ELISA coated with M2e peptide antigens. A representative data is shown out of 3 independent experiments.

3.6. Immune sera from M2e5x VLP immunization are reactive to
influenza virus

The 14C2 monoclonal antibody did not exhibit significant reac-
tivity to A/PR/8/34 or A/California/2009 virions (Fig. 6A and B) de-
spite its strong reactivity to M2e peptides of human type (Fig. 5A).
The immune sera from 4.M2e-tFliC VLP vaccination showed low
reactivity to A/PR/8/34 virus (Fig. 6A) and no reactivity to A/Cali-
fornia/2009 virus (Fig. 6B). Importantly, M2e5x VLP immune sera
showed significantly higher reactivity to both A/PR/8/34 and
swine-origin A/California/2009 virus antigens (Fig. 6A and B). The
results indicate that M2e5x VLP is much more effective in its capa-
bility to induce antibodies reactive to M2 on influenza virions com-
pared to virus infection, homologous M2e VLP, or 14C2.

3.7. M2e5x VLP immune sera confer better cross protection

We tested whether sera with higher binding activity to M2e
would confer better protection against influenza viruses with dif-
ferent M2. Groups of mice were infected with a lethal dose of
swine-origin 2009 H1N1 influenza A virus mixed with sera from
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mice vaccinated with M2e5x VLPs or 4.M2e-tFliC VLPs (Fig. 7).
Mice treated with M2e5x VLP immune sera showed moderate
weight loss and all survived (Fig. 7A). However, mice with
4 M2e-tFliC VLP immune sera showed severe weight loss and
75% partial protection. Therefore, these results suggest that
M2e5x VLPs containing heterologous M2e epitopes are capable of
inducing antibodies conferring broader protection against influ-
enza viruses with different residues in their M2e epitopes.

3.8. Fc receptor plays an important role in M2e antibody mediated
protection

To determine a possible role of Fc receptor, we compared the
protective efficacy of M2e5x VLP immune sera and unimmunized
naive sera using an FcR KO mouse model (Fig. 8). M2e5x VLP im-
mune sera provided protection to wild type mice. However,
M2e5x VLP immune sera did not confer any protection to FcR KO
mice that were infected with the same virus. As a control, all mice
infected with A/PR/8 virus mixed with unimmunized naive sera
died (Fig. 8). Overall, these results support evidence that Fc
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Fig. 6. M2e5x VLP immune sera are highly reactive with influenza viruses. (A) Reactivity of M2e immune sera with A/PR/8/34 virus. (B) Reactivity of M2e immune sera with
A/California/04/09 (H1N1) virus. M2e5x: Pooled immune serum from M2e5x VLP vaccinated mice, 4.M2e-tFliC: Pooled immune serum from 4.M2e-tFliC VLP vaccinated mice,
M2 antibody (14C2): M2 monoclonal antibody (50 ug/ml), Naive: naive sera from unimmunized mice. A representative data is shown out of 3 independent experiments.
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Fig. 8. Fc receptor is important for protection mediated by M2e5x VLP immune sera. Survival rates (A) and body weight changes (B) of naive FcR knockout or naive wild type
BALB/c mice (N = 4) that were infected with A/PR/8/34 (H1N1) virus pre-mixed with sera. M2e5x sera: immune sera from M2e5x VLP vaccinated mice, Naive: naive sera from

unimmunized mice.

receptor plays a crucial role in conferring protection via anti-M2e
immune sera.

4. Discussion

We observed that M2e5x VLPs conferred protection against
lethal infection and prevented significant weight loss against di-
verse influenza A viruses with human type M2e sequences regard-
less of HA subtypes (H1, H3, H5) (Kim et al., 2013). However, it was
not clear yet what immune components contribute to M2e-medi-
ated cross protection. This study suggests that immune correlates
contributing to improved protection by M2e5x VLPs could include
increased immunogenicity of M2e5x VLPs, broader cross reactivity
to different M2e peptides, the capacity of immune sera to bind to
whole virus particles, and rapid recall immune responses at muco-
sal and systemic sites.

The first 9 amino acids of M2e are well conserved among hu-
man, swine, and avian influenza A viruses (Fiers et al., 2004; Liu
et al., 2005). However, 6 amino acids out of the 15 remaining res-
idues differ among diverse influenza A viruses (Fig. 1A). To over-
come this heterogeneity of M2e of influenza A virus, we designed
a tandem repeat construct consisting of representative M2e se-
quences from human, swine, and avian influenza virus. Vaccination
with M2e5x VLPs was effective in inducing antibodies reactive to
different M2e peptide antigens derived from human, swine, and
avian species at higher levels than those detected in sera from live
virus-infected mice, monoclonal antibody 14C2 (Zebedee and
Lamb, 1988), or the immune sera from mice immunized with
homologous human M2e tandem repeat 4.M2e-tFliC VLP immune
sera (Wang et al., 2012) or individual wild type M2 VLP vaccine
(Kim et al., 2013). Interestingly, immune sera from mice immu-
nized with 4.M2e-tFlic VLP showed comparable reactivity to the
avian M2e peptide but not to the swine M2e peptide. From this
reactivity analysis, the changes in the residue 11 (from isoleucine

to threonine) and 13 (from asparagine to serine) seem to signifi-
cantly influence M2e reactivity of 4.M2e-tFlic VLP immune sera.
Our current study provides evidence that broader reactivity of
antibodies induced by vaccination with heterologous M2e5x VLPs
might have contributed to improved cross protection compared
to the homologous 4.M2e-tFlic VLP vaccine. In addition, heterolo-
gous M2e5x VLP was shown to confer much broader and stronger
immunity than the individual human M2 VLP (Kim et al., 2013).
Therefore, a strategy to include heterologous M2e sequences in a
tandem repeat on VLPs would provide a promising approach for
broader immunity.

M2 protein molecules are incorporated into the virions at a low
level although they are expressed abundantly on the surface of in-
fected cells (Lamb et al., 1985; Zebedee and Lamb, 1988). Induction
of M2e antibodies reactive to virions would be advantageous in
clearing virus particles. Most previous M2 vaccine studies did not
report binding antibody titers to the virus particles probably due
to no binding or less reactivity, which might be because of low
amounts of M2 on virus surfaces and masking effects by the large
viral glycoproteins. Immune sera from mice immunized with M2e-
conjugate vaccines were shown to be reactive to the M2e peptide
antigen but not to the influenza virus (Jegerlehner et al., 2004).
We found that 14C2 and immune sera of 4.M2e.tFliC were as reac-
tive to human M2e peptides as M2e5x VLP immune sera. In con-
trast, reactivity to the virus was observed at a high level in
immune sera of M2e5x VLP but not with 14C2 or 4.M2e.tFliC VLP
immune sera. Thus, not all antibodies binding to M2e polypeptides
have the ability to recognize M2 on the influenza virus. The struc-
tural conformation of recombinant M2e vaccine constructs used to
induce M2 antibodies could be an important factor contributing to
differential reactivity between free M2e peptides and M2 on virus
particles. This study supports a concept that M2-based vaccines
that are capable of inducing antibodies binding to the virus will
confer more effective protection (Fig. 6).
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Mechanisms by which M2 antibodies provide protection have
not been well characterized. M2 antibody mediated protection
could act in concert with cellular effector functions. It was proposed
that natural killer cells play an important role for M2e antibody
mediated protection via antibody-dependent cytotoxicity (Jegerleh-
ner et al., 2004). However, other studies demonstrated that natural
killer cells were not required for M2 immune mediated protection
(Fu et al., 2009a; Tompkins et al., 2007). In recent studies of passive
immunization with M2e immune sera, alveolar macrophages and/or
dendritic cells were shown to play a significant role in conferring
protection (El Bakkouri et al., 2011; Song et al., 2011b,c). Also, it
was reported that Fc receptors were essential for anti-M2e anti-
body-mediated immune protection against influenza A virus chal-
lenge (El Bakkouri et al., 2011). In line with a previous study (El
Bakkouri et al., 2011) reporting the important role of Fc receptors,
we found that protection by immune sera from M2e5x VLP vacci-
nated mice was not observed in mice that are deficient in the com-
mon y-chain of the Fc receptor (Fig. 8). The common 7y-chain is
required for intracellular signaling of the several activatory Fc recep-
tors (FcyRlI, FcyRIIl, and FcyRIV) (Nimmerjahn and Ravetch, 2005).
Thus, it is possible that antibody mediated phagocytosis of viruses
may play a role in protection by M2e5x VLP vaccination in addition
to antibody dependent cell-mediated cytotoxicity.

In summary, (1) a broader cross reactivity and improved protec-
tion of M2 immunity can be obtained by a recombinant tandem re-
peat construct containing human, swine, and avian type M2e
sequences compared to other M2e-based vaccines. (2) Higher lev-
els of anti-M2e antibodies are induced by vaccination with M2e5x
VLPs without using adjuvants compared to those induced by live
virus infection. (3) Anti-M2e antibodies binding to influenza
viruses can be induced by vaccination with M2e5x VLPs. (4) Signal-
ing of several activatory Fc receptors play a critical role for anti-
M2e antibody mediated protection by M2e5x VLP vaccination.
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