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Abstract 

Background As a result of antigenic drift, current influenza vaccines provide limited protection against circulating 
influenza viruses, and vaccines with broad cross protection are urgently needed. Hemagglutinin stalk domain and 
ectodomain of matrix protein 2 are highly conserved among influenza viruses and have great potential for use as a 
universal vaccine.

Methods In this study, we co-expressed the stalk domain and M2e on the surface of cell membranes and generated 
chimeric and standard virus-like particles of influenza to improve antigen immunogenicity. We subsequently immu-
nized BALB/c mice through intranasal and intramuscular routes.

Results Data obtained demonstrated that vaccination with VLPs elicited high levels of serum-specific IgG (approxi-
mately 30-fold higher than that obtained with soluble protein), induced increased ADCC activity to the influenza virus, 
and enhanced T cell as well as mucosal immune responses. Furthermore, mice immunized by VLP had elevated level 
of mucosal HA and 4M2e specific IgA titers and cytokine production as compared to mice immunized with soluble 
protein. Additionally, the VLP-immunized group exhibited long-lasting humoral antibody responses and effectively 
reduced lung viral titers after the challenge. Compared to the 4M2e-VLP and mHA-VLP groups, the chimeric VLP 
group experienced cross-protection against the lethal challenge with homologous and heterologous viruses. The 
stalk domain specific antibody conferred better protection than the 4M2e specific antibody.

Conclusion Our findings demonstrated that the chimeric VLPs anchored with the stalk domain and M2e showed 
efficacy in reducing viral loads after the influenza virus challenge in the mice model. This antibody can be used in 
humans to broadly protect against a variety of influenza virus subtypes. The chimeric VLPs represent a novel approach 
to increase antigen immunogenicity and are promising candidates for a universal influenza vaccine.
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Introduction
Influenza virus infection is a major public health problem 
worldwide, and seasonal epidemics account for 3–5 mil-
lion cases of severe illness and nearly 290,000–650,000 
deaths globally each year [1]. Vaccination against infec-
tious diseases is one of the most cost-effective strate-
gies. Current licensed influenza vaccines are mainly 
based on hemagglutinin (HA) antigen, which is highly 
variable among different influenza viruses. The immune 
responses induced by these vaccines provide limited pro-
tection and the circulating viral strains vary because of 
the antigenic drift driven by adaptive immune response 
in the population [2, 3]. Such vaccines elicit neutralizing 
antibodies directed to the antigenic sites in the variable 
globular head domain of HA. The antibodies are gener-
ally strain specific, thereby causing a decrease in vaccine 
efficacy [4, 5]. Thus, seasonal influenza vaccines need to 
be updated annually [6].

Many studies have been conducted to develop univer-
sal vaccines with broader and longer-lasting protection. 
Universal vaccines have focused on highly conserved 
regions among different virus subtypes, including the 
ectodomain of matrix 2 protein (M2e) and the HA stalk 
domain, which have been extensively investigated as a 
promising antigenic target for developing a more effec-
tive universal vaccine. M2 protein is a transmembrane, 
homotetrameric proton ion channel involved in virus 
uncoating following entry [7]. The N-terminal 9 amino 
acids in M2e have been found to be conserved at 100% 
in the human influenza A virus [8], and the sequence 
homology of the stalk domain among various subtypes 
is in the range of 51–80%. The stalk domain and M2e 
are relatively well conserved but far less immunogenic, 
and under normal conditions, antibodies against these 
domains seem rare and too weak to afford protection [9]. 
Various approaches have shown promise in the devel-
opment of universal vaccines mainly focused on stalk 
domain and M2e. For example, Steel et al. [10] designed a 
headless construct that was more effective than controls 
in protecting immunized mice from homologous chal-
lenge. Palese et  al. [11] constructed chimeric HA mol-
ecules and induced antibodies against the stalk domain 
to protect animals from homologous and heterologous 
virus challenges [11]. Many studies have shown that this 
highly conserved region represents a vaccine strategy 
that may aid in pandemic preparedness. Because the M2e 
sequence is highly conserved across the influenza virus, it 
is also a promising antigenic target for developing a uni-
versal vaccine [12, 13].

Our previous study [14] showed that virus-like par-
ticles (VLPs) incorporating the stalk domain promoted 
effective immune responses and exhibited high titers of 
ADCC antibodies. In the present study, the stalk domain 

and M2e were co-anchored to the surface particles and 
generated chimeric influenza VLPs. The immunogenic-
ity and protection of the generated cVLPs were tested in 
mice.

Materials and methods
Ethics statement
This study was approved by the Animal Care and Use 
Committee of Jiaxing University. All animal experiments 
were performed in accordance with the committee’s 
guidelines. Anesthesia was administered before immuni-
zation and sampling.

Cell lines and viruses
Sf9 insect cells were maintained in SF900II (Life Technol-
ogies, San Diego, CA, USA) at 27 °C in cell culture. Influ-
enza virus A/Aichi/68 H3N2 and A/Anhui/2013 H7N9 
provided by Dr. Zhu Hongwei (Ludong University) were 
propagated in the allantoic cavities of 10-day-old embry-
onated hen’s eggs at 37  °C for 2 d. Allantoic fluid was 
harvested and centrifuged at 2000  rpm for 10  min. The 
viruses were titrated by infection of mice with serial dilu-
tions, and  LD50 (50% lethal dose) was calculated using the 
method of Reed and Muench.

Expression and characterization of influenza VLPs
The HA, M2e, and M1 genes were from the H3N2 
sequence. The stalk domain (mHA) construction was 
based on our previous reports, the head domain of HA 
was replaced by peptide linker (GGGGGS)4 [14], and 
the M2e amino acid sequence is MSLLTEVETPIRNEW-
GCRCND. The coding sequence of glycosylphosphatidyl-
inositol-GPI anchor was fused to the ends of the mHA 
and 4M2e coding gene to generate the gene encod-
ing the membrane-anchored mHA and four individual 
repeat M2e (4M2e). The full-length construct encoding a 
GPI-anchored mHA and 4M2e was confirmed by DNA 
sequencing. The gene encoding M1, membrane anchored 
mHA, and M2e protein were cloned into pFastBac1. 
Recombinant baculovirus (rBVs) expressing mHA, 4M2e, 
and M1 were generated by using a Bac-to-Bac expres-
sion system (Invitrogen, Carlsbad, CA) according to the 
manufacturer’s protocol. Three different VLPs, namely, 
(mHA + 4M2e) VLP (chimeric VLPs, cVLPs) and stand-
ard VLP group (mHA VLP and 4M2e VLP), were pro-
duced by an insect cell expression system. For cVLPs, 
three rBVs expressing influenza M1, GPI-4M2e, and 
GPI-mHA co-infected sf9 cells at multiplicity of infection 
(MOI) of 1:4:2. Then, 4M2e VLP was produced by co-
infection of sf9 cells with rBVs expressing 4M2e and M1 
at MOI of 2:1. mHA VLP were produced by co-infection 
of sf9 cells with rBVs expressing mHA and M1 at MOI 
of 2:1. After 48–72  h infection, the culture supernatant 
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was collected and VLPs were concentrated by experi-
mental tangential flow concentration and purification 
dialysis system (Merck Millipore, Germany) followed by 
sucrose density gradient ultracentrifugation. The VLPs 
were characterized by Western blotting using antibodies 
against HA and M2e (R&D system). VLP protein con-
centration was determined by ELISA in which purified 
proteins were used to generate the quantitative standard 
curve. Bio-Rad protein assay (Bio-Rad Laboratories Inc., 
Hercules, USA) was used to quantify the yield of mHA 
and M2e protein in VLP.

Immunization, sample collection, and challenge
Three- to four-week-old female BALB/c mice were sepa-
rated into five groups, 15 mice for each group. The mice 
were immunized with soluble mHA, 4M2e, or influenza 
VLPs through intramuscular (IM) and intranasal (IN) 
administration, followed by two boosts at four-week 
intervals. Group 1 (G1) mice were immunized with solu-
ble mHA protein. Group 2 (G2) mice were immunized 
with soluble 4M2e protein, Group 3 (G3) mice were 
given 4M2e-VLP. Group 4 (G4) mice received mHA-VLP. 
Group 5 (G5) mice were immunized with cVLPs. The 
mice were immunized with 50  μg target protein every-
time and 25  μg for each administration route. Samples 
were collected two weeks after final immunization. Blood 
samples were collected by retro-orbital plexus puncture, 
and nasal washes were collected by lavaging the mice 
nostrils repetitively with 200  μl PBS containing 0.05% 
Tween 20 (PBST). Supernatants were collected after cen-
trifugation (5,000  rpm for 10  min). Serum and mucosal 
samples were stored at − 80  °C for further assays. Lym-
phocytes from spleen samples collected from mice sac-
rificed two weeks after the final boost were used for 
cytokine assays. Four weeks after the final boost, the 
mice were challenged with 5 ×  LD50 of mouse-adapted 
influenza virus. Body weight loss and survival rates were 
monitored daily for 14 d post infection, Fig. 1a.

Antibody levels and lung virus loads
mHA and 4M2e-specific antibody titers in serum were 
measured by ELISA. For mHA -specific antibody test, 
soluble mHA was used as coating antigens. For M2e-
specific antibody test, soluble 4M2e was used as coating 
antigens. ELISA plates were coated with soluble protein 
(250 ng/well) overnight, plates were washed three times 
with PBS plus 0.05% Tween-20 and blocked with 1% BSA 
in PBS for 1 h at 37 °C. Following washes, serial dilutions 
of samples were added to the plate and incubated for 1 h 
at 37  °C. Second antibody, goat HRP-conjugated anti-
mouse IgG antibody was added and incubated for 1 h at 
37 °C. After wash, the tetramethylbenzidine (TMB, R&D 
Systems, USA) was added and the OD value was read in 

an ELISA plate reader using a test wavelength of 450 nm. 
The highest dilution factor that gives an OD 450 of twice 
that of the naive sample at the dilution was designated 
as the antibody end point titer. For the lung virus titers, 
the mouse lungs were collected in each group 4 d post 
challenge and ground into lung homogenates. Then, they 
were centrifuged at 1000 rpm for 10 min to remove tissue 
debris. The lung virus titers were determined by MDCK 
cell-based plaque assay as described by Wang et al. [15]. 
For the long-lasting antibody test, three mice in each 
group were kept without virus challenge. Samples were 
collected one, three, and six months after final immuni-
zation, Fig. 1.

ADCC (antibody‑dependent cell‑mediated cytotoxicity, 
ADCC) assay
The chromium-release assay were used to calculate the 
percentage specific immune lysis (SIL) of infected A549 
cells [16, 17]. A549 cells were transfected with plasmid 
DNA encoding for HA stalk domain or M2 of H3N2 and 
H7N9 using Lipofectamine2000 (Invitrogen) two days 
before the experiment, for chimeric VLPs group, A549 
cells were co-transfected with plasmid encoding HA 
stalk domain and M2. One day before the assay, trans-
fected cells were harvested and washed, centrifuged, and 
labeled with 51Chromium for 1 h, the labeled cells were 
washed and added at 2000 cells/well in 96-well plates, 
fourfold serial dilution of heat-inactivated serum were 
added to wells in replicates of three, then plates were 

Fig. 1 Immunization schedule and fusion gene constructs. a, 
immunization schedule, the mice were immunized three times 
at four weeks intervals through IM and IN routes, samples were 
collected at two weeks after final immunization, mice were 
challenged at four weeks after final immunization, partial mice were 
kept for the long-lasting antibody test in each group. b, c diagrams of 
4M2e and HA stalk domain fusion gene. b, to generate constructs HA 
stalk domain, the sequence corresponding HA globular head domain 
(amino acid 59–292) were replaced by a flexible linker sequence 
encoding (GGGGGS)4. c, 4M2e, four M2e copies in tandem repeat 
form. The GPI anchor was fused to the ends of the HA stalk domain 
and 4M2e coding gene
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incubated at 37℃. NK cells were purified through Mag-
nisortTM Mouse NK cell Enrichment Kit (Fisher Scien-
tific Inc., Rockford, IL), enriched NK cells were added 
at an E:T (effector:target) ratio of 5:1/well. Plates were 
spun at 250 × g for 5  min and thenincubated at 37℃ in 
a culture incubator for 2 h. Supernatants were harvested 
and counted in a gamma counter. Calculation of %SIL 
at each serum dilution = %lysis of sample– %lysis of NK 
cells alone. Calculation of %lysis at each serum dilu-
tion = (average CPM of experimental release – average 
CPM ofminimum release)/(average CPM of maximum 
release – average CPM of minimum release) × 100. Cal-
culation of %lysis of NK cells = (average CPM of NK 
cell release—average CPM of minimum release)/(aver-
age CPM of maximum release—average CPM of mini-
mum release) × 100. CPM (count per minute), lysis of 
transfected A549 cells by NK cells alone without sera 
was against transfected cells, when calculating SIL val-
ues, data on lysis of NK cells alone were subtracted. The 
highest serum dilution showing ≥ 15% SIL was defined 
as ADCC antibody end point titer. For calculation of 
mean endpoint titers, an undetectable ADCC titer was 
assigned a value of 5.

Cytokine assays
Interferon gamma (INF-γ) and interleukin 4 (IL-4) secre-
tions from immunized mouse splenocytes were evaluated 
using ELISA kits (R&D System, Minneapolis, USA) in 
accordance with the manufacturer’s instructions.

Statistical analysis
The analyses were performed by using GraphPad Prism 
version 5.00 for Windows (GraphPad Software, San 
Diego, CA). P values less than 0.05 (p < 0.05) were consid-
ered statistically significant. **p < 0.01, n.s.,p > 0.05.

Results
Preparation and characterization of VLPs
The diagrams of 4M2e and HA stalk domain fusion gene 
constructs are as shown in Fig.  1b, c. VLP constructs 
were designed as shown in Fig.  2a–c, The VLPs were 
purified by sucrose density gradient ultracentrifugation. 
4M2e-VLP was observed to have a molecular mass of 
approximately 13  kDa as shown in Fig.  2d. mHA-VLP 
was observed to have a molecular mass of approximately 
40 kDa as shown in Fig. 2e. cVLP was observed to have 
two bands with molecular mass of 40  kDa and 13  kDa, 
indicated by arrow.

VLPs induced strong humoral and mucosal antibody 
responses
The immune sera and mucosal samples were evalu-
ated for antigen-specific IgG and IgA titers using 

ELISA with soluble 4M2e and mHA as coating anti-
gens. 4M2e-specific IgG titers in sera of 4M2e-VLP 
immunized group were approximately 30-fold higher 
than those of soluble 4M2e protein immunized group 
(p < 0.01) as demonstrated in Fig.  3a. mHA-specific 
IgG titers in sera of mHA-VLP immunized group were 
approximately tenfold higher than those of soluble 
mHA protein immunized group (p < 0.05) as shown in 
Fig. 3a. In the cVLP immunized groups, 4M2e-specific 
IgG titers(G5-2) in sera were approximately seven-fold 
higher than those of soluble 4M2e protein immunized 
group (p < 0.05). The mHA-specific IgG titers (G5-1) 
in sera were approximately seven- to eight-fold higher 
than that of soluble mHA protein immunized group 
(p < 0.05). In cVLP immunized group, 4M2e and mHA-
specific IgG titers were lower than those of the 4M2e-
VLP and mHA-VLP immunized groups.

Figure 3b shows that the VLP immunization induced 
enhanced mucosal responses as compared to the solu-
ble protein immunization. mHA-specific IgA end-point 
titers in nasal washes from the mHA-VLP group were 
six fold higher than those from the mice immunized 
by soluble mHA protein. 4M2e-specific IgA end-point 
titers in nasal washes from the 4M2e-VLP group were 
six fold higher than those of mice immunized by soluble 
4M2e protein. 4M2e and mHA-specific IgA titers were 
similar between the cVLP and standard VLP groups.

Furthermore, we determined whether VLP vacci-
nation could induce long-lasting protective antibody 
responses. As shown in Fig.  3c, in 4M2e-VLP and 
mHA-VLP immunized groups, the IgG titers were 
maintained at comparable levels after three months, 
while an approximate 50% decrease in IgG titers was 
observed (P > 0.05) after six months. By contrast, the 
IgG titers dropped after three months in the two sol-
uble protein immunization groups and the antibody 
titers decreased significantly after six months (P < 0.05). 
The results demonstrated that the VLPs induced long-
lasting protective humoral immune responses in mice.

ADCC responses
The evaluation of ADCC responses demonstrated that 
sera from 1 out of 5 mice in soluble mHA group and 
all mice in VLPs group had detectable ADCC antibod-
ies. Compared to soluble immunized group, sera from 
VLPs immunized group exhibited increased ADCC 
activity in H3N2 antigen group, fig. For H7N9 antigen 
group, 1 out of 5 mice had detectable ADCC antibodies 
in soluble mHA group, compared to soluble immunized 
group, sera from VLPs immunized group got increased 
ADCC activity, shown in Fig. 4.
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VLPs stimulate T‑cell responses
IFN-γ and IL-4 production in the spleen lymphocytes 
of the immunized mice were evaluated using a cytokine 
ELISA kit. In 4M2e-VLP, mHA-VLP, and cVLP group, the 
IFN-γ and IL-4 production levels in the spleen lympho-
cytes were significantly higher than that of the soluble 
group, as shown in Fig. 5. In the cVLP group, the IFN-γ 
and IL-4 production levels were 537 pg/ml and 471 pg/
ml, respectively. In mHA-VLP group, the IFN-γ and IL-4 
production levels were 662 pg/ml and 508 pg/ml, respec-
tively. In 4M2e-VLP group, the production of IFN-γ and 
IL-4 levels were 560  pg/ml and 471  pg/ml, respectively. 
Compared to soluble protein group, the difference was 
statistically significant, and only background levels of 
cytokine-secreting cells were detected in the soluble pro-
tein group.

VLPs protect mice from lethal virus challenge
An effective influenza vaccine could limit the virus 
titers in the lungs post-challenge and conferred protec-
tion against viral infection. For the H7N9 (heterologous 
virus) challenge, as shown in Fig.  6, all the mice in the 
soluble protein immunized groups died 7–8d post- infec-
tion (p.i.) (Fig. 6c) with high titers of viruses in the lungs 
(Fig.  6a) and over 25% body weight loss (Fig.  6b). All 
mice in the 4M2e-VLP immunized group died with high 
titers of viruses in the lungs and over 20% body weight 
loss. Mice in the cVLP and mHA-VLP groups showed 
100% and 50% survival rates, respectively, as well as 
effectiveness in reducing lung virus titers. cVLP effec-
tively reduced virus titers from immunized mice com-
pared to the soluble group with 1 ×  105 pfu/lung versus 
2.5 ×  106 pfu/lung and 3.6 ×  106 pfu/lung after the H7N9 

Fig. 2 Schematic diagram and characterization of influenza VLPs. a–c, VLPs schematics, the VLPs were prepared as described in materials and 
methods. a, 4M2e-VLP, 4M2e anchored on the surface of particles. b, mHA-VLP, mHA anchored on the surface of particles. c, chimeric VLP, 4M2e 
and mHA co-anchored on the surface of particles. Characterization of VLPs, d, western blotting analysis of 4M2e protein. M, molecular weight (kD). 
Lane 1, 4M2e soluble protein. Lane 2, 4M2e-VLPs. Lane 3, cVLPs. e, western blotting analysis of mHA protein. M, molecular weight (kD). Lane 1, mHA 
soluble protein. Lane 2, mHA-VLPs. Lane 3, cVLPs. The mouse anti HA and M2 primary antibody were diluted at 1:500, secondary antibody were 
diluted at 1:2500
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challenge. The mice immunized with cVLP had over 
20-fold lower virus titers compared with those in the 
soluble group. Those in the mHA-VLP group showed an 
effective reduction of virus titers than those in the 4M2e-
VLP group with 5 ×  105 pfu/lung versus 1 ×  106 pfu/lung. 
For the H3N2 challenge, the mice in the soluble 4M2e 
protein-immunized groups died 7–8 d p.i., and those in 
the soluble mHA protein-immunized group died 10 d p.i. 
(Fig.  6f ). The cVLP and mHA-VLP immunization con-
ferred full protection and significantly reduced the virus 

titers in the lungs (Fig.  6d). The mice in the mHA-VLP 
group showed 8%–10% bodyweight loss (Fig. 6e) and the 
4M2e-VLP group had a 40% survival rate. The cVLP and 
mHA-VLP groups showed greater effectiveness in reduc-
ing virus titers from immunized mouse lungs post-chal-
lenge compared to the soluble group mice with 3.7 ×  104 
pfu/lung and 1.1 ×  105 pfu/lung versus 2.1 ×  106 pfu/lung 
and 5.7 ×  106 pfu/lung after the H3N2 virus challenge. 
The mHA-VLP group showed a greater reduction in 
virus titers than the 4M2e-VLP group with 1.1 ×  105 pfu/
lung versus 3.1 ×  105 pfu/lung. The mice that received 
three vaccinations with cVLP were fully protected and 
exhibited slight bodyweight loss after homologous or 
heterologous virus challenges. The mice in the mHA-VLP 
immunized group survived after the H3N2 challenge and 
showed partial protection after the H7N9 challenge, but 
exhibited some bodyweight loss. These results demon-
strated that the immunization of mice with cVLP and 
mHA-VLP conferred more protection than those of the 
other groups after homologous or heterologous virus 
challenges and effectively reduced lung virus titers. Our 
findings also suggested that stem antibodies conferred 
better protection than M2e antibodies.

Fig. 3 Antibody responses. Mice were immunized with soluble 
protein and VLPs through intranasal and intramuscular routes. The 
serum and nasal washes sample were collected 2 weeks after the 
final immunization. a, serum IgG titers. b, IgA titers in nasal washes. 
c, long lasting antibody responses were measured in mice sera at 
time points of 1, 3 and 6 months after final immunization. Results are 
expressed as means ± standard deviations. *P < 0.05 were considered 
statistically significant

Fig. 4 ADCC assay. ADCC antibody titers in VLP and soluble protein 
immunized group, the panels show log10 ADCC antibody titers, the 
lowest dilution tested was 1:20(fourfold serial dilution were used). 
Samples under the detection limit were plotted at 0.7 in the log10 
scale(equivalent to 1:5 dilution). The experiment was performed in 
triplicate. a, H3N2 antigen group. b, H7N9 antigen group
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Discussion
A universal influenza vaccine with a broadly cross-pro-
tective effect is a promising approach to the prevention of 
influenza infection. To contribute to research in this field, 
the present study mainly focused on conserved influenza 
virus proteins, including stalk domain of HA and M2e. 
As demonstrated, VLP particles had the advantage of 
native virus structure, improved antigen delivery to anti-
gen-presenting cells (APCs), efficiently promoted APC 
activation [14, 18] and conferred protection or cross-pro-
tection against influenza viruses [19, 20].

In this study, stalk domain and 4M2e were directly 
incorporated into influenza VLPs, which induced high 
levels of humoral and mucosal immune responses in 
mice. Higher IgG titers were obtained from the VLP-
immunized group compared to those from the solu-
ble protein group. In the cVLP group, the stalk domain 
stimulates higher levels of antibodies than 4M2e. Anti-
gen competition by much more stalk domain-specific B 
cells for a limited amount of immunogenic entities may 
suppress the 4M2e specific antibody responses. More 
stalk domain-specific precursor B cells were expected 

to be captured, leaving only a few for stimulation of the 
few 4M2e specific precursor B cells. The same phenom-
enon results in a suppression of the NA-specific anti-
body response by immunodominant HA-specific B cells 
[21]. In 4M2e-VLP, 4M2e were directly incorporated to 
VLP particles in the absence of HA and NA, 4M2e could 
be delivered to immune cells at a high epitope density 
to overcome the limitations of 4M2e presentation dur-
ing viral infection or vaccination, thus, such competi-
tion can be avoided by presenting individual antigens on 
physically distinct immunogenic entities to the immune 
system. In this study, the stalk domain and 4M2e were 
incorporated into influenza virus particles, the stalk 
domain and 4M2e could be delivered to the immune cells 
at a high epitope density and presented on the nanoclus-
ter surface, mimicking natural presentation, even at low 
concentrations, the stalk domain-VLPs and 4M2e-VLPs 
can effectively induce high levels of specific antibodies. 
It is established that the VLPs are similar to the infec-
tious virus and can effectively induce innate and adaptive 
immune responses, as well as increase the immunogenic-
ity of weak antigens [22].

Our findings showed that VLPs also induced mucosal 
IgA responses. The IgA titer in nasal washes were 
improved. In the mucosal system(the first barrier against 
pathogens), the IgA antibody secreted in the respira-
tory tract plays an important role in the defense against 
pathogens [23]. Our data demonstrated that the stalk 
domain/4M2e-VLP stimulated the mucosal antibody in 
mice. These mucosal antibodies may contribute to pro-
tective immunity. Cellular immune responses are impor-
tant in generating and regulating an effective immune 
response and are known to contribute to broad cross-
protective immunity. We believe that cellular immune 
responses also contribute to protection against experi-
mental infection in mice.

Results of our study suggest that the cVLP and mHA-
VLP groups generated better protection than the 4M2e-
VLP group, as demonstrated by body weight loss, lung 
virus titers, and survival rate after the challenge. These 
stalk domain-specific antibodies probably inhibited the 
critical step of the virus host membrane fusion during the 
influenza virus entry. The stem antibodies also interfered 
with the release of progeny viruses. Antibody-dependent 
cell-mediated cytotoxicity (ADCC) activity are poten-
tially important mechanisms in protective immunity. 
Previous work reported that ADCC plays a role in pro-
tection against influenza, and suggested that HA stem 
antibodies were more effective at inducing ADCC [24, 
25]. Our studies demonstrated that VLPs group elic-
ited higher ADCC activity and induced cross-reactive 
ADCC antibodies to H7N9, and this may be one of the 
mechanisms by which antibodies mediate protection in 

Fig. 5 Cytokine production assays. Two weeks after the final 
immunization, three mice in each group were sacrificed and cells 
isolated from spleens then stimulated with soluble protein and 
VLPs for 40 h, cytokine production was quantified afterward. a, b 
represent the IFN-γ and IL-4 concentrations (pg/ml), respectively, 
in the supernatants from soluble protein and VLPs stimulated cells. 
Results are expressed as means ± standard deviations. *P < 0.05 were 
considered statistically significant
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our challenge model. The 4M2e specific antibody had 
no neutralizing effect [26], and its protective effect may 
depended on ADCC, opsonization, and complement 
activation [13]. Opsonization by anti-M2e IgG contrib-
uted to in  vivo immune protection, but was less effec-
tive given the low abundance of M2 molecules compared 
with HA and NA on influenza viral particles. M2 protein 
was expressed at least as abundantly as NA on the surface 
of the infected cells, but much less than M2 protein (with 
an ectodomain of 23 amino acids) and molecules were 
incorporated into the virion compared with HA or NA 
[27]. Many studies had indicated that M2-specific anti-
body responses were poorly induced in human influenza 
infection and, if induced, appeared to be of low titer and 
short duration. The mature protein M2 were displayed 
at high density (approximately 50% of density of HA in 
infected cells during the stage of virus maturation) but 
at low density (1–2% of HA) in the membrane of mature 
virus particles. The low density of M2 displayed on the 
virus particles could suppress the protection mediated by 
M2-specific Ab.

M2e was conserved in influenza A viruses. Variations 
of M2e sequences in different virus strains also limited 
the protective efficacy of M2e vaccines against viral infec-
tions. 4M2e-VLP conferred better protection in mice 
with limited body weight loss after the H3N2 challenge. 

The M2e sequence of H3N2 was identical to that of the 
4M2e-VLP used for immunization in this study. In con-
trast, although survived, the mice challenged by H7N9 
showed much more severe illness as demonstrated by 
increased body weight loss and high lung virus titers. 
This may be a result of 6 amino acid substitutions in the 
M2e of H7N9 (M S L L T EVETPTRTGWECNCSG). The 
difference of the stalk domain between H3N2 and H7N9 
may also contribute to different protection results in this 
study.

Conclusions
Our research found that immune responses against the 
stalk domain showed better effectiveness in reducing dis-
ease symptoms in immunized mice upon lethal viral chal-
lenge than M2e. Other factors such as mucosal immunity 
and T-cell responses may have also contributed to the 
protection. The particle formulations described in this 
study promoted immunological advantages of particu-
late antigens and conferred cross-protection in mice. Our 
study demonstrated that the assembled VLPs were prom-
ising as a potential universal influenza vaccine.
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