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Influenza virus M2 extracellular domain (M2e) has been a target for developing cross-pro-
tective vaccines. However, the efficacy and immune correlates of M2e vaccination 
are poorly understood in the different host genetic backgrounds in comparison with 
influenza vaccines. We previously reported the cross-protective efficacy of virus-like 
particle (M2e5x VLP) vaccines containing heterologous tandem M2e repeats (M2e5x) 
derived from human, swine, and avian influenza viruses. In this study to gain better 
understanding of cross-protective influenza vaccines, we compared immunogenicity 
and efficacy of M2e5x VLP, H5 hemagglutinin VLP (HA VLP), and inactivated H3N2 
virus (H3N2i) in wild-type strains of BALB/c and C57BL/6 mice, and CD4 and CD8 
knockout (KO) mice. M2e5x VLP was superior to HA VLP in conferring cross-protection 
whereas H3N2i inactivated virus vaccine provided high efficacy of homologous pro-
tection. After M2e5x VLP vaccination and challenge, BALB/c mice induced higher IgG 
responses, lower lung viral loads, and less body weight loss when compared with those 
in C57BL/6 mice. M2e5x VLP but not H3N2i immune mice after primary challenges 
developed strong immunity against a secondary heterosubtypic virus as a model of 
future pandemics. M2e5x VLP and HA VLP vaccines were able to raise IgG isotypes 
in CD4 KO mice. T  cells were found to contribute to cross-protection by playing a 
role in reducing lung viral loads. In conclusion, M2e5x VLP vaccination induced better 
cross-protection than HA VLP, and its efficacy varied depending on the genetic back-
grounds of mice, supporting the important roles of T cells.

Keywords: influenza virus, M2e virus-like particles, BalB/c, c57Bl/6, cD4 and cD8 T cells

inTrODUcTiOn

Influenza A viruses are divided into different subtypes based on hemagglutinin (HA) and neurami-
nidase (NA) proteins on the surface of the virus. At present, antigenically different influenza viruses 
with 1 combination out of 18 HA and 11 NA subtype molecules are known to exist and continue to 
mutate in diverse hosts including humans, birds, and pigs (1, 2). Vaccination has been considered as 
the most effective measure to protect against influenza virus infection causing severe respiratory and 
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pulmonary disease. Current influenza vaccination based on HA 
immunity is effective in conferring protection against vaccine HA 
strain-matched and closely related influenza viruses. However, 
the efficacy of current influenza vaccination based on highly 
changeable HA is low or non-protective when the circulating 
viruses are mutated or a new pandemic virus emerges. Therefore, 
the development of broadly cross-protective vaccines is of a high 
priority to improve the efficacy of vaccination and to prevent 
future pandemic outbreaks.

The extracellular domain of M2 (M2e) is well conserved 
among influenza A viruses (3–5). M2 itself is a poor immunogen. 
M2e as a cross-protective antigenic target has been reported using 
a variety of carrier vehicles such as hepatitis B virus core particles 
(6, 7), human papillomavirus L proteins (8), phage Qβ-derived 
protein cores (9), keyhole limpet hemocyanin (10), bacterial 
outer membrane complexes (11), liposomes (12), cholera toxin 
subunit (13), and flagellin (14). Also, different adjuvants were 
used in the M2e vaccines, which include Freund’s adjuvant 
(15), monophosphoryl lipid A (12, 13), cholera toxin subunits 
(16, 17), and heat-labile endotoxin (7, 18). Our previous studies 
demonstrated that virus-like particle (VLP) vaccines presenting 
heterologous tandem repeat M2e (M2e5x VLP) were effective in 
inducing cross-protection against different subtypes of influenza 
A viruses in the absence of adjuvants (19). Most of previous 
M2e-based vaccine studies have been carried out in BALB/c mice 
known to be a high responder (20, 21). No IgG antibodies and 
T cell responses specific for M2e were induced in C57BL/6 mice 
that were primed with M2 DNA and boosted with M2 recombi-
nant adenovirus (21). We reported that M2e5x VLP could raise 
IgG antibodies but provide low efficacy of cross-protection in 
C57BL/6 mice without adjuvants (22).

Unlike seasonal outbreaks, influenza pandemics can occur 
when a completely new influenza virus strain emerges. These 
kinds of viruses can be generated directly from animal reservoirs 
or the result of genetic reassortments in previously circulating 
viruses (23), emphasizing the needs of developing broadly cross-
protective vaccines (24). In addition, vaccines should be effective 
in genetically diverse populations. In this study to compare 
different influenza vaccine platforms, we first determined the 
induction of IgG isotype antibodies and efficacy of protection in 
BALB/c and C57BL/6 mice after vaccination with M2e5x VLP, 
H5 VLP containing H5 subtype HA, or whole inactivated H3N2 
virus (H3N2i). We also determined the impact of immunization 
with different vaccine platforms after primary challenges on 
developing immunity against the secondary challenge with an 
antigenically different virus, as a model of pandemics in future. 
Finally, the roles of CD4 and CD8 T cells in inducing IgG anti-
bodies and protective efficacy were investigated after vaccination 
of CD4 knockout (CD4 KO) and CD8 knockout (CD8 KO) mice 
during primary and secondary infection.

MaTerials anD MeThODs

Viruses and Vaccines
A/Philippines/2/1982 (H3N2), A/California/04/2009 (H1N1), 
and reassortant H5N1 (rgH5N1) containing H5 HA with 

polybasic residues removed from H5N1 A/Indonesia/05/2005 
and NA and six internal genes from A/PR/8/1934 were propa-
gated in embryonated hen’s eggs as previously described (25, 
26). To prepare whole inactivated H3N2 vaccine (H3N2i), A/
Philippines/2/1982 (H3N2) virus was treated with formalin at 
a final concentration of 1:4,000 (v/v) as described previously 
(27). M2e5x VLP containing tandem repeat of heterologous 
M2e derived from human (2xM2e), swine (1x), and avian 
(2xM2e) influenza virus was prepared as detailed in previous 
study (19). H5 VLP presenting H5 type of HA protein from A/
Indonesia/05/2005 was previously described (26). Briefly, Sf9 
insect cells were co-infected with recombinant baculoviruses 
expressing influenza M1 matrix core protein and M2e5x or 
H5 HA. M2e5x VLP and H5 VLP vaccines were purified from 
cell culture supernatants containing released VLP by sucrose 
gradient ultracentrifugation. The contents of M2e epitopes 
(~6%) and HA (~9%) incorporated onto VLPs were confirmed 
by enzyme-linked immunosorbent assay (ELISA) and western 
blots (19, 26).

immunization and challenge
Adult wild-type and mutant mice (6–10 weeks old) used in this 
study include BALB/c, C57BL/6, CD4KO (B6.129S2-Cd4tm1Mak/J), 
and CD8KO mice (B6.129S2-Cd8atm1Mak/J), and were obtained 
from the Jackson Laboratory (Sacramento, CA, USA). Groups of 
each strain of mice (n = 10, males and females) were intramuscu-
larly (i.m.) immunized with 10 µg (total proteins) of M2e5x VLP, 
H5 HA VLP (H5 HA from A/Vietnam/1203/2004), or H3N2i 
(whole inactivated A/Philippines/2/1982 virus) by prime–boost 
regimen at a 3-week interval. At 4 weeks after boost immuniza-
tion, immunized mice were then challenged intranasally with 
a sublethal dose of A/Philippines/2/1982 H3N2 (0.8× LD50) 
or rgH5N1 (0.8× LD50). For secondary challenge, mice that 
survived primary infection were challenged with a lethal dose 
of A/California/04/2009 H1N1 (10× LD50) at 7 weeks after the 
primary infection. Survival rate and body weight loss were daily 
monitored for 14 days upon infection. All animal experimental 
procedures in this study were approved by the Georgia State 
University Institutional Animal Care and Use Committee review 
boards. Infected mice that reached 25% body weight loss as an 
endpoint were euthanized and recorded as dead.

Determination of antibody responses
Influenza virus-specific or M2e-specific antibody levels were 
determined by ELISA. Immune sera were serially diluted and then 
applied to the 96-well plates (Corning Incorporated, Tewksbury, 
MA, USA) that were coated with M2e peptide, inactivated A/
Indonesia rgH5N1, or inactivated A/Philippines/2/1982 H3N2 
virus as previously described (28, 29). IgG and IgG isotype levels 
were determined by HRP conjugated anti-mouse IgG, IgG1, 
IgG2a, IgG2b, or IgG2c (SouthernBiotech, Birmingham, AL, 
USA) and tetramethylbenzidine (eBioscience, San Diego, CA, 
USA) as a substrate (30).

lung Virus Titers
Lung samples were collected from the groups of mice at 7 days 
after challenge. Viral titers were determined as described 
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previously (19). Briefly, lung extracts were serially diluted in 
10-fold and injected into 10 days old embryonated chicken eggs. 
The 50% of egg infectious dose (EID50) was calculated by the 
Reed–Muench method.

hemagglutination inhibition (hi) assay
Hemagglutination inhibition assay was performed as previously 
described (31). Immune sera were mixed with cholera filtrates 
as the receptor destroying enzyme purchased from Sigma 
Aldrich (St. Louis, MO, USA) and then incubated at 37°C. At 
16  h after incubation, samples were heat inactivated at 56°C 
for 30 min. Serially twofold diluted sera were incubated with 
eight HA units of A/Philippines/2/1982 (H3N2) or rgH5N1 
for 30  min, followed by adding 0.5% chicken red blood cells 
(Lampire Biological Laboratories, Pipersville, PA, USA) to 
determine HI titers.

cytokine elisPOT
To detect interferon (IFN)-γ and interleukin (IL)-4 spot-forming 
cells, splenocytes (5 × 105 cells/well) and lung cells (2 × 105 cells/
well) were cultured on 96-well plates coated with anti-mouse 
IFN-γ or IL-4 monoclonal antibodies (BD Biosciences, San 
Diego, CA, USA) in the presence of M2e peptide (4 µg/ml). The 
cytokine spots were developed with biotinylated mouse IFN-γ, 
IL-4 antibodies, and alkaline phosphatase labeled streptavidin 
(BD Pharmingen, San Diego, CA, USA). The spots were visual-
ized with a 3,3′-diaminobenzidine substrate and counted by an 
ELISpot reader (BioSys, Miami, FL, USA).

In Vivo Protection assay of immune sera
To test whether M2e5x VLP-immune sera contribute to 
cross-protection, in  vivo protection assay was performed as 
described previously (19). Briefly, heat inactivated sera at 56°C 
for 30 min were diluted and mixed with a lethal dose (2× LD50) 
of A/Philippines/2/1982 (H3N2). Naïve mice were intranasally 
infected with a mixture (50 µl) of virus and sera, and the survival 
rates and body weight changes were daily monitored for 14 days.

intracellular cytokine staining and Flow 
cytometry assay
For intracellular cytokine analysis, harvested cells were stimu-
lated with M2e peptides and then stained with fluorescence-
labeled anti-mouse CD4 and anti-mouse CD8 antibodies. 
Subsequently, the cells were made permeable by using the 
Cytofix/Citoperm kit (BD Biosciences, San Diego, CA, USA) 
and intracellular cytokines were stained with anti-mouse IFNγ 
and anti-mouse Granzyme B antibodies. All antibodies were 
purchased from eBioscience. Stained cells were analyzed using 
LSR Fortessa (BD Biosciences, San Diego, CA, USA) and FlowJo 
software (Tree Star).

statistical analysis
All results are expressed as the mean ± SEM. Significant differ-
ences among treatments were evaluated by two-way ANOVA. 
p-Values of less than or equal to 0.05 were considered statistically 
significant.

resUlTs

c57Bl/6 Mice Display lower levels of 
M2e-specific igg responses after M2e5x 
VlP Vaccination than BalB/c Mice
We determined IgG isotype antibody responses to different 
influenza vaccine platform antigens in BALB/c and C57BL/6 
mice (Figure  1). Groups of mice were i.m. immunized with 
10  µg of M2e5x VLP, H5 HA VLP, or H3N2i. IgG isotypes 
specific for different influenza virus antigens were determined 
at 2 weeks after boost immunization. The M2e5x VLP BALB/c 
mice showed substantially high levels of IgG1, IgG2a, and 
IgG2b antibodies specific for M2e (Figures 1A–D). The H5 HA 
VLP BALB/c mice developed high levels of IgG2a and IgG2b 
antibodies specific for the homologous rgH5N1 virus antigen. 
The level of IgG1 antibodies specific rgH5N1 virus was signifi-
cantly low in both BALB/c and C57BL/6 mice (Figures 1E–H). 
The H3N2i group in BALB/c mice raised significant levels of 
IgG1, IgG2a, and IgG2b antibodies specific for the same H3N2 
vaccine virus (Figures 1I–L). H5 HA VLP and H3N2i immune 
sera showed HA inhibition activity against each antigen-specific 
rgH5N1 and A/Philippines/2/82 (H3N2) virus, respectively 
(Figures 1M,N).

C57BL/6 mice immunized with M2e5x VLP also developed 
IgG2c and IgG2b isotype antibodies binding to M2e antigens 
but at lower levels than BALB/c mice (Figures 1A–D). Whereas, 
comparably high levels of IgG2b antibodies specific for rgH5N1 
and H3N2i virus antigens were induced in the H5 HA VLP and 
H3N2i C57BL/6 groups (Figures 1E–L).

Overall, both BALB/c and C57BL/6 mice developed differ-
ential levels of IgG isotypes depending on the types of antigens 
and vaccine platforms. M2e5x VLP induced higher IgG1 isotype 
antibody responses than H5 HA VLP. Both BALB/c and C57BL/6 
mice that were immunized with H3N2i vaccine developed IgG 
and class-switched IgG antibody responses at similarly high 
levels. H5 HA VLP and M2e5x VLP vaccines showed a tendency 
of inducing IgG2c isotype antibodies. Meanwhile, H3N2i immu-
nization induced similar levels of class-switched IgG antibodies 
in both BALB/c and C57BL/6 mice.

M2e5x VlP is More effective in conferring 
cross-Protection than h5 VlP
To determine cross-protective efficacy, naïve and vaccinated 
mice were challenged with H3N2 (A/Philippines/82) virus 
(Figure 2A). As expected, H3N2i vaccination induced complete 
protection against the homologous H3N2 virus in both BALB/c 
and C57BL/6 mice (Figures 2B,E). Also, H5 HA VLP immuniza-
tion induced protection against homologous rgH5N1 virus (data 
not shown). In contrast, H5 HA VLP vaccination did not induce 
protection against heterosubtypic H3N2 virus as evidenced by 
severe body weight loss in BALB/c and C57BL/6 mice similar 
to naïve control (Figures 2B,E). BALB/c mice immunized with 
M2e5x VLP showed protection against H3N2 virus challenge 
despite a slight weight loss (Figure 2B). C57BL/6 mice immu-
nized with M2e5x VLP showed significant weight loss (15–18%) 
compared with the same vaccination of BALB/c mice (Figure 2E). 
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FigUre 1 | IgG isotype antibody responses in BALB/c and C57BL/6 mice after vaccination with different influenza vaccines. Each group of mice (n = 10) was prime 
and boost intramuscularly immunized with 10 µg of M2e5x virus-like particle (VLP) (a–D), H5 hemagglutinin VLP (HA VLP) (e–h), or inactivated A/Philippines virus 
(H3N2i) (i–l). Antibody levels of IgG (a,e,i), IgG1 (B,F,J), IgG2a in BALB/c mice or IgG2c in C57BL/6 mice (c,g,K), and IgG2b (D,h,l) were detected by 
enzyme-linked immunosorbent assay (ELISA). Sera were serially diluted and ELISA was performed by using vaccine-specific antigens which are M2e peptide, 
inactivated A/Indonesia (rgH5N1i), and H3N2i. Error bars indicates mean ± SEM. (M,n) Hemagglutination inhibition (HI) titers. HI titers against rgH5N1 (M) and 
H3N2 (n) were determined from immune sera of M2e5x VLP, H5 HA VLP, or H3N2i. Statistical significances were determined by 2-way ANOVA. ****p < 0.0001.
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Nonetheless, the M2e5x VLP-immunized group of C57BL/6 mice 
showed less weight loss indicating better cross-protection than 
the naïve control or H5 HA VLP group (Figure 2E).

Protective efficacy was further confirmed by lung viral titers 
at day 7 after H3N2 virus challenge (Figures  2C,F). The naïve 
and H5 HA VLP groups showed the highest lung viral titers in a 
range of 106–107 EID50 (per lung per milliliter) in contrast to the 
H3N2i group with lung viral clearance below the detection limit. 
The M2e5x VLP group exhibited approximately 100- and 20-folds 
lower lung viral titers compared with the H5 HA VLP group in 
BALB/c and C57BL/6 mice, respectively. Overall, the results of 
lung viral titers show a correlation with protection as indicated 
by weight loss.

M2e5x VlP-immunized Mice That survived 
Primary infection Develop immunity 
against antigenically Different Virus 
infection as a Model of Future Pandemic
Outbreaks of pandemics are unpredictable and current vaccina-
tion is not effective in preventing pandemics. To address this 
critical issue, the vaccinated mice that survived the H3N2 virus 
primary challenge were exposed 7 weeks later to the secondary 
infection with a lethal dose of heterosubtypic H1N1 virus (A/
California/07/2009) as a model of future pandemic. H3N2i vac-
cination did not provide protection against the secondary H1N1 
virus, as shown by severe weight loss (over 22% in BALB/c mice) 
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FigUre 2 | Differential efficacy of protection by M2e5x virus-like particle (VLP), H5 VLP, or H3N2i after primary H3N2 virus and secondary H1N1 virus challenge in 
BALB/c and C57BL/6 mice. (a) Time schedule for experiments of vaccination, first challenge infection with H3N2 virus, and second challenge infection with H1N1 
virus. BALB/c (B,c) and C57BL/6 (e,F) mice were challenged with A/Philippines/2/82 (H3N2) (H3N2v) at 4 weeks after boost with M2e5x VLP, H5 hemagglutinin 
VLP (HA VLP), or H3N2i. Body weights were monitored for 14 days (B,e). Lung viral titers were determined by the egg inoculation assay (c,F). The detection limit of 
50% of egg infectious dose (EID50) was 1.7 Log10. At 7 weeks after first infection with A/Philippines/2/82/(H3N2), BALB/c (D), and C57BL/6 (g) mice were 
challenged with a different subtype of influenza virus (A/California/04/2009 H1N1) and body weight changes were monitored for 14 days. H3N2 infection only group 
was the naïve infection group of (B,e). Data represent the mean ± SEM. Statistical significances were evaluated by two-way ANOVA. **p < 0.01, ****p < 0.0001.
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and no survivals (0%) in C57BL/6 mice (Figures  2D,G). The 
M2e5x VLP group exhibited the best protection and recovery 
against the secondary H1N1 virus infection in both BALB/c 
and C57BL/6 mice (Figures  2D,G). BALB/c mice with M2e5x 
VLP vaccination showed better protection against secondary 
heterosubtypic virus challenge than the corresponding C57BL/6 
mouse group. In a similar trend, naïve BALB/c mice that survived 
primary H3N2 infection were protected against secondary H1N1 
2009 virus (Figure 2D) whereas naïve C57BL/6 mice surviving 
primary H3N2 infection were not well protected against sec-
ondary H1N1 2009 virus (Figure 2G). Taken together, BALB/c 

mice with vaccination or primary H3N2 virus infection showed 
stronger immunity during the secondary heterosubtypic H1N1 
virus infection than C57BL/6 mice, suggesting mouse strain dif-
ferences in protective efficacy by virus infection or vaccination.

BalB/c Mice induce higher levels of 
M2e-specific T cell responses than 
c57Bl/6 Mice
To better understand a difference in the cross-protective efficacy 
between C57BL/6 and BALB/c mice, we determined cellular 
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FigUre 3 | Cytokine-producing T cell responses induced by M2e5x virus-like particle (VLP) immunization in C57BL/6 and BALB/c mice after challenge. (a) 
Interferon (IFN)-γ-secreting cells in lungs. (B) Interleukin (IL)-4-secreting cells in lungs. (c) IFN-γ-secreting cells in splenocytes. (D) IL-4-secreting cells in splenocytes. 
Lung cells and splenocytes were isolated from C57BL/6 and BALB/c mice previously immunized with M2e5x VLP at day 7 post-challenge (A/Philippines/2/82 
H3N2). Cytokine-producing cell spots were counted by ELISPOT reader. Data represent the mean ± SEM. Statistical significances were evaluated by two-way 
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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immune responses by measuring the levels of IFN-γ and IL-4 
cytokines secreted into culture supernatants after in vitro stimu-
lation with M2e peptides (Figure  3). M2e5x VLP-immunized 
BALB/c mice showed significantly higher levels of IFN-γ and 
IL-4 cytokine secreting cells both in the lung and the spleen cells 
collected day 7 post-H3N2 challenge compared with M2e5x 
VLP-immunized C57BL/6 mice (Figure  3). These results indi-
cate the possibility that a genetic background of BALB/c mice is 
more effective in inducing M2e-specific or virus-specific T cell 
responses than that of C57BL/6 mice.

To further confirm the M2e-specific T cell responses, we car-
ried out intracellular staining and flow cytometry assays for quan-
tification of CD4 and CD8 T cells secreting IFN-γ and granzyme 
B in lungs and bronchoalveolar lavage fluids (BALF) at 7  days 
after viral challenge. Significantly high levels of IFN-γ in CD4 
T cells were detected in M2e5x VLP-immunized BALB/c mice 
(Figure 4). In contrast, C57BL/6 mice showed much lower levels 
of IFN-γ secreting CD4 T cells in lungs and BALF than BALB/c 
mice (Figure 4). IFN-γ secreting lung CD4 T cells induced by 
M2e5x VLP vaccination and virus challenge were observed at 
a higher level compared with that in naïve mice after infection 
(Figures 4B,D). In BALF, M2e5x VLP-immunized C57BL/6 mice 
showed a lower number of IFN-γ secreting CD4 T cells than the 
naïve mouse control (Figures 4A,C). Although the reason for this 

odd finding is not clear in C57BL/6 mice, this might be due to 
the delayed recruitment of the effector CD4 T cells to the airway 
area as a result of better control of lung viral loads. In lungs, 
C57BL/6 mice immunized with M2e5x VLP showed significantly 
higher IFN-γ secreting CD4 T cells than the naïve mouse control 
(Figure 4D) in a similar pattern with the case in BALB/c mice. 
The combined IFN-γ secreting CD4 T cells in BALF and lungs 
were significantly higher in M2e5x VLP-immunized C57BL/6 
mice (Figures 4C,D). M2e5x VLP vaccination did not increase 
IFN-γ secretion from antigen-specific CD8 T  cells (Figure S1 
in Supplementary Material). However, BALB/c mice induced 
significantly higher levels of granzyme B-secreting CD8 T cells 
than C57BL/6 mice at day 7 after viral infection (Figure S1 in 
Supplementary Material). In summary, BALB/c mice have a 
genetic background resulting in higher T cell responses to M2e5x 
VLP vaccination and influenza viral infection.

M2e5x VlP and h5 VlP Vaccines induce 
igg isotype-switched antibodies in cD4 
KO Mice at Different levels
CD4 T cells are known to play critical roles in inducing isotype-
switched IgG antibodies (32). To determine the roles of T cells 
in inducing IgG isotype-switched antibodies and protective 
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FigUre 4 | Intracellular cytokine staining of CD4+ T cells under the condition of M2e5x virus-like particle (VLP) immunization in C57BL/6 and BALB/c mice after 
challenge. (a,B) Representative flow cytometry profiles of interferon (IFN)-γ- and granzyme B-secreting CD4+ T cells in bronchoalveolar lavage fluids (BALF) (a) and 
lungs (B). (c) The cellularity of IFN-γ-secreting CD4+ T cells in BALF. (D) The cellularity of IFN-γ-secreting CD4+ T cells in lungs. The numbers of cells were indicated 
as the number per mouse (c,D). After gating CD4+ cells, IFN-γ+ or granzyme B+ cells were measured by flow cytometry of intracellularly stained cells. # Cells 
indicate the numbers in BALF and lungs collected per mouse (c,D). Data represent the mean ± SEM. Statistical significances were evaluated by two-way ANOVA. 
*p < 0.05, ***p < 0.001, ****p < 0.0001.
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immunity after influenza vaccination, we immunized CD4 KO 
and CD8 KO mice (Figure 5). Vaccine dose and immunization 
regimens were the same as described in wild-type mice above. 
CD4 KO mice immunized with M2e5x VLP induced significant 
levels of M2e-specific IgG antibodies (Figures 5A–D). CD8 KO 
mice immunized with M2e5x VLP developed similar levels of 
M2e-specific IgG antibodies (Figures 5A–D). H5 VLP immuni-
zation was able to induce rgH5N1 virus-specific IgG antibodies 
in a similar trend with M2e5x VLP in both T  cell KO mice 
(Figures 5E–H). CD4 KO mice immunized with H3N2i induced 
significantly lower levels of H3N2 virus-specific IgG, IgG2c, and 
IgG2b isotype antibodies (Figures 5I–L) than those in wild-type 
C57BL/6 mice (Figures 1I–L). However, H3N2i immunized CD8 
KO mice developed similar levels of H3N2 virus-specific IgG 
antibodies with wild-type mice (Figures 5I–L).

T cells contribute to cross-Protection by 
M2e5x VlP Vaccine
The roles of CD4 and CD8 T cells in conferring vaccine-induced 
protection were determined using KO mouse models (CD4 KO 

and CD8 KO) after vaccination and challenge (Figure 6). M2e5x 
VLP vaccinated CD4 KO mice displayed a progressive weight 
loss to a similar degree as in naïve CD4 KO mice but showed 
a better recovery at later time points (Figure 6B). A high-lung 
viral titer at day 7 after challenge was observed in the M2e5x 
VLP CD4KO group, which is similar to the one observed in 
naïve infection (Figure  6C), suggesting a role of CD4 T  cells 
in M2e-immune mediated cross-protection. H3N2i vaccina-
tion of CD4 KO induced protection against homologous virus 
challenge although there was a substantial lung viral titer in 
CD4 KO mice (Figure 6C). H3N2i immune sera from CD4 KO 
mice significantly inhibited the HA activity of homologous virus 
(Figures  5M,N). These results suggest that CD4 T  cells play a 
role in preventing severe weight loss and clearing lung viral loads 
by M2e5x VLP vaccination. As expected from high levels of IgG 
antibodies, H3N2i vaccinated CD8 KO mice showed no weight 
loss after homologous H3N2 virus challenge (Figure 6E) similar 
to the one induced in C57BL/6 mice (Figure 2E). M2e5x VLP 
vaccinated CD8 KO mice showed similar infection symptoms 
and high-lung viral loads similar to naïve CD8 KO mice against 
H3N2 virus challenge (Figures 6E,F). Thus, CD8 T cells also play 
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FigUre 5 | IgG isotype antibody responses in CD4 knockout (CD4 KO) and CD8 knockout (CD8 KO) mice after vaccination with different influenza vaccines. Each 
group of CD4 KO and CD8 KO mice (n = 10) was prime and boost intramuscularly immunized with 10 µg of M2e5x virus-like particle (VLP) (a–D), H5 VLP (e–h), or 
H3N2i (i–l). Antibody levels of IgG (a,e,i), IgG1 (B,F,J), IgG2c (c,g,K), and IgG2b (D,h,l) were detected by enzyme-linked immunosorbent assay (ELISA). The 
same influenza antigens were used for ELISA as described in Figure 2. Error bars indicates mean ± SEM. (M,n) Hemagglutination inhibition (HI) titers. HI titers 
against rgH5N1 (M) and H3N2 (n) were determined from immune sera of M2e5x VLP, H5 VLP, or H3N2i. Statistical significances as determined by 2-way ANOVA: 
***p < 0.001, ****p < 0.0001.
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an important role in preventing severe weight loss and in clearing 
lung viral loads in M2e5x VLP-immunized mice.

CD4 knockout (CD4 KO) mice with M2e5x VLP vaccina-
tion showed a moderate level of protection against secondary 
heterosubtypic virus challenge (Figure 6D) in a similar pattern 
with the corresponding C57BL/6 mouse groups (Figure  2G). 
CD8 KO mice immunized with M2e5x VLP showed more severe 
body weight loss compared with CD4 KO and wild-type mice 
(Figure 6G). Taken together, M2e5x VLP-mediated immunity is 
partially dependent on CD8 T  cells during the secondary het-
erosubtypic virus infection whereas primary infection-mediated 
immunity is related with both CD4 and CD8 T cells.

M2-specific immune sera Play a role in 
conferring cross-Protection
M2e5x VLP was found to induce significant levels of M2e-specific 
antibodies in C57BL/6, CD4 KO, and CD8 KO mice. Thus, we 
determined the roles of M2e-immune sera in conferring protection 
independent of T cell immunity as detailed in Section “Materials 
and Methods.” Naïve mice were infected with a mixture of H3N2 
virus and immune sera collected from different genotypic naïve 
mice or M2e5x VLP-immunized mice, and then weight changes 
and survival rates were daily monitored (Figure  7A). M2e5x 
VLP-immune sera from CD4 KO and CD8 KO mice were found 
to contribute to protection against H3N2 virus at a similar 
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FigUre 6 | Efficacy of protection in CD4 knockout (CD4 KO) and CD8 knockout (CD8 KO) mice by different influenza vaccines after primary H3N2 virus and 
secondary H1N1 virus challenge. (a) Time schedule for experiments of vaccination, first challenge infection with H3N2 virus, and second challenge infection with H1N1 
virus. CD4 KO (B–D) and CD8 KO (e–g) mice were challenged with A/Philippines/2/82 (H3N2) (H3N2v) at 4 weeks after boost with M2e5x virus-like particle (VLP) or 
H3N2i. Body weights were monitored for 14 days. Lung viral titers were determined by the egg inoculation assay (c,F). The detection limit of 50% of egg infectious 
dose (EID50) was 1.7 Log10. At 7 weeks after first infection with A/Philippines/2/82/(H3N2), CD4 KO (D) and CD8 KO (g) mice were challenged with a different subtype 
of influenza virus (A/California/04/2009 H1N1) and body weight changes were monitored for 14 days. H3N2 virus infection only group was the naïve infection group of 
(B,e). Data represent the mean ± SEM. Statistical significances were evaluated by two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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level as observed in M2e5x VLP-immune sera from C57BL/6 
mice. Consistent with body weight monitoring results, M2e5x 
VLP-immune sera from CD4 KO mice representatively showed 
significantly lower levels of lung viral titers than naïve control 
sera (Figure 7B). Taken together, these results suggest that M2e-
immune sera from different strains and genotypes of mice confer 
similar levels of protection regardless of genetic backgrounds and 
T  cell immunity, preventing severe weight loss, and increasing 
survival rates and recovery.

DiscUssiOn

Most subunit vaccines including cross-protective influenza A 
virus M2 vaccines have been investigated in BALB/c mice (19, 
33–38). A limited set of influenza M2 vaccine studies has been 

performed in C57BL/6 mice (21, 22). In our previous studies (19, 
35), we have developed an M2e targeting M2e5x VLP vaccine 
and studied cross-protective efficacy mostly in BALB/c mice. In 
this study of comparing HA-based H5 VLP and inactivated whole 
influenza virus (H3N2i) vaccines, we investigated heterosubtypic 
cross-protective efficacies of M2e5x VLP in mice with different 
genetic backgrounds and the roles of T cells in inducing IgG anti-
bodies and protection using KO mutant mouse models. M2e5x 
VLP vaccination induced higher levels of IgG antibodies and 
protective efficacy in BALB/c mice than that in C57BL/6 mice. 
The efficacy of cross-protection by M2e5x VLP was higher than 
that by H5 VLP but lower compared with homologous protec-
tion by H3N2i immunization. M2e5x VLP vaccinated mice that 
were protected against primary challenge with H3N2 virus have 
developed future immunity to secondary infection against H1N1 
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FigUre 7 | M2e antibodies in T cell-deficient mice show similar capacity to confer protection in naïve mice. Immune sera collected from immunized C57BL/6, CD4 
knockout (CD4 KO), and CD8 knockout (CD8 KO) mice were incubated with influenza virus (A/Philippines/2/82 H3N2). Naive mice were intranasally infected with a 
mixture of a lethal dose of influenza virus and immune sera or naïve sera. Body weights were monitored for 14 days (a). Lung viral titers day 7 post-infection was 
determined by the egg inoculation assay (B). The detection limit of 50% of egg infectious dose (EID50) was 1.7 Log10. Statistical significances were analyzed by 
2-way ANOVA. **p < 0.01.
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virus, which was not induced in H3N2i immunized mice. M2e5x 
VLP and H5 VLP vaccines were able to raise substantial amounts 
of isotype-switched IgG antibodies in CD4 KO mice although 
antibody levels were lower than those in CD8 KO and C57BL/6 
mice. In addition to immune sera containing M2e-specific anti-
bodies, both CD4 and CD8 T cells were found to play roles in 
clearing lung viral loads and in better recovery after M2e5x VLP 
vaccination and virus challenge.

Efficacy studies in inbred mouse strains might not be predic-
tive in genetically diverse human populations. A previous study 
reported that no IgG antibodies specific for M2e were induced 
in C57BL/6 mice that were primed with M2 DNA and boosted 
with M2 recombinant adenovirus (21). Also, antibody responses 
and protection to HA DNA vaccination were reported to be 
lower in C57BL/6 mice than those in BALB/c mice (39). In this 
study, M2e5x VLP raised similar or lower levels of IgG, IgG2c, 
and IgG2b isotype antibodies in C57BL/6 mice compared with 
those in BALB/c mice. Whereas, H5 HA VLP and H3N2i vaccines 
developed similar levels of IgG isotype antibodies in C57BL/6 
and BALB/c mice. M2e5x VLP and H5 HA VLP vaccines were 

immunogenic and able to induce IgG isotype antibodies even 
in CD4 KO mice, suggesting an alternative pathway of inducing 
CD4-independent IgG antibodies. H3N2i vaccine appears to 
require CD4 T helper cells for effective induction of IgG antibod-
ies. Presenting HA proteins on the VLP platform was shown to 
induce Th1-type antibody responses and enhanced protection 
compared with soluble form HA protein (28) or split influenza 
vaccines (40). In line with these results, H1 HA VLP was more 
effective in developing IgG antibodies in CD4 KO mice compared 
with the same H1N1 strain inactivated split influenza virus vac-
cine (data not shown). VLP itself appears to grant immunogenic 
properties to the antigens on it. VLP vaccines were reported 
to stimulate dendritic cells in vitro and in vivo and to produce 
inflammatory cytokines (41). In addition, VLP-loaded dendritic 
cells stimulated the induction of T cell responses in vitro (42). 
These unique properties of VLP vaccines likely attribute to induc-
ing Th1-type IgG antibodies in BLAB/c and C57BL/6 mice as well 
as in CD4 KO and CD8 KO mice.

Despite the result that M2e5x VLP had immunogenic prop-
erties of inducing IgG antibodies, the protective efficacy was 
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variable in genetically different strains and mutant mice. M2e5x 
VLP showed higher cross-protection in BALB/c mice than that in 
C57BL/6 mice. The efficacy of M2e5xVLP in lowering lung viral 
replication in CD4 KO and CD8 KO mice was even lower com-
pared with that in C57BL/6 mice. Although H3N2i vaccination 
induced protection preventing weight loss against homologous 
primary virus even in CD4 KO mice, H3N2i immune mice were 
not protective during heterosubtypic secondary virus infection 
at a later time despite significant viral replication during the first 
infection. In contrast, infection permissive M2e5x VLP vaccina-
tion after primary challenge developed sufficient immunity in 
BALB/c mice against secondary heterosubtypic virus, consistent 
with previous studies in BALB/c mice (25, 43, 44). C57BL/6 mice 
with M2e5x VLP showed lower efficacy of secondary immunity 
than BALB/c mice, but significantly higher efficacy than naïve 
C57BL/6 mice displaying high-viral loads during primary infec-
tion. High-viral replication during primary infection accompa-
nying severe weight loss in naïve C57BL/6 mice was not effective 
in inducing immunity against secondary heterosubtypic virus 
infection. This aspect provides evidence of beneficial effects on 
developing future immunity by inducing cross-protective M2e-
immunity as shown in M2e5x VLP-immunized C57BL/6 mice. 
The efficacy of future immunity against secondary virus infec-
tion was diminished in CD8 KO mice, suggesting that both CD8 
T cells and M2e antibodies might be major immune correlates 
contributing to protection against heterosubtypic virus infection. 
In addition, this study provides evidence that high-viral replica-
tion in naïve C57BL/6 mice would not be sufficient for develop-
ing immunity against heterosubtypic virus probably due to less 
efficacy of inducing granzyme B-secreting CD8 T cell responses 
in C57BL/6 mice compared with those in BALB/c mice.

Several mechanisms have been reported for protection by 
M2e-immunity. Immune sera containing M2e antibodies regard-
less of strains of mice conferred similar levels of protection in 
naïve mice. Thus, M2e antibodies induced in C57BL/6 and CD4 
KO mice may have similar capability of protection. Since lung 
viral loads were higher in CD4 KO and CD8 KO mice than 

those in C57BL/6 mice in the M2e5x VLP group, it is possible 
that both CD4 and CD8 T cells play a role of effector functions 
in lowering viral loads (45). Alternatively, CD4 T cells may help 
to sustain the cytotoxic T cell response. Other mechanisms for 
M2e-immune-mediate protection include Fc receptor (FcR) (29, 
35, 46), FcR-mediated opsonophagocytosis by macrophages (33), 
and natural killer cells (34). It appears that FcR is a key mediator 
for conferring cross-protection by M2e antibodies. In addition, 
this study highlights the impacts of host genetic backgrounds and 
T cell responses in cross-protection.
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FigUre s1 | Intracellular cytokine staining of CD8+ T cells in C57BL/6 and 
BALB/c mice. Flow cytometry profiles of interferon (IFN)-γ- and granzyme 
B-secreting CD8+ T cells in bronchoalveolar lavage fluids (BALF) and lungs. After 
gating CD8+ cells, IFN-γ+ or granzyme B+ cells were measured by flow cytometry 
of intracellularly stained cells.

reFerences

1. Wohlbold TJ, Krammer F. In the shadow of hemagglutinin: a growing interest 
in influenza viral neuraminidase and its role as a vaccine antigen. Viruses 
(2014) 6(6):2465–94. doi:10.3390/v6062465 

2. Tong S, Zhu X, Li Y, Shi M, Zhang J, Bourgeois M, et al. New world bats harbor 
diverse influenza A viruses. PLoS Pathog (2013) 9(10):e1003657. doi:10.1371/
journal.ppat.1003657 

3. Ito T, Gorman OT, Kawaoka Y, Bean WJ, Webster RG. Evolutionary analysis 
of the influenza A virus M gene with comparison of the M1 and M2 proteins. 
J Virol (1991) 65(10):5491–8. 

4. Liu W, Zou P, Ding J, Lu Y, Chen YH. Sequence comparison between the extra-
cellular domain of M2 protein human and avian influenza A virus provides 
new information for bivalent influenza vaccine design. Microbes Infect (2005) 
7(2):171–7. doi:10.1016/j.micinf.2004.10.006 

5. Zebedee SL, Lamb RA. Growth restriction of influenza A virus by M2 protein 
antibody is genetically linked to the M1 protein. Proc Natl Acad Sci U S A 
(1989) 86(3):1061–5. doi:10.1073/pnas.86.3.1061 

6. De Filette M, Fiers W, Martens W, Birkett A, Ramne A, Lowenadler B, 
et  al. Improved design and intranasal delivery of an M2e-based human 
influenza A vaccine. Vaccine (2006) 24(44–46):6597–601. doi:10.1016/j.
vaccine.2006.05.082 

7. Neirynck S, Deroo T, Saelens X, Vanlandschoot P, Jou WM, Fiers W. A univer-
sal influenza A vaccine based on the extracellular domain of the M2 protein. 
Nat Med (1999) 5(10):1157–63. doi:10.1038/13484 

8. Ionescu RM, Przysiecki CT, Liang X, Garsky VM, Fan J, Wang B, et  al. 
Pharmaceutical and immunological evaluation of human papillomavirus 
virus like particle as an antigen carrier. J Pharm Sci (2006) 95(1):70–9. 
doi:10.1002/jps.20493 

9. Bessa J, Schmitz N, Hinton HJ, Schwarz K, Jegerlehner A, Bachmann MF. 
Efficient induction of mucosal and systemic immune responses by virus-
like particles administered intranasally: implications for vaccine design. 
Eur J Immunol (2008) 38(1):114–26. doi:10.1002/eji.200636959 

10. Tompkins SM, Lin Y, Leser GP, Kramer KA, Haas DL, Howerth EW, et al. 
Recombinant parainfluenza virus 5 (PIV5) expressing the influenza A virus 
hemagglutinin provides immunity in mice to influenza A virus challenge. 
Virology (2007) 362(1):139–50. doi:10.1016/j.virol.2006.12.005 

11. Fu TM, Grimm KM, Citron MP, Freed DC, Fan J, Keller PM, et al. Comparative 
immunogenicity evaluations of influenza A virus M2 peptide as recombinant 
virus like particle or conjugate vaccines in mice and monkeys. Vaccine (2009) 
27(9):1440–7. doi:10.1016/j.vaccine.2008.12.034 

12. Ernst WA, Kim HJ, Tumpey TM, Jansen AD, Tai W, Cramer DV, et al. Protection 
against H1, H5, H6 and H9 influenza A infection with liposomal matrix 2 epitope 
vaccines. Vaccine (2006) 24(24):5158–68. doi:10.1016/j.vaccine.2006.04.008 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/article/10.3389/fimmu.2017.01730/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fimmu.2017.01730/full#supplementary-material
https://doi.org/10.3390/v6062465
https://doi.org/10.1371/journal.ppat.1003657
https://doi.org/10.1371/journal.ppat.1003657
https://doi.org/10.1016/j.micinf.2004.10.006
https://doi.org/10.1073/pnas.86.3.1061
https://doi.org/10.1016/j.vaccine.2006.05.082
https://doi.org/10.1016/j.vaccine.2006.05.082
https://doi.org/10.1038/13484
https://doi.org/10.1002/jps.20493
https://doi.org/10.1002/eji.200636959
https://doi.org/10.1016/j.virol.2006.12.005
https://doi.org/10.1016/j.vaccine.2008.12.034
https://doi.org/10.1016/j.vaccine.2006.04.008


12

Kim et al. Immunity and Genetic Backgrounds

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1730

13. Eliasson DG, El Bakkouri K, Schon K, Ramne A, Festjens E, Lowenadler B, 
et al. CTA1-M2e-DD: a novel mucosal adjuvant targeted influenza vaccine. 
Vaccine (2008) 26(9):1243–52. doi:10.1016/j.vaccine.2007.12.027 

14. Huleatt JW, Nakaar V, Desai P, Huang Y, Hewitt D, Jacobs A, et  al. Potent 
immunogenicity and efficacy of a universal influenza vaccine candidate com-
prising a recombinant fusion protein linking influenza M2e to the TLR5 ligand 
flagellin. Vaccine (2008) 26(2):201–14. doi:10.1016/j.vaccine.2007.10.062 

15. Wu F, Yuan XY, Li J, Chen YH. The co-administration of CpG-ODN influenced 
protective activity of influenza M2e vaccine. Vaccine (2009) 27(32):4320–4. 
doi:10.1016/j.vaccine.2009.04.075 

16. Liu W, Peng Z, Liu Z, Lu Y, Ding J, Chen YH. High epitope density in a single 
recombinant protein molecule of the extracellular domain of influenza A 
virus M2 protein significantly enhances protective immunity. Vaccine (2004) 
23(3):366–71. doi:10.1016/j.vaccine.2004.05.028 

17. Andersson AM, Hakansson KO, Jensen BA, Christensen D, Andersen P, 
Thomsen AR, et al. Increased immunogenicity and protective efficacy of influ-
enza M2e fused to a tetramerizing protein. PLoS One (2012) 7(10):e46395. 
doi:10.1371/journal.pone.0046395 

18. De Filette M, Ramne A, Birkett A, Lycke N, Lowenadler B, Min Jou W, et al. 
The universal influenza vaccine M2e-HBc administered intranasally in com-
bination with the adjuvant CTA1-DD provides complete protection. Vaccine 
(2006) 24(5):544–51. doi:10.1016/j.vaccine.2005.08.061 

19. Kim MC, Song JM, Eunju O, Kwon YM, Lee YJ, Compans RW, et al. Virus-
like particles containing multiple M2 extracellular domains confer improved 
cross-protection against various subtypes of influenza virus. Mol Ther (2013) 
21(2):485–92. doi:10.1038/mt.2012.246 

20. Srivastava B, Blazejewska P, Hessmann M, Bruder D, Geffers R, Mauel S, et al. 
Host genetic background strongly influences the response to influenza a virus 
infections. PLoS One (2009) 4(3):e4857. doi:10.1371/journal.pone.0004857 

21. Misplon JA, Lo CY, Gabbard JD, Tompkins SM, Epstein SL. Genetic control 
of immune responses to influenza A matrix 2 protein (M2). Vaccine (2010) 
28(36):5817–27. doi:10.1016/j.vaccine.2010.06.069 

22. Lee YN, Kim MC, Lee YT, Hwang HS, Cho MK, Lee JS, et al. AS04-adjuvanted 
virus-like particles containing multiple M2 extracellular domains of influ-
enza virus confer improved protection. Vaccine (2014) 32(35):4578–85. 
doi:10.1016/j.vaccine.2014.06.040 

23. Zhou NN, Senne DA, Landgraf JS, Swenson SL, Erickson G, Rossow K, et al. 
Genetic reassortment of avian, swine, and human influenza A viruses in 
American pigs. J Virol (1999) 73(10):8851–6. 

24. Henry C, Palm AE, Krammer F, Wilson PC. From original antigenic sin to 
the universal influenza virus vaccine. Trends Immunol (2017). doi:10.1016/j.
it.2017.08.003 

25. Lee YN, Lee YT, Kim MC, Gewirtz AT, Kang SM. A novel vaccination strategy 
mediating the induction of lung-resident memory CD8 T cells confers hetero-
subtypic immunity against future pandemic influenza virus. J Immunol (2016) 
196(6):2637–45. doi:10.4049/jimmunol.1501637 

26. Song JM, Choi CW, Kwon SO, Compans RW, Kang SM, Kim SI. Proteomic 
characterization of influenza H5N1 virus-like particles and their protective 
immunogenicity. J Proteome Res (2011) 10(8):3450–9. doi:10.1021/pr200086v 

27. Quan FS, Compans RW, Nguyen HH, Kang SM. Induction of heterosubtypic 
immunity to influenza virus by intranasal immunization. J Virol (2008) 
82(3):1350–9. doi:10.1128/JVI.01615-07 

28. Song JM, Hossain J, Yoo DG, Lipatov AS, Davis CT, Quan FS, et al. Protective 
immunity against H5N1 influenza virus by a single dose vaccination with virus-
like particles. Virology (2010) 405(1):165–75. doi:10.1016/j.virol.2010.05.034 

29. Lee YN, Lee YT, Kim MC, Hwang HS, Lee JS, Kim KH, et al. Fc receptor is 
not required for inducing antibodies but plays a critical role in conferring 
protection after influenza M2 vaccination. Immunology (2014) 143(2):300–9. 
doi:10.1111/imm.12310 

30. Eunju O, Lee YT, Ko EJ, Kim KH, Lee YN, Song JM, et al. Roles of major his-
tocompatibility complex class II in inducing protective immune responses to 
influenza vaccination. J Virol (2014) 88(14):7764–75. doi:10.1128/JVI.00748-14 

31. Ko EJ, Lee YT, Kim KH, Lee Y, Jung YJ, Kim MC, et al. Roles of aluminum 
hydroxide and monophosphoryl lipid A adjuvants in overcoming CD4+ 
T cell deficiency to induce isotype-switched IgG antibody responses and pro-
tection by T-dependent influenza vaccine. J Immunol (2017) 198(1):279–91. 
doi:10.4049/jimmunol.1600173 

32. Sangster MY, Riberdy JM, Gonzalez M, Topham DJ, Baumgarth N, Doherty PC.  
An early CD4+ T cell-dependent immunoglobulin A response to influenza 
infection in the absence of key cognate T-B interactions. J Exp Med (2003) 
198(7):1011–21. doi:10.1084/jem.20021745 

33. El Bakkouri K, Descamps F, De Filette M, Smet A, Festjens E, Birkett A, et al. 
Universal vaccine based on ectodomain of matrix protein 2 of influenza A: 
Fc receptors and alveolar macrophages mediate protection. J Immunol (2011) 
186(2):1022–31. doi:10.4049/jimmunol.0902147 

34. Jegerlehner A, Schmitz N, Storni T, Bachmann MF. Influenza A vaccine 
based on the extracellular domain of M2: weak protection mediated via 
antibody-dependent NK  cell activity. J Immunol (2004) 172(9):5598–605. 
doi:10.4049/jimmunol.172.9.5598 

35. Kim MC, Lee JS, Kwon YM, Eunju O, Lee YJ, Choi JG, et al. Multiple het-
erologous M2 extracellular domains presented on virus-like particles confer 
broader and stronger M2 immunity than live influenza A virus infection. 
Antiviral Res (2013) 99(3):328–35. doi:10.1016/j.antiviral.2013.06.010 

36. Kim MC, Lee YN, Hwang HS, Lee YT, Ko EJ, Jung YJ, et al. Influenza M2 virus-
like particles confer a broader range of cross protection to the strain-specific 
pre-existing immunity. Vaccine (2014) 32(44):5824–31. doi:10.1016/j.
vaccine.2014.08.030 

37. Song JM, Van Rooijen N, Bozja J, Compans RW, Kang SM. Vaccination 
inducing broad and improved cross protection against multiple subtypes of 
influenza A virus. Proc Natl Acad Sci U S A (2011) 108(2):757–61. doi:10.1073/
pnas.1012199108 

38. Song JM, Wang BZ, Park KM, Van Rooijen N, Quan FS, Kim MC, et  al. 
Influenza virus-like particles containing M2 induce broadly cross protective 
immunity. PLoS One (2011) 6(1):e14538. doi:10.1371/journal.pone.0014538 

39. Chen Z, Yoshikawa T, Kadowaki S, Hagiwara Y, Matsuo K, Asanuma H, 
et  al. Protection and antibody responses in different strains of mouse 
immunized with plasmid DNAs encoding influenza virus haemagglutinin, 
neuraminidase and nucleoprotein. J Gen Virol (1999) 80(Pt 10):2559–64. 
doi:10.1099/0022-1317-80-10-2559 

40. Hossain MJ, Bourgeois M, Quan FS, Lipatov AS, Song JM, Chen LM, et al. 
Virus-like particle vaccine containing hemagglutinin confers protection 
against 2009 H1N1 pandemic influenza. Clin Vaccine Immunol (2011) 
18(12):2010–7. doi:10.1128/CVI.05206-11 

41. Sailaja G, Skountzou I, Quan FS, Compans RW, Kang SM. Human immuno-
deficiency virus-like particles activate multiple types of immune cells. Virology 
(2007) 362(2):331–41. doi:10.1016/j.virol.2006.12.014 

42. Quan FS, Ko EJ, Kwon YM, Joo KH, Compans RW, Kang SM. Mucosal 
adjuvants for influenza virus-like particle vaccine. Viral Immunol (2013) 
26(6):385–95. doi:10.1089/vim.2013.0013 

43. Schotsaert M, Ysenbaert T, Smet A, Schepens B, Vanderschaeghe D, Stegalkina S,  
et al. Long-lasting cross-protection against influenza A by neuraminidase and 
M2e-based immunization strategies. Sci Rep (2016) 6:24402. doi:10.1038/
srep24402 

44. Schotsaert M, Ysenbaert T, Neyt K, Ibanez LI, Bogaert P, Schepens B, et al. 
Natural and long-lasting cellular immune responses against influenza in 
the M2e-immune host. Mucosal Immunol (2013) 6(2):276–87. doi:10.1038/
mi.2012.69 

45. Brown DM, Roman E, Swain SL. CD4 T cell responses to influenza infection. 
Semin Immunol (2004) 16(3):171–7. doi:10.1016/j.smim.2004.02.004 

46. Huber VC, Lynch JM, Bucher DJ, Le J, Metzger DW. Fc receptor-mediated 
phagocytosis makes a significant contribution to clearance of influenza 
virus infections. J Immunol (2001) 166(12):7381–8. doi:10.4049/jimmunol. 
166.12.7381 

Conflict of Interest Statement: The authors declare that the research was 
 conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2017 Kim, Lee, Kim, Lee, Kim, Ko, Song and Kang. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.vaccine.2007.12.027
https://doi.org/10.1016/j.vaccine.2007.10.062
https://doi.org/10.1016/j.vaccine.2009.04.075
https://doi.org/10.1016/j.vaccine.2004.05.028
https://doi.org/10.1371/journal.pone.0046395
https://doi.org/10.1016/j.vaccine.2005.08.061
https://doi.org/10.1038/mt.2012.246
https://doi.org/10.1371/journal.pone.0004857
https://doi.org/10.1016/j.vaccine.2010.06.069
https://doi.org/10.1016/j.vaccine.2014.06.040
https://doi.org/10.1016/j.it.2017.08.003
https://doi.org/10.1016/j.it.2017.08.003
https://doi.org/10.4049/jimmunol.1501637
https://doi.org/10.1021/pr200086v
https://doi.org/10.1128/JVI.01615-07
https://doi.org/10.1016/j.virol.2010.05.034
https://doi.org/10.1111/imm.12310
https://doi.org/10.1128/JVI.00748-14
https://doi.org/10.4049/jimmunol.1600173
https://doi.org/10.1084/jem.20021745
https://doi.org/10.4049/jimmunol.0902147
https://doi.org/10.4049/jimmunol.172.9.5598
https://doi.org/10.1016/j.antiviral.2013.06.010
https://doi.org/10.1016/j.vaccine.2014.08.030
https://doi.org/10.1016/j.vaccine.2014.08.030
https://doi.org/10.1073/pnas.1012199108
https://doi.org/10.1073/pnas.1012199108
https://doi.org/10.1371/journal.pone.0014538
https://doi.org/10.1099/0022-1317-80-10-2559
https://doi.org/10.1128/CVI.05206-11
https://doi.org/10.1016/j.virol.2006.12.014
https://doi.org/10.1089/vim.2013.0013
https://doi.org/10.1038/srep24402
https://doi.org/10.1038/srep24402
https://doi.org/10.1038/mi.2012.69
https://doi.org/10.1038/mi.2012.69
https://doi.org/10.1016/j.smim.2004.02.004
https://doi.org/10.4049/jimmunol.166.12.7381
https://doi.org/10.4049/jimmunol.166.12.7381
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cross-Protective Efficacy of Influenza Virus M2e Containing Virus-Like Particles Is Superior to Hemagglutinin Vaccines and Variable Depending on the Genetic Backgrounds of Mice
	Introduction
	Materials and Methods
	Viruses and Vaccines
	Immunization and Challenge
	Determination of Antibody Responses
	Lung Virus Titers
	Hemagglutination Inhibition (HI) Assay
	Cytokine ELISPOT
	In Vivo Protection Assay of Immune Sera
	Intracellular Cytokine Staining and Flow Cytometry Assay
	Statistical Analysis

	Results
	C57BL/6 Mice Display Lower Levels of M2e-Specific IgG Responses after M2e5x VLP Vaccination than BALB/c Mice
	M2e5x VLP Is More Effective in Conferring Cross-Protection than H5 VLP
	M2e5x VLP-Immunized Mice That Survived Primary Infection Develop Immunity against Antigenically Different Virus Infection As a Model of Future Pandemic
	BALB/c Mice Induce Higher Levels of M2e-Specific T Cell Responses than C57BL/6 Mice
	M2e5x VLP and H5 VLP Vaccines Induce IgG Isotype-Switched Antibodies in CD4 KO Mice at Different Levels
	T Cells Contribute to Cross-Protection by M2e5x VLP Vaccine
	M2-Specific Immune Sera Play a Role in Conferring Cross-Protection

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


