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Abstract

The ectodomain of matrix protein 2 (M2e) of influenza virus is suggested to be a rational target for

a universal influenza A vaccine. However, there are some concerns that M2e vaccines might not

be highly effective in the general population with diverse genetic backgrounds. Here we examined

the immunogenicity and protective efficacy of the baculovirus-derived virus-like particles

containing multiple M2e (M2eVLP) with AS04 adjuvant in a C57BL/6 mouse strain (H-2b).

M2eVLP vaccine induced significant levels of M2e-specific IgG in C57BL/6 mice after

vaccination. Furthermore, M2eVLP adjuvanted with AS04 was more effective than M2eVLP

alone in conferring protection as well as in inducing recall humoral and T cell responses specific

for M2e after lethal influenza virus challenge. A mechanistic study provides evidence that

activation of dendritic cells by the toll-like receptor 4 agonist MPL in the AS04 adjuvant was

associated with interferon-γ producing CD4 T cell responses. Our results suggest that AS04

adjuvanted M2eVLP vaccines have the potential to improve cross-protection.
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Introduction

Current influenza virus vaccine strategies based on the variable hemagglutinin (HA) protein

can help provide strain-specific protection, but the emergence of drifted or pandemic strains

would cause a substantial burden of disease. The extracellular domain of ion-channel protein
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M2 (M2e) is well conserved across human influenza A subtypes although there are few

residue changes among avian and swine species origin influenza A viruses [1–2]. Therefore,

M2e-based vaccines have been investigated as a potential candidate for a universal influenza

vaccine [3–5]. Various studies have shown that mice immunized with M2e-carrier

constructs and subsequently challenged with influenza virus were protected from death [6–

14]. Nonetheless, most M2 vaccine studies were reported using BALB/c (H-2d) mice that

raised high responses to M2 vaccination [8–10, 13, 15–21]. Previously, it was shown that

mouse strains with H-2d, H-2k and H-2b (C57BL/6) haplotypes were high, intermediate, and

very low responders respectively to HA-based vaccine [22] and influenza M2 protein

expressed by recombinant adenovirus vectors [23]. It was reported that some humans

exhibited a poor response after trivalent inactivated influenza [24–25] or M2 [26]

vaccination. These inadequate responses have been associated with the diverse genetic

polymorphism in the genes associated with antigen processing and presentation [27] and

emphasize the importance of examining the vaccine efficacy in the population with various

genetic backgrounds and in a large size. Previously, we developed a vaccine construct with

tandem repeat of M2e, which was expressed in a membrane-anchored form using the

recombinant baculovirus expression system and presented on the enveloped virus-like

particle (M2eVLP) that was effective in inducing M2e-specific antibodies in BALB/c (H-2d)

mice [14].

Adjuvant System 04 (AS04) consisting of MPL (3-O-desacyl-4′-monophosphoryl lipid A)

toll-like receptor 4 (TLR4) ligand and aluminum hydroxide (Alum) is licensed for use in

humans [28]. In this study, we determined immunogenicity and protective efficacy of

adjuvanted M2eVLP with AS04, MPL, or Alum in C57BL/6 mice (H-2b).

Materials and methods

Preparation of influenza virus and M2eVLPs

Influenza virus A/PR/8/1934 (H1N1, abbreviated as A/PR8) was grown in 10-day-old

embryonated hen’s eggs at 37°C for 2 days. M2eVLP that contain tandem repeat of

heterologous M2e presented on VLP was prepared using the insect cell expression system as

described previously [14]. The gene construct for encoding multiple M2e was genetically

designed to contain a melittin signal peptide, a polypeptide sequence derived from flagellin,

five copies of influenza virus M2e sequences from human type-

SLLTEVETPIRNEWGSRSNDSSD (2x), swine type-SLLTEVETPTRSEWESRSSDSSD

(1x, A/California/4/2009, H1N1), 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 derived from GCN4 [21], and

transmembrane and cytoplasmic domains of HA derived from influenza A/PR/8/34 virus

[29]. Spodoptera frugiperda Sf9 insect cells were co-infected with recombinant

baculoviruses (rBVs) expressing influenza M2e5x and M1 proteins, respectively. At 2 days

after infection, the infected cell culture supernatants were clarified by centrifugation (6,000

rpm, 30 minutes) and then were concentrated by the QuixStand hollow fiber-based

ultrafiltration system (GE Healthcare, Piscataway, NJ). M2e5x VLPs in the culture
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supernatants were purified by using discontinuous sucrose gradient ultracentrifugation with

layers of 20 and 60% (wt/vol) as previously described [30].

Immunization and challenge

For animal experiments, 6- to 8-week-old female C57BL/6 mice (n = 10; Harlan

Laboratories) were intramuscularly immunized with 10 μg of M2eVLP (total protein) or

mixed with 5 μg of MPL (Sigma-Aldrich), 50 μg of aluminum hydroxide (Alum), or AS04

(5 μg MPL plus 50 μg Alum) in the thigh muscle using an insulin syringe with 6mm 29G

needle at week 0 and 4. Blood samples were collected at 3 weeks after each immunization.

Immunized mice were then challenged with a lethal dose (4xLD50) of A/PR8 influenza virus

at 8 weeks after boost immunization. After challenge with influenza virus, survival rate and

weight loss were observed daily for 14 days post-infection (p.i.). All animal experiments

presented in this study were approved by the Georgia State University IACUC review

boards (IACUC A11026).

Determination of antibody responses

Influenza virus-specific or M2e-specific antibody titers were determined by enzyme-linked

immunosorbent assay (ELISA) as previously described [30].

Preparation of BALF and lung extracts

For bronchoalveolar lavage fluids (BALF), the lungs were lavaged with 1 ml PBS via a 25

gauge-catheter inserted in the trachea. Each mouse lung was homogenized and centrifuged

at 1400 × g at 4°C for 10 min. Lung viral titers were determined from the 50% egg infective

dose (EID50) by using embryonated hen’s eggs. Cytokine levels in BALF were determined

using ELISA kits for IFN-γ and IL-6 according to the manufacturers’ instructions in

duplicate against a standard curve (eBioscience, SanDiego, CA).

Determination of antibody secreting cell and T cell responses

On day 5 p.i., spleen cells were isolated from challenged mice and single cells were cultured

in 96-well plates coated with M2eVLP [29]. The supernatants were harvested at 1 and 6

days of culture and two-fold diluted with PBST to determine the levels of M2e-specific IgG

responses by ELISA. Absorbance was read at 450 nm. Interferon (IFN)-γ secreting cell spots

were determined on Multi-screen 96 well plates (Millipore, Billerica, MA) coated with

cytokine specific capture antibodies as previously described [31].

Flow cytometric analysis

To evaluate intracellular cytokine production, lung cells were stimulated with 5 μg/ml of M2

peptide (SLLTEVETPIRNEWGSRSN) at 37°C for 5 h and then stimulated lung cells were

surface stained for anti-CD45-peridinin chlorophyll protein complex, anti-CD4-

allophycocyanin (APC) and anti-CD8α-r-phycoerythrin (PE) antibodies and then were

permeable using the Cytofix/Cytoperm kit (BD Biosciences). Intracellular cytokines were

revealed by staining the cells with or anti-granzyme B-fluorescein isothiocyanate or anti-

IFN-γ-APC-Cy7 antibodies. Stained cells were analyzed using LSRFortessa (BD

Biosciences) and FlowJo software (Tree Star Inc.).
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Preparation and in vitro stimulation of bone marrow derived dendritic cells (BMDCs)

BMDCs were prepared from bone marrow cells of C57BL/6 mice treated with 10 ng/ml of

mouse granulocytes-macrophages colony stimulating factor for 6 days. BMDCs were

stimulated with 5 μg/ml of M2eVLP alone or in combination with 1 μg/ml of MPL or 10

μg/ml of Alum at 2 × 105 cells/ml in 96-well plate for 2 days. IL-6, TNF-α and IL-12

cytokines were determined in the BMDC culture supernatants using ELISA as described

above. For mixed lymphocyte reactions, BMDCs were first treated with M2eVLPs alone or

in combination with MPL or Alum. After wash, BMDC were cocultured with CFSE-labeled

allogeneic BALB/c splenocytes with the ratio of 1:10 for BMDC to splenocytes. After 5

days, the cells were washed and the proliferation and activation of the T cells were assessed

by flow cytometry. Endotoxin analysis using the Limulus Amebocyte Lysate test (Lonza

Inc, Walkersville, MD) indicated that all preparations were endotoxin-free.

Statistical analysis

All results are expressed as the mean ± standard error of the mean (SEM). Significant

differences among treatments were evaluated by 1-way ANOVA or two-tailed student’s t-

test where appropriate. P-values of less than or equal to 0.05 were considered statistically

significant.

Results

Immune responses to vaccination with M2eVLP in C57BL/6 mice

To evaluate the immunogenicity of M2eVLP vaccines adjuvanted with AS04

(M2eVLP.AS04), MPL (M2eVLP.MPL), or Alum (M2eVLP.Alum), groups of mice were

intramuscularly immunized and antibody responses in sera were determined (Fig. 1).

M2eVLP, M2eVLP.AS04, and M2eVLP.MPL vaccination induced high levels of M2e-

specific IgG in C57BL/6 mice (Fig. 1A), indicating that M2eVLP is immunogenic in

C57BL/6 mice. The M2eVLP.Alum group showed approximately 3-fold lower IgG levels

than those in other groups (Fig. 1A), but there was no significant difference between groups.

IgG isotypes induced by M2eVLP vaccination adjuvanted with AS04, MPL, or Alum were

determined (Fig. 1B–D). The anti-M2e IgG1 responses in the M2eVLP.Alum and

M2eVLP.AS04 groups were higher than those in mice vaccinated with M2eVLP alone (100

x serum dilution, p < 0.05, Fig. 1B). There were no differences in levels of IgG2b antibodies

among groups (Fig. 1C). Mice with the B6 background lack the Igh-1a allele that codes for

IgG2a but instead express IgG2c from the Igh-1b allele, [32–33] and thus we measured

IgG2c rather than IgG2a. As shown in Fig. 1D, anti-M2e IgG2c responses in the

M2eVLP.MPL and M2eVLP.AS04 groups were significantly higher than those in the

M2eVLP.Alum group at 100, 400, and 1,600 times serum dilution (p < 0.001) and 6,400

times diluted serum (p < 0.05), respectively. As a result of the reverse pattern of IgG

isotypes between M2eVLP.Alum and other groups, the M2eVLP, M2eVLP.MPL, and

M2eVLP.AS04 groups showed higher ratios of IgG2c/IgG1isotypes than the M2eVLP.Alum

group (Fig. 1E).
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Since a previous study [23] reported that recombinant M2 expressing DNA and adenovirus

vector vaccines were highly immunogenic in BALB/c mice but not in C57BL/6 mice, we

compared M2 antibody responses of M2eVLP vaccine alone and M2e peptide in BALB/c

and C57BL/6 mice. Mice were intramuscularly immunized with 10 μg of M2eVLP or M2e

peptide in the absence of adjuvants. Anti-M2e IgG concentrations in M2eVLP-immunized

BALB/c mice (5688.0 ± 792.2 ng/ml) were observed approximately 1.2-fold higher than

those in M2eVLP-immunized C57BL/6 mice (4520.3 ± 823.8 ng/ml). Anti-M2e IgG1

responses in M2eVLP-immunized BALB/c mice (2322.4 ± 1155.8 ng/ml) also showed

approximately 3.5-fold higher than those in M2eVLP-immunized C57BL/6 mice (659.5 ±

582.1 ng/ml). No anti-M2e antibody response was observed in any of M2e peptide-

immunized BALB/c and C57BL/6 mice (data not shown). These results suggest that M2e on

VLP carrier is immunogenic in C57BL/6 mice as well as in BALB/c mice except IgG1

isotype antibody.

M2eVLP with AS04 improved protection against influenza virus

To compare the efficacy of protection, groups of mice that were intramuscularly immunized

with M2eVLP adjuvanted with AS04, MPL, or Alum were challenged with a lethal dose

(4xLD50) of A/PR8 virus at 8 weeks after boosting (Fig. 2). All naive and mock.AS04

control mice (AS04 without vaccine) lost over 25% in body weight and died or had to be

euthanized. The survival rates of the mice vaccinated with M2eVLP.Alum, M2eVLP alone,

M2eVLP.MPL, and M2eVLP.AS04 were 20%, 40%, 60%, and 100%, respectively (Fig.

2A). The groups of mice with M2eVLP alone and M2eVLP.Alum showed a substantial loss

of approximately 22% in body weight post challenge. The M2eVLP.MPL group lost less

weight (approximately 15%). By contrast, the M2eVLP.AS04 group showed a slight loss

(approximately 11%) in body weight. Moreover, the M2eVLP.AS04 group recovered body

weight significantly faster than the M2eVLP group after 10 day p.i. (p < 0.05).

To better understand the improved protection by AS04 adjuvant, we determined immune

responses and lung viral titers at an early time post challenge. M2 specific IgG

concentrations in BALF from the groups of mice with M2eVLP.AS04 (p < 0.001),

M2eVLP.MPL (p < 0.001), and M2eVLP alone (p < 0.01) were significantly higher than

those in naïve and mock.AS04 control mice at day 5 p.i., respectively (Fig. 3A). The

M2eVLP.AS04 group showed significantly lower lung viral titers compared with those in

the M2eVLP or M2eVLP.Alum group (p < 0.05), and in naïve and mock.AS04 control

groups (p < 0.01, Fig. 3B) at day 5 p.i.. Moreover, the lung viral titers of the M2eVLP.AS04

group (7.2 ± 0.1 Log10EID50/ml) were 4-fold lower than those in the naïve group (7.8 ± 0.1

Log10EID50/ml) even at an earlier time point day 3 p.i., which is statistically significant (p <

0.05). The difference between the M2eVLP.AS04 group and other groups was found to be

bigger at the later time point day 5 p.i.. The lowest lung viral titer in the M2eVLP.AS04

group indicates a good correlation with its high protective efficacy of lowest body weight

loss and 100% survival rate.

The levels of IFN-γ in BALF were found to be significantly higher from the group of mice

vaccinated with M2eVLP.AS04 compared to those in naïve and mock.AS04 control mice at

day 5 p.i. (p < 0.05, Fig. 3C). In contrast, a reverse pattern was observed with IL-6
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inflammatory cytokine. The M2eVLP.AS04 group showed the lowest level of BALF IL-6

among groups after virus challenge (Fig. 3D, p < 0.05 compared to M2eVLP). Whereas

naïve and mock.AS04 control mice showed highest levels of BALF IL-6 cytokine (Fig. 3D,

p < 0.05 compared to M2eVLP, M2eVLP.Alum; p < 0.01 compared to M2eVLP.MPL; p <

0.001 compared to M2eVLP.AS04).

Enhancement of antibody secreting cell responses by M2eVLP vaccination with AS04

To determine antibody secreting cell responses (ASC), spleen cells were harvested at day 5

p.i. and cultured in vitro for 1 and 6 days. Antigenic challenge would expand ASC responses

indicating anamnestic responses since the number of B cells in a memory state is relatively

low with VLP vaccination [34]. Significantly higher levels of anti-M2e IgG were secreted

into supernatants after 6 day-culture of splenocytes from the M2eVLP.AS04 group than

those from other groups (Fig. 4). Moreover, the levels of IgG specific to M2e secreted into

the culture supernatants were significantly increased in the M2eVLP.MPL group compared

to those from the mock.AS04 group (p < 0.05).

Enhanced effector function of M2e-specific CD4+ T cells in lungs by M2eVLP vaccination
with AS04

To determine effector T cell responses, we measured IFN-γ cytokine producing lung and

spleen cell spots after in vitro stimulation with M2e peptide (Fig. 5). The spot numbers of

IFN-γ secreting cells were detected at a significantly higher level in lungs from mice in the

M2eVLP.AS04 group than those from mice in the M2eVLP (p < 0.01) or the

M2eVLP.Alum (p < 0.01), the naive (p < 0.01), and the mock.AS04 group (p < 0.001),

respectively (Fig. 5A). Moreover, significantly higher levels of IFN-γ–secreting cells were

observed in spleens from M2eVLP.AS04, M2eVLP.MPL, or M2eVLP.Alum immune mice

compared to those from M2VLP alone, naïve, and mock.AS04 control mice. In addition,

M2eVLP.alum group showed higher levels of IL-4 secreting cell spots from lung samples,

indicating Th2-biased immune response which might have affected the survival rate (data

not shown).

Lung cells were stimulated with M2e peptide for a short time course of 5 hours prior to

intracellular staining of granzyme B and IFN-γ. The level of M2e-specific granzyme B

producing CD4+ T cells was significantly increased approximately 3-fold in the

M2eVLP.AS04 group compared with the M2eVLP group without adjuvant (p < 0.05, Fig.

5C). Furthermore, the percentage of M2-specific IFN-γ producing CD4+ T cells was

significantly increased in the M2e5VLP.AS04 and M2e5VLP.MPL groups compared with

the mock.AS04 control group (p < 0.05, Fig. 5D). These results indicate that higher levels of

IFN-γ and granzyme B secreting T cell responses in the M2eVLP.AS04 group are likely

contributing to improved protection.

AS04 adjuvant stimulates bone-marrow dendritic cells (BMDCs) activating CD4+ T cells

Adjuvant effects on stimulating DCs were analyzed after incubation of BMDCs in vitro with

M2eVLP in the presence of different adjuvant formulations. The levels of TNF-α (Fig. 6A),

IL-6 (Fig. 6B), and IL-12 (Fig. 6C) in the supernatants from BMDCs treated with M2eVLP

were significantly higher than those from mock control. Inclusion of AS04 or MPL but not
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Alum in M2eVLP during BMDC cultures resulted in further increases in TNF-α, IL-6, and

IL-12 cytokine levels. The expression of costimulatory molecules CD40 and CD80 provides

essential signals to naive T cells to initiate an optimal adaptive response. BMDCs treated

with MPL or AS04 induced higher levels of CD40 and CD80 activation markers as

compared with BMDCs treated with M2eVLP alone (Fig. 6D).

To investigate whether BMDCs with enhanced expression of co-stimulatory molecules by

AS04 would translate into activating T cells, CFSE-labeled-allogeneic splenocytes were

incubated for 5 days with BMDCs that had been pretreated with M2eVLP alone or in

combination with AS04, MPL, or Alum. T cell proliferation was evaluated by measuring the

decrease in CFSE labeling in proliferating cells. BMDCs that were stimulated with M2eVLP

induced the proliferation of CD4+ T cells and also increased the level of proliferated CD4+

T cells when BMDCs were stimulated by adding MPL or AS04 adjuvant to M2eVLP (Fig.

6E). Furthermore, BMDCs when stimulated with M2eVLP plus AS04 increased the

percentage of IFN-γ–secreting CD4+ T cells by approximately 3 fold compared to M2eVLP

alone (Fig. 6E). The addition of Alum adjuvant to M2eVLP did not stimulate BMDCs

subsequently resulting in no further proliferation and activation of T cells compared to those

of M2eVLP alone. Therefore, these results suggest that AS04 adjuvant stimulates DCs to

secrete more cytokines as well as to induce increased levels of CD4+ T cell proliferation and

IFN-γ production.

Discussion

Most universal influenza vaccine studies targeting M2e were performed in BALB/c mice

that were known to be a high responder to subunit vaccines including M2e antigen. Immune

responses to M2 were reported to be highly influenced depending on the genetic background

of mouse strains. Strong immune responses of antibodies and IL-4 cytokine secreting CD4+

T cells were observed in BALB/c mice (H-2d) that received M2 DNA priming and M2

recombinant adenoviral vector boosting [23]. In contrast, the same M2 DNA and adenovirus

vector vaccines failed to induce detectable levels of humoral and cellular immune responses

to M2 in C57BL/6 mice (H-2b) [23]. Since C57BL/6 mice were considered a low responder,

we tested AS04 and its adjuvant components. Unexpectedly, this study showed that

M2eVLP was immunogenic in both BALB/c and C57BL/6 mouse strains. Therefore, these

results suggest that M2eVLP that contains tandem repeat of M2e anchored in the lipid

membrane of VLP [14] would be more immunogenic than other forms of M2e vaccines in

mice with different genetic background.

Protective efficacy was expected to be similar among immunized groups because antibody

responses for M2e were found to be comparable after M2eVLP immunization in the

presence or absence of adjuvant. Despite similar levels of M2e antibody responses among

groups, M2eVLP adjuvanted with AS04 was more effective than M2eVLP alone in

protecting vaccinated mice against weight loss and lung viral replication as well as in

increasing survival rates after lethal influenza virus challenge. In particular, AS04 adjuvant

increased IgG1 and IgG2c isotype antibodies, IFN-γ producing lung and spleen cells, and

granzyme B positive CD4+ T cells. Addition of Alum adjuvant lowered IgG2c antibody

responses and protective efficacy of M2eVLP vaccine. TLR4 ligand, MPL behaved
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similarly as AS04 in some immune protective correlates such as antibody isotypes, IFN-γ

producing lung and spleen cells, and stimulating BMDCs in vitro to induce inflammatory

cytokines. Importantly, AS04 composed of both MPL and Alum was more effective in lung

viral clearance, preventing weight loss, and in enhancing survival rates as well as in

increasing granzyme B positive CD4+ T cells. Classically, CD4+ T cells were believed to

participate in the antiviral immune responses by providing the help for CD8+ T and B cell

responses to promote viral clearance. Recently, it has been suggested that CD4+ T cell

effectors are broadly multifunctional with direct roles in promoting protection against lethal

influenza virus infection [35]. The upregulation of granzyme B and perforin expression in

influenza-specific CD4+ T cells is restricted to the infection site, suggesting that the

appropriate priming of CD4+ T cells by AS04-adjuvanted M2eVLP vaccination would

promote the generation of these cytotoxic CD4+ T cells in lung microenvironment. It is

likely that induction of granzyme B and IFN-γ producing CD4+ T cells might play an

important role in improving protective efficacy as a result of AS04 adjuvant addition to

M2eVLP.

Recent observations suggest that the addition of MPL to Alum enhances the vaccine

response by rapidly triggering a local cytokine response leading to an optimal activation of

antigen presenting cells (APCs) [36]. Interestingly, we found that BMDCs treated with

M2eVLP in combination with MPL-containing formulations induced higher levels of

cytokine and costimulatory molecules as compared with BMDCs treated with M2eVLP

regardless of Alum addition. Furthermore, BMDCs stimulated with M2eVLP in

combination with MPL or AS04 induced the proliferation of CD4+ T cells and increased the

production of IFN-γ–secreting CD4 T cells. Therefore, it is likely that the superior

protection by AS04 adjuvant might have largely resulted from antigen presenting dendritic

cell-mediated activation of CD4+ T cells via MPL-mediated TLR4 stimulation. Current data

also demonstrate synergism between MPL and Alum adjuvants on protective efficacy of

M2eVLP vaccine, supporting evidence that AS04 complemented the ability of M2eVLP to

enhance the anamnestic and protective humoral and T cell responses against lethal influenza

virus infection via multiple immune effector mechanisms. Addition of Alum adjuvant to

M2eVLP did not stimulate BMDCs compared to M2eVLP alone. Incapability of Alum

adjuvant to stimulate dendritic cells may explain its inefficacy in exhibiting adjuvant effects

on M2eVLP.

In conclusion, AS04 adjuvanted M2eVLP was found to induce improved protection and to

generate immunologic memory for rapid recall responses upon viral infection in C57BL/6

mice. An objective in vaccine development is its applicability to the general population with

diverse genetic backgrounds. Results in this study suggest that AS04-adjuvanted M2eVLP

vaccines are immunogenic and may have the potential to improve cross-protection.
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Fig. 1. M2e-specific total IgG and IgG isotype antibody responses
C57BL/6 mice (n = 10) were immunized with M2eVLP alone, or mixed with adjuvant AS04

(M2eVLP.AS04), MPL (M2eVLP.MPL), or Alum (M2eVLP.Alum). Control groups of

mice included AS04 only without M2eVLP vaccine (Mock.AS04) and unimmunized naïve

mice (Naïve). Blood samples were collected at 3 weeks after boost immunization. IgG (A),

IgG1 (B), IgG2b (C), and IgG2c (D) was detected by M2e peptide as an ELISA-coating

antigen. (E) Ratios of IgG2a/IgG1 isotype M2e-specific antibodies. Sera were serially

diluted and ELISA was performed for serum antibodies specific for M2e peptide. Error bars

indicates mean ± SEM.
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Fig. 2. Vaccination with AS04-adjuvanted M2eVLP induces improved protective immunity
Groups of C57BL/6 mice (n = 5) were challenged with a lethal dose of A/PR/8/34 (H1N1)

virus at 8 weeks after boost vaccination. Survival rates (A) and body weight (B) were

monitored for 14 days. Groups are the same as described in the Fig. 1.
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Fig. 3. Antibody responses, virus, and inflammatory cytokine levels in BALF and lungs after
challenge
Levels of IgG antibodies were determined in samples collected from the immunized mice at

day 5 p.i. with A/PR/8/34 (H1N1) virus (n = 5). (A) IgG antibody levels in BALF. The

antibody level was determined by ELISA using M2e peptide as a coating antigen. Lung viral

titers (B), IFN-γ (C), and IL-6 (D) cytokine in BALF were determined from immunized

mice at day 5 p.i.. Lung viral titers were determined by an egg infection assay. IFN-γ and

IL-6 was determined by a cytokine ELISA. Data represent mean ± SEM. Groups of mice are

the same as described in the Fig. 1 in terms of the presence or absence of M2eVLP vaccine

and the addition of adjuvant or not (None).
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Fig. 4. Vaccination with AS04-adjuvanted M2eVLP induces enhanced humoral immune
responses
Spleen cells were isolated from mice at day 5 p.i. (n = 5) and were incubated in the absence

(A) or in the presence (B) of M2eVLP coated on the culture plates for in vitro stimulation.

Culture supernatants were harvested after 1 or 6 days of culture. M2e-specific IgG levels

were determined by ELISA. Data represent mean ± SEM. Groups of mice are the same as

described in the Fig. 1 in terms of the presence or absence of M2eVLP vaccine and the

addition of adjuvant or not (None).
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Fig. 5. Vaccination with AS04-adjuvanted M2eVLP is effective in inducing recall cellular
immune responses
(A) IFN-γ–secreting cells in lung (n = 5). (B) IFN-γ–secreting cells in spleen (n = 5). Lung

cells and splenocytes were isolated from mice at day 5 p.i.. Cytokine-producing cell spots

were counted by ELISPOT reader. Granzyme B- (C) or IFN-γ– (D) secreting CD4+ T cells

in lungs. Lung cells were harvested, stained with CD45, CD4, CD8α, IFN-γ, and granzyme

B antibodies, and analyzed by flow cytometry. Data represent mean ± SEM. Groups of mice

are the same as described in the Fig. 1 in terms of the presence or absence of M2eVLP

vaccine and the addition of adjuvant or not (None).
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Fig. 6. AS04-mediated stimulation of dendritic cells is responsible for T cell activation
(A–D) Expression of cytokines and markers by activated dendritic cells. C57BL/6 BMDCs

were stimulated with M2eVLP alone or in combination with AS04, MPL or Alum. TNF-α

(A), IL-6 (B), and IL-12 (C) was determined by a cytokine ELISA. Data represent mean ±

SEM. (D) Representative histograms of CD40 or CD80 expression of BMDCs. Numbers in

the histograms indicate mean fluorescence intensity (MFI) of each marker. (E) C57BL/6

BMDCs were stimulated with M2eVLP alone or in combination with AS04, MPL or Alum.

After wash, BMDC were cocultured for 5 days with allogeneic BALB/c splenocytes with

the ratio of 1:10 for BMDC to splenocytes. Profiles showing CFSE profile and IFN-γ

intracellular cytokine staining of CD4+ T cells are representative of two independent

experiments. The numbers indicate percentages of CFSE− CD4+ cell or IFN-γ+ CD4+ cell

population.
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