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Abstract

Immunity in humans with annual vaccination does not provide effective protection against

antigenically distinct strains. As an approach to improve cross-protection in the presence of pre-

existing strain-specific immunity, we investigated the efficacy of heterologous and heterosubtypic

protection in previously vaccinated mice at earlier times after subsequent immunization with

conserved-antigenic target influenza M2 ectodomain (M2e) virus-like particle vaccine (M2e5x

VLP). Immunization of mice with H1N1 split vaccine induced virus specific antibodies to

homologous influenza virus but did not provide heterosubtypic hemagglutination inhibiting

antibody responses and cross-protection. However, subsequent M2e5x VLP immunization induced

M2e specific antibody response as well as interferon-γ (IFN-γ) producing cells in systemic and

mucosal sites. Upon lethal challenge with H3N2 or H5N1 subtype influenza viruses, subsequently

immunized mice with M2e5x VLP were well protected against heterosubtypic influenza viruses.

These results provide evidence that non-seasonal immunization with M2e5x VLP, an experimental

candidate for universal vaccine, is a promising approach for broadening the cross-protection even

in the presence of strain-specific immunity.
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1. Introduction

Influenza virus causes respiratory diseases in humans. There are parenterally administered

inactivated vaccine and live attenuated influenza vaccine [1]. An inactivated, surfactant-
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disrupted split type is the most common influenza vaccine [2–3]. However, despite the

availability of influenza vaccines, the WHO estimates 3 to 5 million severe illnesses and

250,000 to 500,000 deaths worldwide during annual epidemics [4]. Therefore, current

influenza vaccination based on highly variable hemagglutinin (HA) proteins has an intrinsic

limitation in inducing cross protective immunity. In addition, there is a risk of a new

pandemic such as the emergence of 2009 pandemic H1N1 virus [5–6]. Since 1997, new

types of influenza A viruses, H5, H7 and H9 serotypes, have crossed the species barrier

from birds to man, resulting in severe human infections on multiple occasions [7–9].

The ion-channel protein M2 has a highly conserved extracellular domain (M2e) which is

suggested to be a universal influenza A vaccine target [10]. A molecular construct with M2e

tandem repeat (M2e5x) that contains M2e sequences derived from human, swine, and avian

influenza viruses was developed in a membrane-anchored form and presented on enveloped

VLPs (M2e5x VLP) as a potential universal influenza A vaccine [11–12]. Most pre-clinical

studies have been carried out using naïve animals. However, human populations are not

immunologically naïve and have a certain level of pre-existing immunity to influenza virus

either by annual vaccination or natural infection.

It would be desirable to develop an alternative strategy that avoids seasonality of influenza

vaccination and has a potential to significantly improve the cross-protective capacity of

existing immunity. In this study, we tested this alternative strategy by immunizing mice

early to induce pre-existing immunity and then by subsequent following vaccination of these

previously split vaccine-immunized mice with M2e5x VLP.

2. Materials and Methods

2.1. Viruses, vaccine, cell and M2e5x VLPs

The A/California/04/2009 (2009 pandemic H1N1 virus; a gift from Dr. Richard Webby), A/

Philippines/2/1982 (H3N2), A/PR/8/34 (H1N1), and reassortant A/Vietnam/1203/2004

(rgH5N1) were propagated as previously described [13]. Purified inactivated viruses were

produced by treating formalin at a final concentration of 1:4000 (v/v) as described

previously [14]. Commercial human influenza split vaccine (Green Flu-S; Green Cross,

Korea) derived from the 2009 pandemic strain of A/California/07/2009 (H1N1) virus was

used in this study. M2e5x VLPs that contain a tandem repeat of M2e sequences derived

from human (2x), swine (1x), and avian (2x) influenza viruses were produced as previously

described [11]. The M2 expressing MDCK cell line was kindly provided by Dr. Andrew

Pekosz [15].

2.2. Immunization

For animal experiments, 6- to 8-week-old female BALB/c mice (N=24; Harlan

Laboratories) were intramuscularly immunized with 0.6 μg of human split vaccine proteins

at weeks 0 and 4 (Fig. 1). Then one group of mice (N=12) was intramuscularly immunized

with 10 μg M2e5x VLPs at weeks 8 and 12. The placebo group received PBS as a negative

control. Blood samples were collected at 3 weeks after each immunization. All animal

experiments presented in this manuscript were approved by Georgia State University

IACUC review boards.

Kim et al. Page 2

Vaccine. Author manuscript; available in PMC 2015 October 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.3. Antibody responses and hemagglutinin inhibition (HAI) titer

Virus-specific antibody responses were determined by ELISA using A/California/04/2009

virus as a coating antigen (4μg/ml) and virus-specific IgG isotype antibody responses were

determined to homologous influenza virus as previously described [14]. Hemagglutination

Inhibition (HAI) titer was determined as described [16].

2.4. Antibody responses to native M2 protein

M2e specific antibody responses were determined by ELISA using synthetic M2e peptides

as a coating antigen (4μg/ml) [11]. Also, antibodies recognizing native M2 protein were

determined by using cell surface ELISA. Stably M2-expressing MDCK monolayer cells

were fixed with 10% buffered formalin and used to determine antibodies binding to M2

expressed on cell surfaces as described [17]. As an additional assay, influenza virus-infected

MDCK cells were used to determine serum antibodies binding to M2 expressed on infected

cell surfaces. Antibody concentrations were estimated by standard curves prepared using

purified mouse antibodies (IgG, IgG1, IgG2a) and horse-radish peroxidase-conjugated goat

anti-mouse detecting antibodies of corresponding IgG and isotypes (Southern Biotech,

Birmingham, AL). Based on IgG standard curves, the OD values measured in serum

samples were converted to concentration values (ng/ml).

2.5. Viral challenge

All immunized mice were challenged with a lethal dose (5xLD50) of A/Philippines/2/82 or

rgH5N1 influenza A viruses at 6 weeks after boost immunization with M2e5x VLPs. Mice

were monitored daily to record weight changes and mortality.

2.6. Protective efficacy test of immune sera

To test protective efficacy of immune sera in vivo to distinct H1N1 (A/PR/8/34) influenza

virus that is antigenically different from 2009 pandemic H1N1 vaccine strain, 2-fold diluted

sera were heat-inactivated at 56°C for 30 min and the diluted serum samples were mixed

with a lethal dose of influenza virus [11]. Naive mice (N=3, BALB/c) were administered a

mixture of influenza virus and sera, and both body weight and survival rates were monitored

daily.

2.7. Analysis of bronchoalveolar lavage fluids and lung viral titers

Bronchoalveolar lavage fluids (BALF) were prepared for the analysis of antibody responses

and proinflammatory cytokine IL-6 from mice at day 4 after challenge with 5xLD50 of

influenza A/Philippines/2/82 (H3N2) virus. Preparations of BALF samples and lung extracts

were obtained as described [11]. Ready-Set-Go IL-6 kit (eBioscience) was used to detect

cytokine levels in bronchoalveolar fluids (BALF) following the manufacturer’s

recommended procedures [13]. Embryonated chicken eggs were inoculated with diluted

lung extracts and tested for hemagglutination activity to determine viral titers as described

[18].
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2.8. Determination of T cell responses

At day 4 post challenge, splenocytes and lung cells were isolated and used to determine T

cell responses as described [13]. Interferon (IFN)-γ secreting cell spots were determined on

Multi-screen 96 well plates (Millipore) coated with cytokine specific capture antibodies as

described [19]. Briefly, 0.5×106 spleen cells or 0.2×106 lung cells per well were cultured

with inactivated influenza A/Phil (H3N2), rgH5N1, M2e peptide or M2e5x VLP as an

antigenic stimulator (2ug/ml). After 36 h incubation, the spots of IFN-γ secreting T cells

were counted using an ELISpot reader.

2.9. Statistical analysis

To determine the statistical significance, a two-tailed Student’s t-test was used when

comparing two different conditions. P-values less than 0.05 were considered statistically

significant and * or ** were indicated as P-values less than 0.05 or 0.01, respectively.

3. Results

3.2. Subsequent M2e5x VLP vaccination modulates IgG isotype antibodies of pre-existing
immunity

In our previous studies, M2e5x VLP was shown to confer effective cross protection against

H1, H3, and H5 subtype influenza viruses [11–12]. Here, we investigated whether

immunization with M2e5x VLPs would improve the efficacy of cross-protection against

influenza A viruses in the presence of pre-existing vaccine immunity. To induce pre-

immunity to influenza virus, groups of mice (N=24) were intramuscularly prime and boost

immunized with 2009 H1N1 split vaccine (Split) at weeks 0 and 4 (Fig. 1). Levels of virus-

specific antibody were significantly increased after boost immunization and maintained for

over 8 weeks (Fig. 2A and B). In an attempt to improve the cross-protection in the presence

of pre-existing immunity, half of split vaccine immunized mice (N=12) were additionally

vaccinated with M2e5x VLP (S-M2e5x) at weeks 8 and 12 (Fig. 1). There was no significant

difference in virus-specific total IgG antibody titers between the Split vaccine group and the

subsequent M2e5x VLP immunization (S-M2e5x) group (Fig. 2B). These results suggest

that additional immunization with M2e5x VLPs did not affect total IgG antibody responses

to influenza virus.

To further understand types of immune responses, we analyzed IgG isotypes of serum

antibodies to vaccine strain (A/California/04/09) with and without M2e5x VLP

immunization (Fig. 2C). Virus-specific IgG1 isotype titers were similar between split only

and additional M2e5x VLP immunized mice (Fig. 2C). Both groups showed IgG1 as a

dominant isotype antibody to vaccine strain (A/California/04/09). In contrast, average levels

of IgG2a antibody were increased after additional M2e5x VLP immunization (Fig. 2C). The

ratio of IgG2a/IgG1 in additional M2e5x VLP immunized group (IgG2a/IgG1: 0.87 or 0.73)

was 27% or 45% higher than that of the split vaccine group (IgG2a/IgG1: 0.68 or 0.50) at

400 or 1,600 serum dilutions, respectively (Fig. 2D). These results provide evidence that

M2e5x VLP immunization can impact on types of pre-existing immunity, increasing T

helper type 1 (Th1) immune responses such as IgG2a isotype antibody.
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3.2. M2e5x VLP immunization does not induce heterosubtypic HAI antibodies

High titers of HAI against the homologous virus A/California/04/2009 were observed

regardless of subsequent M2e5x VLP immunization (Fig. 3A). However, serum antibodies

from both groups did not show HAI activity to heterosubtypic influenza viruses, A/

Philippines/2/82(H3N2) or A/Vietnam/1203/2004(H5N1). These results indicate that

influenza split vaccination could induce high HAI titers against homologous virus and

subsequent M2e5x VLP immunization did not affect the level of HAI activities.

3.3. M2e5x VLP immunization induces M2e antibody in the presence of pre-existing
immunity

In the group of mice additionally primed with M2e5x VLPs after split vaccination, M2e-

specific antibody titers to M2e peptide were induced at substantially high levels but not in

the split vaccine alone group and, after boost with M2e5x VLPs, M2e antibody titers were

further increased by approximately15 fold (Fig. 3B). To determine if M2e5x VLP

immunization could induce humoral responses to native M2 protein, immune sera from

groups of mice with split vaccination or additional M2e5x VLP immunization were

evaluated using M2-expressing MDCK cells. M2e specific IgG antibody levels in M2e5x

VLP immunized mice were 4-fold higher than those of the mouse group immunized with

split vaccine only (Fig. 3C). M2e reactivity was also evaluated in MDCK cells infected with

A/California/04/2009 (H1N1), A/Philippines/2/1982 (H3N2) or rgH5N1. Sera of additional

M2e5x VLP-immunized mice showed 15–20% higher IgG antibodies reactive to MDCK

cell surface antigens that were infected with heterosubtypic influenza A viruses than those of

split vaccine (Fig. 3D). These results suggest that additional immunization with M2e5x

VLPs induces antibody responses to M2e antigens as a conserved antigenic target regardless

of pre-existing vaccine immunity to influenza virus.

3.4. M2e5x VLP immunization under pre-existing immunity confers improved cross
protection

To compare the cross-protective efficacy of additional M2e5x VLP immunization, groups of

mice were intranasally challenged with a lethal dose (5xLD50) of heterosubtypic influenza

viruses, A/Philippines/2/82(H3N2) or rgH5N1 at week 18 (6 weeks after M2e5x VLP boost

immunization) (Fig. 4). Upon A/Philippines/2/82 virus challenge, mice additionally

immunized with M2e5x VLP showed only a slight loss (approximately 4%) in body weight,

showing 100% protection (S-M2e5x, Fig. 4A and B). In contrast, mice immunized with

H1N1 split vaccine alone showed a significant loss of over 20% in body weight as well as a

substantial delay in recovery of weight loss (Fig. 4A). The split vaccine group showed 50%

protection (Split, Fig. 4B). To further test the breadth of cross protection, rgH5N1 virus

challenge was performed. Split vaccine-immunized mice that were subsequently vaccinated

with M2e5x VLP showed a slight loss (approximately 9%) in body weight, resulting in

100% protection (Fig. 4C and D). In contrast, immune mice without M2e5x VLP

vaccination showed a significant loss of approximately 22%, resulting in only 25% survival

protection (Split, Fig. 4C and D). These results demonstrate that subsequent M2e5x VLP

immunization under pre-existing vaccine immunity significantly improved cross protection.
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3.5. M2e antibodies in immune sera play an important role in conferring protection

To further determine the cross-protective role of anti-M2e immune sera, we carried out an in

vivo protection assay. Naive mice were infected with a mixture of sera from split, S-M2e5x

VLP, or placebo groups and a lethal dose of influenza virus, A/PR/8/34 (A/PR8, H1N1).

(Supplementary Fig. 1). Naïve BALB/c mice that were infected with a lethal dose of A/PR8

virus with immune sera of S-M2e5x VLP vaccinated group showed a slight loss

(approximately 5%) and then fully recovered to a normal level. However, BALB/c mice that

received a lethal dose of A/PR8 virus with immune sera of the split alone group displayed a

severe loss (approximately 18%) and a significant delay in weight recovery (Supplementary

Fig. 1A). In addition, BALB/c mice that received a lethal dose of A/PR8 virus with sera

from the placebo group showed a severe loss of 24% and a significant delay in weight

recovery, resulting in 33% protection (Supplementary Fig. 1A and B). These results suggest

that immune sera from subsequent M2e5x VLP immunization significantly improve cross

protection to distinct H1N1 influenza virus.

3.6. Subsequent M2e5x VLP vaccination contributes to inducing M2e mucosal antibodies

Virus or M2e specific IgG antibody responses in BALF were determined in mice sacrificed

at day 4 after viral challenge with H3N2 virus (Fig. 5A and B). Significantly higher levels of

IgG antibody responses specific for H1N1 vaccine strain were observed in BALF of both

groups of mice with and without additional M2e5x VLP immunization (Fig. 5A). However,

significantly high levels of IgG antibody specific for M2e antigen were observed in BALF

of mice with additional M2e5x VLP immunization (Fig. 5B). Overall, these results suggest

that M2e specific antibodies were effectively induced at mucosal sites in the S-M2e5x group

with additional M2e5x VLP immunization upon viral infection.

3.7. M2e5x VLP vaccination lowers inflammatory cytokine levels and lung viral titers

Over-induction of inflammatory cytokines due to uncontrolled viral replication can cause

tissue damage. Cytokines in BALF from infected mice at 4 days after challenge were

determined (Fig. 5C and D). High levels of IL-6 were observed in BALF of placebo mice

after infection as expected (Fig. 5C). The level of IL-6 in BALF from the split vaccine mice

was also significantly higher than that of additional M2e5x VLP immunized mice (S-

M2e5x, Fig. 5C). These results support evidence that additional M2e5x VLP immunization

under strain-specific pre-existing immunity can improve cross protection by controlling

inflammatory cytokine responses. To better assess the protective efficacy against A/

Philippines/2/82 (H3N2), lung viral titers were determined at day 4 after challenge (Fig.

5D). The S-M2e5x group with M2e5xVLP immunization showed approximately 10-fold and

30-fold lower lung viral titers compared to those with pre-existing HA immunity alone and

naïve-challenge control groups, respectively (Fig. 5D). Therefore, the results indicate that

induction of M2e specific immune responses under pre-existing influenza immunity can

effectively contribute to controlling viral replication of heterosubtypic challenge virus.

3.8. Subsequent M2e5x VLP immunization enhances IFN-γ secreting T cell responses

Mice were challenged with H3N2 virus at 8 weeks after additional M2e5xVLP

immunization and cells from spleen or lung samples were collected at day 4 post-challenge
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to determine IFN-γ producing cellular responses (Fig. 6). Significant levels of IFN-γ

secreting spleen or lung cells were observed in mice immunized with M2e5x VLPs

compared to those with split vaccine alone (Fig. 6). Importantly, the group of mice

immunized with M2e5x VLPs showed higher levels of IFN-γ secreting cell spots in

response to M2e stimulators, M2e peptide or M2e5x VLPs, in both spleen and lung cells as

well as to(viral antigens, A/Philippines/82 (H3N2) or rgH5N1, than those of mice

immunized with split vaccine alone (Fig. 6A and B). These results provide evidence that

additional M2e5x VLP immunization in the presence of pre-existing vaccine immunity

induces an effective response of INF-γ secreting T cells specific for M2e or heterosubtypic

influenza viral antigens.

4. Discussion

Pre-existing immunity is mainly dependent on host antibody responses to distinct HA

protein. However, influenza viruses are continuously evolving by accumulating mutations in

the highly variable HA proteins. Most people are susceptible to antigenically drift or

pandemic strains despite pre-existing immunity. It would be an ideal goal to develop a

highly effective stand-alone universal influenza vaccine. However, protective efficacy of

candidate universal vaccines based on conserved antigenic targets is relatively weak despite

their broader range of cross protection compared to conventional HA-based influenza

vaccines [20–21]. In addition, there are extremely high genetic and antigenic differences

among influenza viruses. Due to antigenic diversity of influenza viruses as well as weak

protective efficacy of conserved antigenic targets, developing a universal influenza stand-

alone vaccine has been a real challenge.

An alternative approach is to significantly improve the capacity of pre-existing immunity to

confer cross protection. In this study, we investigated the cross protective effects of

subsequent immunization with M2e5x VLP in the presence of pre-existing immunity to an

influenza vaccine strain. We found that additional vaccination with M2e5x VLPs effectively

induced M2e-specific humoral and cellular immune responses. Notably, additional M2e5x

VLP vaccination conferred enhanced cross protection against the distantly related

heterologous A/PR/8/34 (H1N1) and heterosubtypic A/Philippines/2/82 (H3N2) and

rgH5N1 influenza A viruses. As expected, mice that were immunized with split vaccine

(H1N1) alone earlier times were not well protected against heterologous or heterosubtypic

challenge infections as evidenced by significantly lower survival rates as well as severe

weight losses. We have observed M2e-immune mediated protection on lowering lung viral

loads and inflammatory cytokine IL-6 as well as induction of T cell responses in lungs and

spleens after challenge with H1N1 (A/PR/8/34) virus using a C57BL/6 mouse model [22].

These post-challenge data with H1 virus showed a similar pattern that was observed in this

study using H3N2 virus post-challenge experiments. Thus, similar results are expected with

post-H5N1 virus challenge although post-challenge immune responses and titers remain to

be determined. Therefore, additional vaccination with M2e5x VLPs under the condition of

pre-existing immunity can improve cross protection of existing immunity to current

influenza vaccination. More importantly, M2e5x VLP immunization would not have

seasonality and could be administered before or after seasonal vaccination. It is also

desirable and possible scenario to have a stock-file of M2e5x VLP vaccines that can be

Kim et al. Page 7

Vaccine. Author manuscript; available in PMC 2015 October 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



immediately used to vaccinate before the availability of manufacturing new pandemic

vaccines. In an effort to enhance M2e antibodies and IFN-γ producing T cell responses,

M2e5x VLP that was adjuvanted with AS04 was shown to be more effective than M2e5x

VLP alone in conferring protection as well as in inducing recall M2e antibodies and

interferon-γ producing CD4 T cell responses in a C57BL/6 mouse model [22]. Therefore,

M2e5x VLP vaccines with some adjuvants may have the potential to further improve cross-

protection.

A possible mechanism by which M2 antibodies provide protection is that influenza viruses

bound to non-neutralizing antibodies are likely to be recognized and removed by

opsonophagocytosis via Fc receptors [12, 23–27]. In this study, M2e specific antibody after

M2e5x VLP immunization was reactive to M2-expressing MDCK cell or MDCK cells

infected with influenza viruses, which suggests that binding antibody to infected cell can

mediate opsonophagocytosis. In addition, antibody isotypes to virus are known to be

important in antiviral immunity. IgG1 isotype antibodies are likely to be involved in

neutralizing homologous virus [24]. In contrast, IgG2a isotype antibodies were reported to

play a role in assisting the clearance of virus infected host cells [24]. In this study, average

levels of IgG2a antibody response to heterosubtypic influenza viruses were also increased

after additional M2e5x VLP immunization with a statistical difference (Supplementary Fig.

2). Also, in line with this result, co-immunization with mix of M2e5x VLP and split

vaccines was shown to induce high levels of IgG2a antibody and improved cross protection

[27]. Thus, shifting immunoglobulin isotypes to IgG2a antibodies as a result of M2e5x VLP

immunization later might have contributed to improving cross protection in addition to the

induction of M2e specific antibodies.

These results provide evidence that additional M2e5x VLP vaccination to split vaccine can

modify the pattern of host immune responses to the vaccine in a direction of increasing Th1

type immunity. Vaccine specific Th1 immune responses such as an increased level of IFN-γ

secreting T cells would contribute to improved cross protection by additional M2e5x VLP

vaccination. Therefore, M2e5x VLPs could have a dual role of inducing M2e immunity as

well as displaying an adjuvant effect by enhancing and modulating host immune responses

to vaccine toward the Th1 responses. The distribution of IgG2a isotype antibodies is likely

to be dictated through signaling by Th1 type cytokines [28–29], which is often associated

with interferon (IFN)-γ [29] and other Th1 cytokines [30]. As shown in our study,

ineffective cross-protection is primarily due to a lack of immunity to conserved targets such

as M2e and Th2 biased immune responses by influenza HA-based split vaccination.

In summary, this present study investigated a potential approach to overcome strain-specific

pre-existing immunity induced by seasonal vaccination, which may mimic a condition with

pre-existing immunity in human population. Subsequent immunization with M2e5x VLP as

a potential universal vaccine candidate induced significant levels of M2e antibodies in mice

with strain-specific vaccine-induced pre-existing immunity. Following M2e5x VLP

immunization induced Th1 type immune responses and conferred significantly improved

cross protection to strain-specific immune mice. The results in this study support the concept

that candidate universal vaccines can be administered regardless of seasonality of

vaccination.
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Refer to Web version on PubMed Central for supplementary material.
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Research highlight

• M2e5x VLP immunization induced M2e antibodies in mice with pre-existing

immunity.

• Subsequent M2e5x VLP immunization primed IFN-γ producing cells.

• Subsequent M2e5x VLP immunization improved heterosubtypic cross-

protection.
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Fig. 1. Diagram of experimental protocol
BALB/c mice (N=24) were prime and boost immunized with commercial split vaccine for

human use with a 4-week interval. At 4 weeks after split boost immunization, a half of these

mice were prime and boost immunized with M2e5x VLP (S-M2e5x, N=12). Sera were

collected for antibody responses 3 weeks after each vaccination. In 6 weeks after M2e5x

VLP boost immunization, mice were challenged with influenza A viruses, A/Philippines/

2/82(H3N2) or A/Vietnam/1203/2004(rgH5N1).
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Fig. 2. M2e5x VLP immunization modulates pre-existing IgG isotype antibody to vaccine viral
antigen
(A) Pre-existing IgG antibody responses to virus by earlier vaccine immunization. Split-p:

Prime, Split-b: Boost. (B) IgG antibody responses post M2eVLP additional immunization.

Split-b(7wk): 7wk after Split-b. Split-b(11wk): 11wk after Split-b. (C) IgG isotype antibody

responses to vaccine antigen A/Cali virus. (D) Ratios of IgG2a/IgG1 isotype antibodies to

homologous A/Cali virus. Split-b: 7wk after Split-b. BALB/c mice were immunized with

split vaccine alone (Split, N=12) or received subsequent additional M2e5x VLP

immunization after split vaccine (S-M2e5x, N=12). Sera were collected 3 weeks after each

vaccination. The IgG level was detected using homologous influenza A virus, A/California/

04/09 (A/Cali, H1N1), as an ELISA coating antigen (2ug/ml). Error bars indicate mean ±

SEM.
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Fig. 3. M2e5x VLP immunization induces M2e-specific antibodies to M2 expressing MDCK cells
Immune sera were collected from BALB/c mice that were immunized with split vaccine

alone (Split, N=12) or additional M2e5x VLP immunization after split vaccine (S-M2e5x,

N=12). All sera were collected at 3 week after M2e5x VLP boost. (b) immunization. (A)

Hemagglutinin inhibition (HAI) assay. Split-b(11wk): 11wk after Split-b. (B) Reactivity to

synthetic M2e peptide. Split-b(7wk): 7wk after Split-b. Split-b(11wk): 11wk after Split-b.

(C) Reactivity to M2-expressing MDCK cell. (D) Reactivity to influenza virus-infected

MDCK cells. The dotted line denotes the limit of HAI detection. Error bars indicate mean ±

SEM.
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Fig. 4. Improved efficacy of cross protection by M2e5x VLPs immunization after split vaccine
Groups of mice (N=4) that were immunized with split or split and additional M2e5x VLP

were intranasally challenged with a lethal dose (5xLD50) of influenza viruses, A/

Philippines/2/82 (H3N2) or rgH5N1, 6 weeks after M2e5x VLP boost immunization. (A)

Average body weight changes after A/Philippines/2/82 virus challenge. (B) Survival rates

after A/Philippines/2/82 virus challenge. (C) Average body weight changes after rgH5N1

virus challenge. (D) Survival rates after rgH5N1 virus challenge. Error bars indicate mean ±

SEM. LD, lethal dose. P value indicates significant difference between groups of split or S-

M2e5x immunization.
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Fig. 5. Mucosal antibody responses, pro-inflammatory cytokine and lung viral titers upon
heterosubtypic challenge
Levels of IgG antibodies to virus or M2e antigens were determined in lung or BALF

samples (N=4) at day 4 post-challenge after split or split and additional M2e5x VLP

immunization. (A) Virus specific IgG antibody response. (B) M2e specific IgG antibody

response. (C) Levels ofIL-6 cytokine in BALF. (D) Lung viral titers. Error bars indicate

mean ± SEM. P value indicates significant difference. BALF, bronchoalveolar lavage fluid;

pg, picogram.
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Fig. 6. M2e5x VLP immunization after split vaccine enhances IFN-γ producing cellular immune
responses
Splenocytes and lung cells were isolated from mice at day 4 post-challenge. IFN-γ secreting

cells were determined after antigenic stimulation with A/California /04/09 (H1N1) viral

antigen, M2e peptide, or M2e5x VLPs as a stimulator (2μg/ml). (A) IFN-γ in splenocytes.

(B) IFN-γ in lung cells. Error bars indicate mean ± SEM. Asterisk indicates significant

difference (P<0.01) between split and S-M2e5x groups. IFN, interferon.
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