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Abstract

Currently marketed influenza vaccines only confer protection against matching influenza virus 

strains. The influenza A composition of these vaccines needs to be annually updated. Vaccines that 

target conserved epitopes of influenza viruses would in principle offer broad cross-protection 

against influenza A viruses. In our study, we investigated the specific immune responses and 

protective efficacy of protein nanoparticles based on fusion proteins of flagellin carrier linked to 

conserved influenza epitopes. We first designed the fusion protein by replacing the 

hyperimmunogenic region of flagellin (FliC) with four tandem copies of the ectodomain of matrix 

protein 2 (f4M2e), H1 HA2 domain (fHApr8) or H3 HA2 domain (fHAaichi). Protein 

nanoparticles fabricated from these fusion proteins by using DTSSP crosslinking retained Toll-like 

receptor 5 agonist activity of FliC. Intranasal immunization with f4M2e, f4M2e/fHApr8 or f4M2e/

fHAaichi nanoparticles induced vaccine antigen-specific humoral immune responses. It was also 

found that the incorporation of the H1 HA2 domain into f4M2e/fHApr8 nanoparticles boosted 

M2e specific antibody responses. Immunized mice were fully protected against lethal doses of 

virus challenge.
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Introduction

Influenza is a preventable disease and vaccination is the most effective way to prevent 

influenza infection. Due to the low efficacy of protection of the seasonal vaccines against 

mismatching influenza A virus strains, seasonal influenza epidemics still cause an estimated 

250,000 deaths worldwide each year (Prevention, 2010). New emerging viruses escape from 

prevailing herd immunity by antigenic drift and shift in the head domains of the major 

glycoproteins HA and NA, which necessitates incorporating conserved epitopes in the 

development of a universal influenza vaccine.

Hemagglutinin (HA) is the major influenza surface glycoprotein. The pre-fusion state HA0 

is cleaved by furin-like proteases into HA1 and HA2 subunits (Skehel and Wiley, 2000). The 

majority of HA1 forms the globular head, which contains a receptor binding site and 

accumulates point-mutations on its surface. The membrane-proximal stalk region is 

predominantly comprised of HA2 and is structurally conserved across HA subtypes (de 

Vries et al., 2015). Based on the sequence conservation, HA sequences from 18 subtypes 

have been organized into two phylogenetic groups (groups 1 and 2) (Zhang et al., 2014). The 

conserved stalk domain contains a greater proportion of broadly neutralizing antibody 

binding sites than the variable head domain. In recent years, many efforts have been made to 

develop universal vaccines consisting of HA2 and portions of HA1. The adjuvanted stalk 

domain vaccines were highly immunogenic in animal models, with the specific humoral 

immunity playing the main role in protecting against lethal doses of homo- and 

heterosubtypic influenza A virus challenges (Bommakanti et al., 2010; Impagliazzo et al., 

2015; Steel et al., 2010; Valkenburg et al., 2016; Yassine et al., 2015). The induced 

antibodies targeting the stalk region presumably prevent the conformational change of HA at 

low pH, thereby blocking the fusion of viral and host endosomal membranes. It is speculated 

that the conserved HA stalk domain could elicit protection against viral infection.

The extracellular domain of matrix protein 2 (M2e) is 23-amino acid in length and is highly 

conserved among influenza A viruses (Deng et al., 2015a). M2e is a promising conserved 

antigen for developing universal influenza A vaccines. The M2e-specific immune responses 

elicited by seasonal vaccines or natural infection are weak due to its low immunogenicity 

(Feng et al., 2006; Zhong et al., 2014). This low immunogenicity results from its relatively 

low epitope density and smaller size (Hutchinson et al., 2014). Nevertheless, many M2e 

based vaccines coupling the M2e epitope to carriers were able to induce robust M2e specific 

humoral immunity and were able to provide full protection against lethal doses of 

homosubtypic and heterosubtypic influenza A virus challenges (Deng et al., 2015b; El 

Bakkouri et al., 2011; Neirynck et al., 1999; Wang et al., 2014b). Clinical trials 

demonstrated that the proper range of doses of recombinant M2e-flagellin influenza 

vaccines (STF2.4xM2e) was safe and induced high antibody responses to M2e in healthy 

adults (Turley et al., 2011). It was reported previously that the supplemental use of M2e 

based vaccine with inactivated PR8 virus could induce enhanced anti-influenza virus IgG 

responses and Th1-biased immune responses (Song et al., 2011).

Bacterial flagellins are the natural ligands of Toll-like receptor (TLR) 5 and are promising 

potential adjuvants (Huleatt et al., 2008; Smith et al., 2003; Wang et al., 2014a; Wang et al., 

Deng et al. Page 2

Virology. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2010). The replacement of the variable region of FliC with M2e does not result in the 

impairment of innate TLR signaling (Smith et al., 2003). Previous experiments have shown 

that the replacement of M2e with the central variable region of FliC largely improved M2e 

immunogenicity (Wang et al., 2014a; Wang et al., 2010). In this study, we incorporated four 

tandem copies of M2e or HA2 domain in the hyperimmunogenic region of FliC. Due to the 

self-adjuvanting property of this fusion protein, it was presumed that a cocktail of these 

recombinant proteins would provide effective protection against influenza A virus challenge.

Nanoparticles are a promising antigen delivery system. Previously, we designed self-

assembling protein nanoclusters consisting of M2e epitopes stabilized with a GCN4 

tetramerization motif. This nanoparticle vaccine was composed of antigen proteins and trace 

amounts of stabilizing cross-linker. Due to the high antigen load and nanoparticle 

morphology, these nanoclusters were very immunogenic in vivo (Wang et al., 2014b). The 

combined use of conserved epitopes in a vaccine to confer broad protection is a desired goal 

in the development of a universal influenza vaccine. In this study, we engineered FliC fusion 

proteins by replacing the central hyperimmunogenic region of FliC with four tandem copies 

of the ectodomain of matrix protein 2 (f4M2e), H1 HA2 domain (fHApr8) or H3 HA2 

domain (fHAaichi). To test whether incorporation of the HA2 domain can boost the M2e 

specific antibody responses, we evaluated the in vivo immunogenicity and protectivity of the 

crosslinked nanovaccines generated from f4M2e alone and a mix of f4M2e with the HA2 

domain fusion protein.

Materials and Methods

Immunogen design and expression

The flagellin (FliC) fusion proteins were generated by replacing the hyperimmunogenic 

region of FliC with four tandem copies of M2e in which two point-mutations, C17S and 

C19S, were made. Within the f4M2e construct, the order of modified M2e sequences from 

N- to C- terminal was: human H3N2 consensus M2e, SLLTEVETPIRNEWGSRSNDSSD; 

A/California/04/2009 H1N1 M2e, SLLTEVETPTRSEWESRSSDSSD; A/Viet Nam/

1194/2004 H5N1 M2e, SLLTEVETPTRNEWESRSSDSSD; A/Shanghai/02/2013 H7N9 

M2e, SLLTEVETPTRTGWESNSSGSSE. The H1 HA2 domains from A/Puerto Rico/

08/1934 or H3 HA2 domain from A/Aichi/02/1968 were used to generate fHApr8 and 

fHAaichi, respectively. The method to generate the gene encoding the fusion proteins was 

described previously (Wang et al., 2012). Briefly, a DNA fragment encoding the variable 

region (aa 177 to 401 in FliC) was deleted from the S. Typhimurium FliC gene and replaced 

with the sequences of interest (Fig 1). The coding sequences of interest were PCR amplified 

and ligated into the desired position in the pET22bΔF+S plasmid. A sequence encoding a 

6xHistidine tag was added to the 3’-terminus in frame to generate the full-length gene 

encoding the secreted fusion protein. The integrity of constructs was confirmed by DNA 

sequencing analysis. Histidine-tagged recombinant FliC fusion proteins were purified from 

an Escherichia coli protein expression system as described previously (Skountzou et al., 

2010). Purified proteins were dialyzed against phosphate-buffered saline (PBS) and stored at 

– 80 °C.
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Nanoparticle fabrication

The nanoparticles (Nps) were formed by DTSSP (3,3'-

Dithiobis(sulfosuccinimidylpropionate), Sigma, US) crosslinking. Five hundred microliters 

(µl) of f4M2e (2.2 mg/ml), a mix of f4M2e and fHApr8 at a 1:1 weight ratio, or a mix of 

f4M2e and fHAaichi at a 1:1 weight ratio was stirred at a speed of 600 rpm with a final 

concentration of 0.197 mM DTSSP at 4 °C for 1 hour. Soluble protein was then removed by 

buffer exchange against fresh PBS using a 300K size diafiltration tube (Pall Corporation, 

US). The samples were centrifuged at speed 5,500×g for 20 min at 4 °C. The centrifugation 

was repeated twice. Dynamic light scattering (DLS) was performed in PBS with a Malvern 

Zetasizer Nano ZS to assess the size distribution of the collected f4M2e, f4M2e/fHApr8 and 

f4M2e/fHAaichi Nps.

Toll-like receptor 5 specific bioactivity assay

The Toll-like receptor (TLR) 5 activating abilities of the FliC fusion protein Nps were 

evaluated using a human TLR5 and NF-κB/luciferase transiently transfected HEK293T cell 

based assay. Briefly, 6×106 HEK293T cells were transfected with 10 µg pUNO-hTLR5 and 

3 µg pGL4.32 (Invivogen, CA) with Lipofectamine 2000 per the manufacturer’s instructions 

(Invitrogen, NY). After a 24-hour transfection period, cells were seeded at a concentration of 

5×104 cells/well in a 96-well plate and incubated overnight. Cells were then stimulated for 5 

hours by 1:5 serially diluted Nps of f4M2e, f4M2e/fHAaichi, f4M2e/fHApr8, a mix of 

f4M2e/fHAaichi and f4M2e/fHApr8, or positive control of soluble FliC protein in serum-

free media. Afterwards, the media was removed, and 50 µl of serum-free media with 50 µl of 

Bright-Glo luciferase assay reagent (Promega, WI) was added to each well. Luminescence 

was measured using GloMax® Explorer (Promega, WI).

In vitro assays for inflammation

JAWS II murine dendritic cells (DCs, passages 6-15) were plated at 105 cells/ml in 24-well 

plates in complete culture medium consisting of α-Minimal Essential Media (α-MEM) with 

10% fetal bovine serum (FBS, Thermo Fisher Scientific, MA), 5 ng/mL murine GM-CSF 

(Peprotech, Rocky Hill, NJ), 4mM L- glutamine, 10 U/ml penicillin and 100 µg/ml 

streptomycin. These plates were incubated in an CO2 incubator at 37 °C and 5% CO2 for in 
vitro measurement of secreted IL-1β levels. After 24 hours of incubation, cells were 

stimulated with 10 µg/ml of f4M2e, f4M2e/fHAaichi or f4M2e/fHApr8 in fresh complete 

medium. An equal volume of DPBS (Thermo Fisher Scientific, MA) was used as a negative 

control treatment. Interleukin IL-1β was assessed in supernatants after 24 hours of 

stimulation by ELISA (R&D Systems, Minneapolis, MN).

Serum antigen-specific antibody titration using ELISA

M2e Peptides (M2e sequence from H1N1: SLLTEVETPTRSEWESRSSDSSDP; H3N2: 

SLLTEVETPIRNEWGSRSNDSSDP; H5N1: SLLTEVETPTRNEWESRSSDSSDP; H7N9: 

SLLTEVETPTRTGWESNSSGSSEP) and HA proteins were immobilized (100 ng of 

antigen per well) and probed with serially diluted immune serum samples. After washing, 

HRP-conjugated anti-mouse Ab was added. After 2 hours of incubation, HRP substrate 
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TMB solution (Prod# 34029, Thermo Scientific, US) was added and the absorbance at 450 

nm was measured.

Enzyme-Linked ImmunoSpot (ELISPOT) assay

Spleens of three mice per group were isolated three weeks post the boosting immunization. 

To evaluate the Interleukin (IL)-2 secreting splenocytes, multiscreen 96-well filtration plates 

(Millipore, Bedford, MA, US) were coated with anti-mouse IL-2 antibody (JES6-1A12, 

Biolegend) at 2 µg/ml in PBS and incubated overnight at 4 °C. Coated plates were washed 

with 0.05% Tween 20 in PBS (PBST) before 200 µl of RPMI 1640 with 10% FBS was 

added to each well for 2 hours at 37 °C to block non-specific binding. Freshly prepared 

splenocytes were suspended at a concentration of 2×105 cells/ml in complete RPMI medium 

and 100 µl was added to each well. After overnight stimulation with M2e peptide from 

human consensus H3N2 M2e (SLLTEVETPIRNEWGSRSNDSSDP) at 37 °C, plates were 

overlaid with 50 µl (2 µg/ml) of Biotinylated anti-mouse IL-2 antibody (JES6-5H4, 

Biolegend) and incubated for 1 hour. After washing three times with PBST, 100 µl HRP-

conjugated streptavidin (1:1,000 in PBST) was added and incubated at room temperature for 

1 hour. After washing with PBST, 3-3′-diaminobenzidine tetrahydrochloride (DAB; 

Research Genetics Inc., Huntsville, AL, USA) was added to develop spots in the plates. The 

plates were rinsed with water and air dried before counting using an ImmunoSpot ELISPOT 

reader (BIOSYS, Karben).

Immunization and challenge studies

Six to eight-week-old female BALB/c mice (Jackson Laboratory) were intranasally 

immunized with either 10 µg f4M2e Nps, 10 µg f4M2e+fHAaichi Nps, or PBS as negative 

control. Ten mice per group were immunized twice at a 4-week interval. To compare 

antibody responses, sera were collected 2 weeks after each immunization. For challenge 

infections, all mice were lightly anesthetized with isoflurane and then were intranasally 

infected with mouse adapted H3N2 (A/Aichi/2/68) (4 × 50% lethal dose, LD50 in 30µl PBS) 

four weeks after the boost vaccination. Mice were observed daily to monitor changes in 

survival rate and body weight.

Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. All mouse 

studies were approved by the Emory University Institutional Animal Care and Use 

Committee (IACUC) under protocol number 2003060. Female BALB/c mice (six to eight-

week old) were purchased from the Jackson Laboratory and housed in the animal facility at 

Emory University. Bleeding, infecting and sampling were performed under anesthesia that 

was induced by inhalation of isoflurane to reduce mouse suffering.

Statistical analysis

To determine the statistical significance, a two-tailed Student's t-test was used to compare 

two different conditions. Two-way ANOVA was used to analyze the significant differences 

among vaccinated groups. A P-value less than 0.05 was considered to be significant. The 
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analysis was done by using GraphPad Prism version 5.0 (GraphPad Software, San Diego, 

CA) for Windows.

Results

Characterization of fusion protein nanoparticles

The flagellin (FliC) fusion proteins were constructed by replacement of the variable region 

(aa 177 - 401) of FliC with the H1 HA2 or H3 HA2 domain (Fig 1 A). The expression and 

sizes of recombinant fusion proteins were determined by using Coomassie blue stained 

SDS-PAGE gel and Western blot analysis using an anti-FliC antibody. The results indicated 

that the expressed soluble proteins fHApr8 and fHAaichi both are at 48 kDa, the same as 

expected based on their amino acid composition (Fig 1 B-E). The expression and 

characterization of f4M2e were described previously (Wang et al., 2014a). These data 

demonstrated that all three fusion proteins can be successfully expressed and purified from 

an E. coli prokaryotic expression system.

Next, protein nanoparticles (Nps) from the three fusion proteins were fabricated by DTSSP 

crosslinking. DTSSP crosslinked Nps were collected by centrifugation using a 300K 

diafiltration tube. Dynamic light scattering (DLS) analysis of the f4M2e, f4M2e/fHApr8 and 

f4M2e/fHAaichi Nps indicated the presence of a single, reproducible particle population 

distribution with hydrodynamic diameters of 54 nm ± 13.5 nm, 46.7 nm ± 24.1 nm and 81.7 

nm ± 18.9 nm, respectively (Table 1).

Flagellin is a principal component of bacterial flagella and can be recognized by mammalian 

TLR5. The activation of TLR5 mobilizes the nuclear factor NF-κB and stimulates tumor 

necrosis factor-α production (Hayashi et al., 2001). To assess whether FliC fusion protein 

Nps still retain TLR5 ligand function of FliC, human TLR5 and NF-κB/luciferase reporter 

genes were transiently transfected into HEK293T for a cell- based assay. As shown in Fig 2 

A, nanoparticles showed TLR5 specific bioactivity, activating the NF- κB/luciferase reporter 

gene. The caspase-1 dependent cytokine IL-1β exerts enhancement effects on the initiation 

of the protective Th1 and Th17 responses (van de Veerdonk et al., 2011). An in vitro 
stimulation assay showed that all types of nanoparticles could induce DCs to secrete 

significant levels of the IL-1β in cell culture supernatants, compared to the negative control 

PBS group (Fig 2 B).

Protein nanoparticles induced strong IgG responses and broadly cross-reactive M2e 
specific antibodies

To determine if intranasal immunization with f4M2e, f4M2e/fHApr8 and f4M2e/fHAaichi 

Nps can induce strong M2e-specific humoral responses, immune sera were collected 2 

weeks post each immunization and evaluated for antigen specific IgG titers using ELISA. 

Four tandem copies of M2e protein or various M2e peptides from H1N1, H3N2, H5N1 or 

H7N9 were used as coating antigens. As shown in Fig 3 A, two weeks post the priming 

immunization, all immunization groups showed detectable levels of 4M2e- specific IgG 

titers. Of note, 4M2e-specific IgG titers in sera from mice receiving f4M2e/fHAaichi Nps 

were significantly higher than other immunization groups (p<0.05). Two weeks post-
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boosting, all Nps induced strong 4M2e specific IgG titers. The f4M2e/fHApr8 Np 

immunization group induced the highest 4M2e-specific humoral immune responses, with an 

antibody titer around two times greater than that of the f4M2e Np and f4M2e/fHAaichi Np 

immunization groups (Fig 3 B, p<0.05). The PBS control group had undetectable M2e 

specific antibody levels after two immunizations.

Next, to evaluate the cross-reactivity of M2e-specific antibodies induced by Nps, sera 

collected 2 weeks post the boosting immunization were assayed with ELISA by using M2e 

variant peptides as coating antigens. The induced serum antibodies from all the 4M2e 

immunized mice groups had broad spectrum binding activity to M2e variant peptides (Fig 3 

C).

The induction of antibodies against the HA stalk domain can potentially increase the 

protection efficacy and breadth. The incorporation of fHApr8 or fHAaichi into f4M2e Nps 

was also able to induce HA2 domain specific antibody responses (Fig 3 D). In conclusion, 

the generated protein Nps not only induced strong and cross-reactive M2e specific 

antibodies, but also induced antibodies against the HA stalk domain.

M2e nanoparticles activated M2e-specific T cell immunity

IgG2a monoclonal antibody (mAb) is associated with more effective viral clearance in vivo 
than IgG1 mAb (Van den Hoecke et al., 2017). To assess effector T cell differentiation 

associated cytokine responses, M2e specific IL-2 secreting splenocytes from all 

immunization groups were evaluated by ELISPOT. As shown in Fig 4, all M2e-vaccinated 

mice groups showed significantly higher numbers of IL-2 secreting splenocyte populations 

after M2e peptide re-stimulation compared to mock-immunized mice (p<0.05). However, 

there is no significant differences among f4M2e, f4M2e/fHApr8 and f4M2e/fHAaichi 

vaccination groups. All M2e immunized mice generated M2e specific IL-2 secreting T cell 

responses.

M2e nanoparticle protects mice from lethal H3N2 virus challenge

To evaluate the protective efficacy of nanoparticles, mice were intranasally immunized twice 

with f4M2e Nps, f4M2e/fHAaichi Nps or PBS at 4-week intervals and intranasally infected 

with 4×LD50 of mouse-adapted H3N2 (A/Aichi/02/1968) virus 4 weeks after the boost. The 

morbidity and mortality of infected mice was monitored for 14 days. As shown in Fig 5, all 

mice that received M2e vaccines were fully protected from lethal H3N2 virus challenge. In 

comparison, mice mock-immunized with PBS were not protected from lethal challenge and 

all died at or before day 8 post infection (Fig 5 A). Both f4M2e and f4M2e/fHAaichi Nps 

vaccinated mice experienced slight body weight loss but started recovering at day 8 post 

infection (Fig 5 B). M2e or blended Nps immunizations conferred full protection against 

lethal dose H3N2 virus challenge, with no significance in weight loss difference between 

these two groups.

Discussion

Tandem copies of M2e fused to TLR5 ligand flagellin were highly immunogenic in vivo, 

induced robust and long-lasting M2e-specific antibody responses and provided full 
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protection against influenza A virus challenges (Huleatt et al., 2008; Mardanova et al., 2016; 

Stepanova et al., 2015; Wang et al., 2014a). In our study, the variable region of FliC was 

replaced with three types of weak antigens: four tandem copies of M2e, H1 HA2 domain 

and H3 HA2 domain (Fig 1). It is presumed that the FliC fusion could inhibit the formation 

of the low-pH conformation of the HA2 domain. Protein nanoparticles were generated from 

these proteins to further increase their immunogenicity. The TLR5 bioactivity assay showed 

that all DTSSP-crosslinked protein nanoparticles retained the function of TLR5 activation 

(Fig 2 A). Possibly because of the steric effect of Nps, the luciferase activity strength of 

f4M2e was lower than the f4M2e/fHApr8 and f4M2e/fHAaichi groups. This may negatively 

impact the TLR5 signaling mediated immune responses induction by f4M2e.

The high sequence conservation of M2e among all known human influenza A viruses is 

critical for its development as a universal human influenza A vaccine candidate. Though 

M2e residues 10 to 24 are relatively more variable compared the almost absolutely 

conserved N-terminal 9 amino acids (Deng et al., 2015a), the M2e sequence variation in the 

membrane proximal part is not comparable to the amino acid changes in HA and NA. M2e 

has low immunogenicity possibly because of its smaller size and lower abundance in virions 

compared to HA and NA. Therefore, M2e is often fused to a carrier to enhance its 

immunogenicity in animal experiments. The HA2 domain is considerably more conserved 

than the HA1 domain (approximately 90% and 67% for influenza A H1 and H3 subtypes in 

extracellular parts) and is a promising candidate immunogen for development as a universal 

influenza vaccines (Bommakanti et al., 2010). It has been reported that the HA stalk domain 

based vaccines comprising HA2 and portions of HA1 were immunogenic in vivo and able to 

provide protection against heterologous and heterosubtypic influenza A virus strains 

(Impagliazzo et al., 2015; Yassine et al., 2015). However, the subviral particles in which the 

HA1 was chemically removed did not confer protection to immunized mice and rabbits 

(Graves et al., 1983). In this study, we compared the immunogenicity of f4M2e, f4M2e/

fHApr8 and f4M2e/fHAaichi Nps in a mouse model. Our results showed that all three 

constructs induced strong M2e-specific IgG responses (Fig 3 B). Of note, Np containing 5 

µg fHAaichi and 5 µg f4M2e induced higher levels of M2e specific antibody titers compared 

with 10 µg f4M2e Np (Fig 3 B). Possibly, the introduction of T-helper epitopes from HA2 

resulted in the increase of M2e specific antibody responses. The H3 HA2 domain in the 

vaccine also induced HA2 domain specific antibodies (Fig 3 D).

The degree of M2e density is critical for the level of induced M2e specific humoral immune 

responses (De Filette et al., 2005; Neirynck et al., 1999; Zhou et al., 2012). To increase the 

M2e epitope density in the vaccine and the cross-reactivity, four tandem copies of M2e 

epitopes from H1N1, H3N2, H5N1 and H7N9 were incorporated into the FliC carrier 

protein. The induced M2e specific serum antibodies could bind to the 4 types of M2e 

peptides with similar binding activity (Fig 3 C). The comparable bindings to various M2e 

variants demonstrated that the tandem positions of these M2e copies in fusion proteins do 

not affect the immunogenicity of these M2e variants.

Cellular immunity plays an important role in protection against viral infection (Salerno-

Goncalves and Sztein, 2006). The M2e-specific CD4+ cellular immunity contributes to virus 

clearance (Eliasson et al., 2008; Eliasson et al., 2017). T cell derived Interleukin (IL) -2 is 
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associated with the differentiation of effector T cells after antigen mediated activation 

(Boyman and Sprent, 2012). Our results showed significantly higher numbers of IL-2-

secreting splenocytes from the M2e vaccine-boosted groups after overnight human 

consensus M2e peptide re-stimulation in ELISPOT experiment, compared with the PBS 

group (Fig 4).

The incorporation of several types of conserved influenza A virus antigens provides a 

promising way to develop universal influenza vaccines. In conclusion, immunization with 

the combination of M2e and HA2 domain-based Nps can induce both M2e- and HA2-

specific humoral immune responses and provide full protection against a lethal dose of 

H3N2 virus challenge. The M2e-specific antibody titers were significantly enhanced by 

incorporation of HA2 domain in the same Np vaccines.

We presumed that the solely HA2 domain elicited specific immunity was less protective than 

the acquired immunity against the entire stalk domain comprising HA2 and portions of 

HA1. The results highlight the necessity to generate constructs expressing HA stalk domains 

simulating their structures in their native protein context. The study of which antigens to 

include, which adjuvant to use and how the protein nanoparticles can best exhibit the native-

like structures of antigens presents a promising opportunity to develop a strongly and 

broadly protective influenza vaccine.
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Highlights

• Stable protein nanoparticles can be fabricated using DTSSP crosslinker.

• Crosslinked protein nanoparticles are highly immunogenic in mouse models 

and induce strong antibody responses against M2e and HA stalk domains.

• Mice receiving nanoparticle vaccinations are fully protected against lethal 

dose influenza A virus challenges.
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Fig 1. 
Construction, purification, and characterization of fusion proteins. (A) The variable domain 

of FliC (177-401) was replaced with 4M2e (f4M2e), H1 HA2 domain (fHApr8) and H3 

HA2 domain (fHAaichi), respectively. Four tandem copies of M2e sequence contains M2e 

peptides from human H3N2 consensus M2e (SLLTEVETPIRNEWGSRSNDSSD), A/

California/7/2009 H1N1 M2e (SLLTEVETPTRSEWESRSSDSSD), A/Viet Nam/1194/2004 

H5N1 M2e (SLLTEVETPTRNEWESRSSDSSD) and A/Shanghai/02/2013 H7N9 M2e 

(SLLTEVETPTRTGWESNSSGSSE). The H1 (A/Puerto Rico/8/1934) HA2 domain 
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(24-184) sequence and H3 (A/Aichi/2/1968) HA2 domain (24-184) sequence are shown 

below. Commassie blue stained SDS-PAGE gel and Western blot analysis of purified 

fHApr8 (B, C) and fHAaichi (D, E).
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Fig 2. 
Characterization of FliC fusion protein nanoparticles. (A) TLR5 agonist bioactivity of FliC 

fusion protein nanoparticles. The TLR5 and NF-κB/luciferase transiently transfected 

HEK293T cells were used to determine the bioactivity of serially diluted FliC fusion protein 

nanoparticles. Soluble FliC protein was used as a positive control. (B) IL-1β secretion by 

nanoparticle-stimulated murine JAWS II DC cells. PBS mock-stimulation group was used as 

negative control. * indicates p<0.05 (t-test).
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Fig 3. 
Serum antibody responses induced by crosslinked protein nanoparticles. Mice were 

intranasally immunized twice, immune sera collected 2 weeks post each immunization were 

compared in ELISA analysis. Data are depicted as the mean ± SD (n=10). (A) Serum 4M2e-

specific IgG levels after the priming immunization. (B) Serum total 4M2e-specific IgG 

levels after the boosting immunization. (C) Cross-reactivity of post boosting immune sera to 

different M2e peptides from H3N2, H1N1, H5N1 and H7N9. (D) Serum H3- and H1-stalk 
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domain specific IgG levels after the boosting immunization. ** indicate p<0.01; *** indicate 

p<0.005 (t-test).
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Fig 4. 
M2e-specific cellular immune responses. Splenocytes were collected 3 weeks after the 

boosting immunization and were re-stimulated overnight with M2e peptide. The IL-2 

cytokine secreting cell colonies were determined by using ELISPOT assay. *** indicate 

significant difference (p<0.005) compared to PBS group.
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Fig 5. 
Protective efficacy against infection with H3N2 strain. Immunized BALB/c mice were 

intranasally challenged with 4×50% lethal dose of A/Aichi/2/68 H3N2 virus in a volume of 

30 µl PBS. (A) Mouse survival rate and (B) body weight changes were monitored daily for 

14 days post infection.
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Table 1

Size distribution and Zeta potential parameters of crosslinked protein nanoparticles measured by Malvern 

Zetasizer.

Nanoparticle Type Size (nm) Stdev(nm) Zeta Pot. Stdev

f4M2e 54 13.5 −7.1 0.26

f4M2e/fHApr8 (1:1) 46.7 24.1 −10.9 1.43

f4M2e/fHAaichi (1:1) 81.7 18.9 −7.94 0.83
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