
1. Introduction:  

Influenza A virus (IAV) is a seasonal epidemic virus which infects between 10-15% of the 

global population each year [1, 2].  Infection results in illness typically lasting between 5 and 

15 days, characterised by respiratory distress, fever, headache and myalgia. In at-risk patients 

such as the elderly, infants and the immunocompromised, IAV can cause significant 

morbidity resulting hospitalisation and death [3]. IAV exists in several different subtypes that 

can be classified on the basis of the 18 variants of the hemagglutinin (HA) and 11 variants of 

the neuraminidase (NA) proteins expressed by the virus. Further minor variation in these 

proteins can be used to differentiate strains of IAV. In immune-competent individuals IAV 

infection stimulates an immune response that confers lasting protection that is strain specific. 

However, immunity to one strain rarely confers protection against other strains and there is 

even less cross-protection between sub-types. Thus, minor seasonal variations in IAV 

antigenic composition (antigenic drift) can result in individuals experiencing repeated bouts 

of influenza due to different strains, while changes in the prevalent seasonal IAV subtype 

(antigenic shift) poses an even greater immunological challenge.  In addition to seasonal 

epidemics, novel strains of the virus arise periodically which can cause global influenza 

pandemics associated with increased mortality in all patient groups [4].  Current influenza 

vaccines are designed to protect against the predominant circulating strains of IAV in a given 

year, identified through epidemiological surveillance. The vaccine efficacy relies on accurate 

prediction of the circulating seasonal strains and these recommendations are reviewed and 

updated annually. However, there is often a mismatch between the predicted vaccine target 

strains and the prevalent strain that causes a seasonal epidemic resulting in low vaccine 

efficacy [5, 6]. Furthermore, current vaccines are unlikely to protect against newly emergent 

pandemic strains that may arise following recombination between strains such as avian and 

human IAV [7, 8].  Current IAV vaccines target immunodominant regions of the virus that 



are subject to particularly high mutation rates and so protection is frequently short-lived since 

variant strains emerge which escape immune memory and recognition. To overcome this 

variation an alternative strategy is to target highly conserved regions of the virus, mutation of 

which may severely compromise virus viability. Despite the high variability of proteins such 

as hemagglutinin and neuraminidase, the major targets of existing vaccine strategies, 

previous work has shown that some protein domains within IAV are highly conserved 

between different subtypes, strains and clades [9-11].  These conserved domains represent 

potential targets for a universal IAV vaccine which could generate broad immunity against 

many strains of IAV and thus remove the need to use epidemiological surveillance to predict 

the likely prevalent strains. Moreover, such a vaccine may have the advantage of conferring 

longer lasting immunity, obviating the need for annual vaccinations, because a vaccine based 

on conserved antigens will not be rendered obsolete by mutations in the variable parts of 

IAV. The protein targets within IAV that show a good degree of conservation include 

nucleoprotein (NP), matrix protein 1 and 2, some epitopes of neuraminidase (NA), and the 

stalk domains of hemagglutinin (HA) [12-14].  Previous attempts to exploit these antigens in 

vaccines have had only moderate success because usually the conserved domains are poorly 

immunogenic in the context of trivalent or quadrivalent inactivated vaccines. This may be 

because they have not been presented in the correct conformation or because the 

immunological context of presentation was not sufficient to generate protective immunity 

[15-19]. We have attempted to harness the immunogenic properties of hepatitis B core 

protein VLP to enhance the immunogenicity of conserved IAV antigens that fail to elicit 

effective immune responses through natural infection or split virus vaccines.  We have 

adapted hepatitis B tandem core [20] sub-units to generate a virus-like particle (VLP) vaccine 

incorporating 3 variants of the Matrix protein 2 ectodomain (M2e) and a conserved antigen 

from group 1 HA-stalk to create an IAV vaccine candidate.  



Tandem core (TC) is composed of two hepatitis B core molecules linked by a poly-glycine-

serine linker that confers stability and facilitates assembly of multiple TC subunits into a 

virus-like particle. Each TC has two independent major insertion regions (MIRs) each of 

which can accommodate exogenous antigens in the correct conformation for antigenic 

recognition, and within the immunogenic context of a VLP [21-23]. In our vaccine, the first 

major insertion region (MIR) has been engineered to incorporate a HA-stalk structural 

antigen from H1N1 corresponding to an alpha-helix within HA2 domain of hemagglutinin 

stalk, sometimes referred to as long alpha-helix (LAH) [24]. The sequence encoded in the 

MIR is based on an extended sequence from the A/Luxembourg/46/09 pandemic IAV strain. 

The second major insertion site in our VLP incorporates three variants of the influenza matrix 

protein 2 conserved ectodomain (M2e) as a triplet sequence insert based on the predominant 

variants found in H1N1, H5N1 and H11N9 subtypes. Thus the final vaccine candidate, 

named Tandiflu1, bears a total of 4 conserved IAV antigens contained within a single VLP 

(Fig.1).  The conservation, cross-protection and functionality of these IAV antigens has been 

amply characterised [11, 15, 18, 25-28] but to our knowledge, their incorporation into a 

single recombinant protein vaccine has not been developed or tested previously. In this study 

we report the expression of Tandiflu1 VLP in Escherichia coli, followed by immunisation of 

mice to assess its immunogenicity and the evaluation of vaccine efficacy in a mouse model of 

live influenza virus infection.   

 

2. Materials and methods:  

2.1 VLP construct design  

Tandem core (TC) is based on the wild type Hepatitis B core (HBc) protein (Fig.1A) that self-

assembles into a virus-like particle (VLP).  In one TC, two HBc monomers are molecularly 



linked together to yield a more stable dimer that spontaneously assembles to form a VLP 

[20]. Each dimer bears two major insertion sites. TC VLP without any inserts (empty core) 

was used as a control not containing IAV antigens (Fig.1B).  The Tandiflu1 VLP 

incorporates an antigen from the hemagglutinin stalk domain (HA-stalk) based on the 

pandemic H1N1 A/Luxembourg/43/2009 influenza virus sequence [29] inserted into the first 

major insertion region (MIR1). This intermediate construct was expressed and tested to 

determine the immunogenicity of HA-stalk as a single insert VLP; referred to in the text as 

HA-stalk VLP (Fig.1C).  The second insertion region of Tandiflu1 contains a triplet antigen 

insert, corresponding to three different variants of a conserved region of the matrix-protein 2 

ectodomain that are found in the majority of IAV strains.  To determine the immunogenicity 

of this triplet insert as a single MIR insert VLP, the intermediate construct was generated 

containing the triple M2e antigen insert in MIR2 with the other MIR1 left empty, referred to 

in the text as 3M2e VLP (Fig.1D). The complete Tandiflu1 capsomere contains the HA-stalk 

antigen in MIR1 and the triplet M2e antigen in MIR2 (Fig.1E). Tandiflu1 assembles into a 

VLP comprised of 90-120 individual capsomeres. The full genomic sequences for Tandiflu1 

inclusive of the IAV inserts has been previously published in patent application 

PCT/GB2015/053699 with publication number WO2016087863 A1  [30].  

2.2 Cloning and Expression  

 The constructs described above (TC VLP, 3M2e VLP, HA-stalk VLP and Tandiflu1) were 

synthesised via GeneArt (Life Technologies) and included the restriction sites XbaI and XhoI 

at the 5’ and 3’ ends respectively. Using these restriction sites, the constructs were cloned 

into the pET28b(+) plasmid (Novagen #69865) and used to transform E. coli DH5 alpha cells 

(NEB #C2987H). Positive clones were identified via colony PCR and sequencing and used 

for the extraction of plasmids which were then used to transform E.coli BL21 cells (NEB 

#C2527I) for VLP expression. Bacterial expression was performed by culturing E.coli BL21 



(DE3) clones in Luria-Bertani broth containing 50 g/ml of kanamycin at 37C at 250 rpm in 

an orbital shaking incubator up to an optical density (OD 600) of 0.6. Induction was triggered 

by adding 1 mM Isopropyl β-D-1-thiogalactopyranoside and incubating the culture for 17 

Hrs. at 12C in a shaking incubator set to 250 rpm.  

 

2.3 Purification and Analysis of VLP 

 Briefly E.coli cells were harvested from liquid culture by centrifugation at 15,000 g for 30 

min. in a bench-top centrifuge. The cell pellet was then re-suspended in lysis buffer (20 mM 

Tris, 5 mM 1,4-dithiothreitol, 2 mM 4-benzenesulfonyl fluoride hydrochloride, 125 U/g 

Benzonase, pH 8) at a density of 0.125 g wet weight/ml. Cells were then disrupted by 

micronisation (APV Gaulin Micron Lab40 homogeniser, 1200 bar, 3 passes), followed by 

detergent extraction (0.05% Tween 20, 1 Hr. on ice) and clarification by ultra-centrifugation 

(20,000 g, 30 min., 4C). VLP were further solubilised by addition of an equal volume of 20 

mM TRIS, 5 mM EDTA, 2 M urea buffer (pH 8), and concentrated 40-fold using tangential 

flow filtration with a 1 MDa nominal molecular weight limit, Pellicon-XL 50 cassette 

(Millipore #PXB050A50). The resulting concentrate was then applied to 2 subsequent gel-

filtration chromatography columns; a Sepharose CL-4B column (GE #17015001) was run in 

a buffer consisting of 20 mM Tris pH 8.4, 5 mM EDTA, 1 M urea. The void volume 

containing VLPs and larger components was subjected to a second round of size exclusion 

chromatography using a Sephacryl S-1000 SF resin (GE #17047601) (in 20 mM Tris pH 8.4, 

5 mM EDTA). The fractions containing VLP were collected and analysed by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE), Western Blot and electron 

microscopy to confirm the presence and identity of the VLPs. For SDS-PAGE, samples were 

heated to 95C for 5 min. in Laemmli buffer and loaded on Mini Protean Any kD tgx gels 



(BIO-RAD #4569035) together with the Precision Plus Protein molecular weight marker 

(BIO-RAD #161-0363), and run at 160 V for 40 mins. After protein transfer onto a 0.45 m 

nitrocellulose membrane using standard methods, the presence of protein of interest was 

detected using anti-HBc antibody - clone 10E11 (Abcam #Ab8639)- in combination with 

goat anti-mouse IgG-Peroxidase (Sigma #A4416) and Super Signal chemiluminescent 

substrate (Fisher #10743105).  

 

2.4 Immunisation and infection  

Groups of at least 5 female BALB/c mice (Envigo, U.K.) 6-8 weeks old were immunised 

with 15 g of purified VLP mixed with 20 l of Imject Alum (Thermo Scientific #77161) 

and 20 l of Sigma Adjuvant System (Sigma #S6322) made up to a volume of 100 l with 

sterile saline solution.  Primary immunisation was delivered intra-peritoneally (i.p.), 

secondary and tertiary immunisations were delivered sub-cutaneously (s.c.). Immunisations 

were performed 1 week apart. 3 weeks after the final immunisation mice were infected intra-

nasally (i.n) with 5x MLD50 of influenza A virus (A/PR 8/34 H1N1).  MLD50 was 

calculated using the Reed and Muench method [31] and translated as TCID50 by the 

Pearman & Kärber algorithm as described in Hierholzer & Killington Virology Methods 

Manual [32]   where 1x MLD50= 103.11 TCID50. Weight loss and clinical score was 

monitored daily after infection with a maximum weight loss limit of 20% in compliance with 

U.K. Home Office approved animal protocols under licence PPL 70/7376.  

2.5 Antibody titres   

Tail bleeds were performed to check seroconversion at weekly intervals following 

immunisation. Detection of anti-HA or anti-M2e antibodies was performed by Enzyme-

linked immunosorbent assay (ELISA). Briefly, 96-well Nunc Maxisorp plates (Sigma 



#M9410-1CS) were coated with 1g/ml recombinant hemagglutinin (rHA Life 

Technologies)) from influenza virus (subtype as indicated in the text) in carbonate bi-

carbonate buffer, or 6.25 g/ml of the M2e consensus peptide sequence 

MSLLTEVETPIRNEWGCRCNGSSD-OH (Activotec) in 1 M NaCl buffer. Coated plates 

were washed 3x with PBS-Tween20 0.05% (PBST) and blocked with 10% skimmed milk 

solution (Sigma #1.15363.0500) for 1 Hr. at 37C. Pooled serum from 5 mice per group was 

diluted in 2.5% milk was added to the test wells and plates were incubated at 37C for 1 Hr. 

then washed 3x as before. Goat-anti-mouse IgG –peroxidase secondary antibody (Ab) was 

added at 1/2500 dilution (Sigma #12-349) and incubated at 37C for 1 Hr. then washed 3x as 

before.  3,3′,5,5′-Tetramethylbenzidine substrate (Sigma# T0440) was added to each well for 

20 min. and reaction was stopped with 1 M H2SO4. Anti-M2e monoclonal antibody 14C2 

(Abcam #ab5416) was used a positive control for M2 peptide detection. Serum from mice 

inoculated with a sub-lethal titre of A/PR 8/34 H1N1 virus (PR8 immune +) was used as a 

positive control for rHA detection. Absorbance (Abs) at 450 nm with a 630 nm correction 

was read using the SpectraMAX 190 plate reader (Molecular Devices, USA).  All wells were 

run in duplicate with at least 3 dilution repeats. 

2.6 Cell binding assays  

Madin Darby canine kidney (MDCK.2) cells (ATCC #CRL-2936) were cultured in Roswell 

Park Memorial Institute medium and infected at a multiplicity of infection of 2, with H1N1 

(A/PR 8/34) for 2-3 days. Infected cells were then harvested and fixed, together with 

uninfected controls. Cells were then incubated with serum from Tandiflu1 immunised mice 

for 30 min. at room temperature. After 5x washes with PBST, a secondary goat-anti mouse 

IgG- FITC (Abcam #ab7064) conjugate was used to stain the cells for 30 min. at room 

temperature on an orbital shaker with gentle rotation.  The ability of Tandiflu1 serum to bind 



infected cells was then determined by Flow cytometry using the Epics XL-MCL (Beckman 

Coulter) flow cytometer by gating on cells which were positive for bound IgG on FL1 FITC 

(Fluorescein isothiocyanate) green fluorescence channel.  

2.7 Passive serum transfer   

100 l of serum collected from mice immunised with Tandiflu1 (or serum collected from 

control mice immunised with empty core VLP containing no IAV insert) was injected i.p. 

into naïve BALB/c female mice 6-8 weeks old. On the same day, these mice were infected 

with 3 x MLD50 of influenza A virus (A/PR 8/34 H1N1) virus intra-nasally. Three days post-

infection a second identical serum injection was given to both groups of mice. Weight loss 

and clinical scores were monitored daily after infection. Animals were euthanized if they 

exhibited extreme distress or weight loss exceeding 20% from baseline weight following 

approved Home Office U.K.  animal protocols under licence PPL70/7376.  

 

2.8 Infected cells in the lung  

The degree of IAV infection was determined by measuring the relative proportion of lung 

cells expressing influenza nuclear protein (NP) in lung homogenate from infected and control 

mice. Briefly the lungs from infected mice (or naïve controls) were homogenized to single 

cell suspension by pressing them through a 100m nylon mesh strainer and incubated with 

red blood cell lysis buffer (Roche #11814389001) for 5 minutes at 4C. Cell viability was 

assessed using Live/Dead stain (Thermofisher L23102), with monoclonal mouse anti-

influenza A virus nucleoprotein antibody conjugated to FITC (Abcam #ab20921) to 

determine infection. The percentage of live lung cells infected with IAV was determined by 

using flow cytometry (BC Epics XL-MCL flow cytometer) by gating on live cells expressing 



nucleoprotein on the FL1 FITC channel. We determined the percentage of lung cells 

expressing influenza NP; and therefore infected with influenza A virus.   

2.9 Statistical Analysis 

 Prism version 7.03 (Graphpad) was used to perform statistical analysis. For Kaplan-Meier 

survival plots the Gehan-Breslow Wilcoxon test was used. Welch’s t-test was applied to 

compare averages of group body mass between infected and control groups using a 5% 

threshold for significance. The Mann-Whitney test was used for rank comparison of viral 

infectivity between 2 groups adopting a 5% threshold for significance.  

 

 

3. Results:  

3.1 Tandem core carrying multiple influenza conserved domains forms a virus-like particle 

(VLP)  

The TC VLP containing a HA-stalk and three M2e inserts (Tandiflu1) was expressed in E. 

coli and purified using a combination of tangential flow filtration and gel filtration 

chromatography. Western blot analysis shows a band at 68.8 kDa corresponding to the full 

length Tandiflu1 recombinant protein (Appendix1. D).  Size exclusion chromatography 

(SEC) was used to select larger protein complexes between 3 to 6 MDa found in the eluted 

fractions, and electron micrographs confirmed the presence of purified VLP conforming to a 

30-40 nm diameter size (Appendix1 Fig.1). This purified material was used for all subsequent 

immunisation experiments in mice.  

 



3.2 Immunisation with Tandiflu1 VLP generates antibodies to conserved influenza A 

antigens  

In addition to generating the final Tandiflu1 construct with multiple inserts (Fig.1e) we first 

created two single insert VLP with IAV antigens inserted into only one of the two TC MIRs; 

HA-stalk VLP and 3M2 VLP (Fig.1c and 1d respectively). Mice vaccinated with the HA-

stalk VLP generated polyclonal antibodies that bind recombinant HA (H1), and similarly, 

mice vaccinated with 3M2 VLP generated an anti-M2e specific IgG response (Fig.2A/B). 

Mice vaccinated with Tandiflu1 generated polyclonal antibodies against both HA-stalk and 

M2e simultaneously (Fig.2A/B). Seroconversion to both antigens (M2 and HA) in response 

to vaccination with Tandiflu1 was confirmed independently by the Luxembourg Institute of 

Health, using Tandiflu1 manufactured at iQur using a classical two-week interval 

immunisation schedule and MF59 adjuvant (Appendix 2).  

We tested the ability of anti-Tandiflu1 antibodies to bind MDCK cells infected with influenza 

virus by flow cytometric analysis. We found that the sera from Tandiflu1 vaccinated mice 

can bind influenza antigens expressed by cells infected with H1N1 virus, and no binding was 

observed to uninfected cells (Fig.3A). Binding of HA or M2 expressed by MDCK confirms 

that the antibodies generated by vaccination can bind the antigenic targets in the context of 

influenza infected cells. This is important since many antibody mediated effector 

mechanisms rely on targeting infected cells instead of direct virus neutralisation, especially 

when the HA globular head domain is not a vaccine component.  

In order to assess the cross-reactivity of the anti-HA antibodies induced by Tandiflu1, the 

serum from immunised mice was tested against a panel of recombinant HA from various 

subtypes by ELISA. Figure 3B shows that there is binding to all of group 1 hemagglutinins 

tested (H1, H5, H9, H11 and H16), but not group 2 hemagglutinins (H3, H7), demonstrating 



broad cross-reactivity of Tandiflu1 antibodies to HA within Group 1 but not Group 2 IAV 

strains. Positive binding to various group 1 hemagglutinins confirms the conservation of the 

selected antigen vaccine target across multiple subtypes.  

 

3.3 Vaccination with Tandiflu1 VLP confers 100% survival in challenge with H1N1 IAV  

Mice were immunised with either Tandiflu1 or the single insert HA-stalk VLP, 3M2 VLP or 

with the negative control empty TC VLP containing no influenza inserts (Fig.1).  Mice 

immunised three times with Tandiflu1 showed minimal signs of disease as measured by 

weight loss after viral challenge with H1N1 IAV, whereas the mice in the negative control 

group reached the lethal severity limit (Fig.4A). By day 7 post-infection survival in the 

control groups was 0%, compared to 100% in the Tandiflu1 immunised group (Fig.4B).  In 

addition, mice vaccinated with the simpler VLPs containing only HA-stalk or M2 inserts also 

showed increased group survival (Fig.4B).  The HA-stalk VLP vaccinated group provides 

further evidence of a cross-protective immune response since the VLP antigen was derived 

from the H1N1 2009 pandemic strain HA-stalk sequence template and the live challenge 

administered was a heterologous A/PR8/1934 H1N1 virus. Further confirmation of efficacy 

was obtained when Tandiflu1 immunised mice were also 100% protected from a challenge 

with H1N1 A/Luxembourg/43/2009 pandemic strain, in a protection experiment carried out 

independently at the Luxembourg Institute of Health (Appendix 2).  

 

3.4 Tandiflu1 immunised mice have protective antibodies and reduced viral titres  

Mice immunised with Tandiflu1 showed reduced signs of infection and increased survival, 

but vaccination did not induce sterilising immunity. This is consistent with previously 

published data which show HA-stalk and M2e immunity permits infection but protects 



against severe manifestations of influenza [18, 25, 28, 33].  In order to investigate the 

mechanism by which Tandiflu1 confers protection against IAV we harvested the lungs of 

immunised mice 3 days after viral challenge with PR/8 H1N1 virus. The vaccinated group 

presented with a decreased percentage of IAV infected lung cells equivalent to a 6-fold 

decrease in viral infection compared to sham vaccine controls (Fig.5).  

In order to determine whether passive serum transfer from Tandiflu1 immunised mice was 

sufficient to confer protection we injected 100l of Tandiflu1 immune serum into naïve mice 

at day 0 and 3 post-infection. All the mice that received the anti-Tandiflu1 serum survived 

challenge with a lethal dose of H1N1 compared to 40% of control animals. Immunized mice 

exhibited less weight loss during H1N1 viral challenge, whereas recipients of control serum 

had diminished survival and increased weight loss (Fig.6).  

 

4. Discussion:  

In the face of the deficiencies of current seasonal influenza vaccines that confer strain-

specific immunity a universal influenza vaccine is highly desirable and, as a result, has been 

the focus of significant research effort. Over the past two decades research groups have 

endeavoured to identify the conserved and functional protein targets within influenza virus 

that could make this a reality. There has been previous moderate success using purified single 

or conjugated antigens, but as data accumulate it is becoming clear that a broader multi-target 

approach may be more effective than a vaccine directed at a single target.  Here we present 

an IAV vaccine candidate (Tandiflu1) that combines four conserved antigen sequences from 

two different influenza proteins on a single VLP display platform, representing the first 

successful insertion of different antigens into dual MIR sites for a HBc based VLP.  The 

tandem core VLP platform was chosen because hepatitis B virus core is a well-studied 



protein that has been shown to be a safe and well-tolerated vaccine subunit in human trials 

(NCT00819013). Additionally, the well-documented propensity of hepatitis B virus core to 

confer immunogenicity to associated antigens is required when targeting epitopes with low 

natural immunogenicity [22, 23].  

Tandiflu1 is the first vaccine application of the tandem core VLP, and immunisation with 

Tandiflu1 leads to simultaneous generation of antibodies to the M2 ectodomain as well as 

cross-reactive antibodies to group 1 hemagglutinin stalk. Matrix protein 2 ectodomain has 

been extensively characterised as a potential immunogen in universal influenza vaccines. De 

Filette et. al and others have previously shown that complete survival can be achieved with 

M2e vaccination administered in various forms [27, 28, 34]. Yet, mice effectively protected 

from lethal infection still experienced significant weight loss and exhibited signs of influenza.  

This indicates that immune protection targeting the M2e alone is not sufficient to prevent 

symptomatic influenza. Similarly, the LAH domain within the HA-stalk has long been known 

to be a conserved domain of IAV [35]. Wang and colleagues characterised this epitope and 

found that antibodies to this stalk domain are protective in the face of lethal IAV challenge 

[36]. Since then, many groups have tried to target this region with mixed success. While 

some groups demonstrated broad cross-protection others found only modest protection levels 

to the homologous viral strain [24, 37-40].  However, to our knowledge, a single vaccine 

platform which simultaneously targets both HA-stalk and M2 protein antigens has not 

previously been produced or tested. We showed that a VLP containing the M2e triplet 

antigen was sufficient for 100% group survival but targeting two conserved antigens 

simultaneously increases the probability of broad IAV coverage and decreases the likelihood 

of escape variants arising from a single gene mutation.  

Our data suggest that immunisation with Tandiflu1 combining three M2e variants and HA-

stalk antigen results in significant protection against influenza mortality. We have 



demonstrated that the tandem core platform allows the integration of several functional 

vaccine antigens into a single VLP, with implications for the generation of a multi-valent 

immune response, as well as an impact on lowering cost of production by producing multiple 

subunit antigens by a single process.  

 The precise immune mechanisms for M2 and LAH vaccines remain a source of discussion.  

Several groups have shown that administration of anti-M2e antibodies before or during 

infection can confer protection against IAV associated illness [41, 42].  Equally, others have 

shown that anti-LAH antibody injections are sufficient to protect mice from IAV infection 

[36]. Antibodies which bind the HA stalk have been shown to mediate protection by Fc 

receptor mediated neutrophil degranulation and phagocytosis, and NK-cell antibody-

dependent cellular cytotoxicity (ADCC) [43, 44]. The protection conferred by Tandiflu1 

vaccination is also mediated by antibody dependent mechanisms since protection was 

observed during passive serum transfer experiments, although the full role of cellular 

immunity requires further investigation. For antibodies which target M2 ectodomain, Saelens 

and colleagues showed that immune complement and ADCC play a small role, but most of 

the protective activity derives from antibody dependent cell-mediated phagocytosis (ADCP) 

[45]. This is mediated by alveolar macrophages and is transduced through their Fc receptors. 

The effector mechanism is dependent on anti-M2e antibodies binding influenza infected cells 

that are subsequently destroyed by phagocytic cells. We showed that serum from Tandiflu1 

immunised mice can bind IAV infected MDCK cells, thus antibody mediated effector 

functions targeting infected cells may explain the reduction in influenza infected lung cells at 

day 3 we observed. Future work will attempt to address the specific mechanisms of 

protection. 

 The anti-HA antibodies failed to recognise HA from group 2 viruses, this is not unexpected 

since the template sequence for the Tandiflu1 HA insert is from a group 1 H1N1 subtype. In 



the future, we plan to design a second VLP that incorporates HA stalk inserts from group 2 

influenza A subtypes and possibly influenza B, towards the development of a multi-valent 

universal influenza vaccine candidate.  Tandiflu1 has been generated at laboratory scale and 

shown to be bioactive in vivo, however, as Tandiflu1 particles tended to aggregate and 

exhibited limited stability some optimisation will be required before this vaccine can be 

manufactured and formulated as a viable vaccine for human or animal use.  

 

5. Conclusion:  

The prospect of a universal influenza vaccine seems to be within reach and in recent years 

many potential candidates have been proposed. Guided by the recent success of commercial 

and experimental VLP vaccines which have been shown to be safe and effective, we have 

combined four well documented influenza universal antigen targets within a single VLP 

vaccine. The development of tandem core allowing larger inserts to be carried at multiple 

sites in chimeric virus-like particles [20] has enabled us to harness the immunogenic 

properties of hepatitis B virus core as a vaccine platform[22, 23]. We present an IAV vaccine 

candidate that generates cross-reactive and protective antibody responses to multiple 

conserved influenza A virus antigens simultaneously. Vaccination with this VLP (Tandiflu1) 

results in 100% protection from two H1N1 strains in a mouse model of influenza infection.   

 

Funding  

This project has received funding from the European Union’s Seventh Framework 

Programme for research, technological development and demonstration under grant 

agreement n° 602437.  



 

Declaration of Interest 

The vaccine candidate described in this paper is covered by patent application # 

PCT/GB2015/053699 filed by iQur Ltd. Authors Ramirez, Crescente and Whelan are named 

inventors in this application. Authors Ramirez, Crescente and Rosenberg are current 

employees of iQur Ltd.  

 

Acknowledgements  

This work was carried out as part of the Flutcore Consortium 

http://cordis.europa.eu/project/rcn/109344_en.html . We acknowledge all the consortium 

partners including iQur Ltd, University College London Bioengineering, the University of 

Leeds, the Latvian Biomedical Research and Study Centre, Luxembourg Institute of Health, 

3P Pharmaceuticals and Vall d’Hebron Hospital. The electron micrograph images in 

Appendix1 were generated by Dr. Sam Stephen form Leeds University and we acknowledge 

Prof. Nicola Stonehouse and Prof. David Rowlands for their guidance and input.  

 

References 

 

[1] Centers for Disease C, Prevention. Update: influenza activity--United States and worldwide, 1993. 
MMWR Morb Mortal Wkly Rep. 1993;42:752-5. 
[2] Centers for Disease C, Prevention. Update: influenza activity--United States and worldwide, and 
composition of the 1993-94 influenza vaccine. MMWR Morb Mortal Wkly Rep. 1993;42:177-80. 
[3] Chang DH, Bednarczyk RA, Becker ER, Hockenberry JM, Weiss PS, Orenstein WA, et al. Trends in 
U.S. hospitalizations and inpatient deaths from pneumonia and influenza, 1996-2011. Vaccine. 
2016;34:486-94. 
[4] Fineberg HV. Pandemic preparedness and response--lessons from the H1N1 influenza of 2009. N 
Engl J Med. 2014;370:1335-42. 

http://cordis.europa.eu/project/rcn/109344_en.html


[5] Xie H, Wan XF, Ye Z, Plant EP, Zhao Y, Xu Y, et al. H3N2 Mismatch of 2014-15 Northern 
Hemisphere Influenza Vaccines and Head-to-head Comparison between Human and Ferret Antisera 
derived Antigenic Maps. Sci Rep. 2015;5:15279. 
[6] Kilbourne ED, Smith C, Brett I, Pokorny BA, Johansson B, Cox N. The total influenza vaccine failure 
of 1947 revisited: major intrasubtypic antigenic change can explain failure of vaccine in a post-World 
War II epidemic. Proc Natl Acad Sci U S A. 2002;99:10748-52. 
[7] Hsieh YC, Wu TZ, Liu DP, Shao PL, Chang LY, Lu CY, et al. Influenza pandemics: past, present and 
future. J Formos Med Assoc. 2006;105:1-6. 
[8] Senanayake SN. A pandemic that's not bird flu? Pigs might fly. Med J Aust. 2009;191:38-40. 
[9] Steel J, Lowen AC, Wang TT, Yondola M, Gao Q, Haye K, et al. Influenza virus vaccine based on the 
conserved hemagglutinin stalk domain. MBio. 2010;1. 
[10] Ekiert DC, Friesen RH, Bhabha G, Kwaks T, Jongeneelen M, Yu W, et al. A highly conserved 
neutralizing epitope on group 2 influenza A viruses. Science. 2011;333:843-50. 
[11] Gao X, Wang W, Li Y, Zhang S, Duan Y, Xing L, et al. Enhanced Influenza VLP vaccines comprising 
matrix-2 ectodomain and nucleoprotein epitopes protects mice from lethal challenge. Antiviral Res. 
2013;98:4-11. 
[12] Kaminski DA, Lee FE. Antibodies against conserved antigens provide opportunities for reform in 
influenza vaccine design. Front Immunol. 2011;2:76. 
[13] Kang SM, Song JM, Compans RW. Novel vaccines against influenza viruses. Virus Res. 
2011;162:31-8. 
[14] Pica N, Palese P. Toward a universal influenza virus vaccine: prospects and challenges. Annu Rev 
Med. 2013;64:189-202. 
[15] Neirynck S, Deroo T, Saelens X, Vanlandschoot P, Jou WM, Fiers W. A universal influenza A 
vaccine based on the extracellular domain of the M2 protein. Nat Med. 1999;5:1157-63. 
[16] Tsybalova LM, Stepanova LA, Kuprianov VV, Blokhina EA, Potapchuk MV, Korotkov AV, et al. 
Development of a candidate influenza vaccine based on virus-like particles displaying influenza M2e 
peptide into the immunodominant region of hepatitis B core antigen: Broad protective efficacy of 
particles carrying four copies of M2e. Vaccine. 2015;33:3398-406. 
[17] Wohlbold TJ, Nachbagauer R, Margine I, Tan GS, Hirsh A, Krammer F. Vaccination with soluble 
headless hemagglutinin protects mice from challenge with divergent influenza viruses. Vaccine. 
2015;33:3314-21. 
[18] Zheng D, Chen S, Qu D, Chen J, Wang F, Zhang R, et al. Influenza H7N9 LAH-HBc virus-like 
particle vaccine with adjuvant protects mice against homologous and heterologous influenza viruses. 
Vaccine. 2016;34:6464-71. 
[19] Yang JR, Cheng CY, Chen CY, Lin CH, Kuo CY, Huang HY, et al. A virus-like particle vaccination 
strategy expands its tolerance to H3N2 antigenic drift by enhancing neutralizing antibodies against 
hemagglutinin stalk. Antiviral Res. 2017;140:62-75. 
[20] Peyret H, Gehin A, Thuenemann EC, Blond D, El Turabi A, Beales L, et al. Tandem fusion of 
hepatitis B core antigen allows assembly of virus-like particles in bacteria and plants with enhanced 
capacity to accommodate foreign proteins. PLoS One. 2015;10:e0120751. 
[21] Blokhina EA, Kuprianov VV, Stepanova LA, Tsybalova LM, Kiselev OI, Ravin NV, et al. A molecular 
assembly system for presentation of antigens on the surface of HBc virus-like particles. Virology. 
2013;435:293-300. 
[22] Pumpens P, Grens E. HBV core particles as a carrier for B cell/T cell epitopes. Intervirology. 
2001;44:98-114. 
[23] Roose K, De Baets S, Schepens B, Saelens X. Hepatitis B core-based virus-like particles to present 
heterologous epitopes. Expert Rev Vaccines. 2013;12:183-98. 
[24] Mallajosyula VV, Citron M, Lu X, Meulen JT, Varadarajan R, Liang X. In vitro and in vivo 
characterization of designed immunogens derived from the CD-helix of the stem of influenza 
hemagglutinin. Proteins. 2013;81:1759-75. 



[25] Chen S, Zheng D, Li C, Zhang W, Xu W, Liu X, et al. Protection against multiple subtypes of 
influenza viruses by virus-like particle vaccines based on a hemagglutinin conserved epitope. Biomed 
Res Int. 2015;2015:901817. 
[26] De Filette M, Fiers W, Martens W, Birkett A, Ramne A, Lowenadler B, et al. Improved design and 
intranasal delivery of an M2e-based human influenza A vaccine. Vaccine. 2006;24:6597-601. 
[27] De Filette M, Martens W, Smet A, Schotsaert M, Birkett A, Londono-Arcila P, et al. Universal 
influenza A M2e-HBc vaccine protects against disease even in the presence of pre-existing anti-HBc 
antibodies. Vaccine. 2008;26:6503-7. 
[28] De Filette M, Min Jou W, Birkett A, Lyons K, Schultz B, Tonkyro A, et al. Universal influenza A 
vaccine: optimization of M2-based constructs. Virology. 2005;337:149-61. 
[29] Gerloff NA, Kremer JR, Charpentier E, Sausy A, Olinger CM, Weicherding P, et al. Swine influenza 
virus antibodies in humans, western Europe, 2009. Emerg Infect Dis. 2011;17:403-11. 
[30] Whelan MA, RAMIREZ CA, CRESENTE V. Vaccines based on hepatitis b core antigens; 2016. 
Patent application PCT/GB2015/053699  Publication# WO2016087863 A1 (Direct Link: 
https://patentscope.wipo.int/search/en/detail.jsf;jsessionid=A6D09D878DC3287B34FB0FF0F94BBB9
D.wapp2nC?docId=WO2016087863&recNum=1&maxRec=&office=&prevFilter=&sortOption=&query
String=&tab=PCTDescription )  
[31] Reed LJ, Muench H. A SIMPLE METHOD OF ESTIMATING FIFTY PER CENT ENDPOINTS12. 
American Journal of Epidemiology. 1938;27:493-7. 
[32] Hierholzer JC, Killington RA. 2 - Virus isolation and quantitation A2 - Mahy, Brian WJ. In: Kangro 
HO, editor. Virology Methods Manual. London: Academic Press; 1996. p. 25-46. 
[33] Ibanez LI, Roose K, De Filette M, Schotsaert M, De Sloovere J, Roels S, et al. M2e-displaying 
virus-like particles with associated RNA promote T helper 1 type adaptive immunity against influenza 
A. PLoS One. 2013;8:e59081. 
[34] Ravin NV, Blokhina EA, Kuprianov VV, Stepanova LA, Shaldjan AA, Kovaleva AA, et al. 
Development of a candidate influenza vaccine based on virus-like particles displaying influenza M2e 
peptide into the immunodominant loop region of hepatitis B core antigen: Insertion of multiple 
copies of M2e increases immunogenicity and protective efficiency. Vaccine. 2015;33:3392-7. 
[35] Medina RA, Garcia-Sastre A. Influenza A viruses: new research developments. Nat Rev 
Microbiol. 2011;9:590-603. 
[36] Wang TT, Tan GS, Hai R, Pica N, Ngai L, Ekiert DC, et al. Vaccination with a synthetic peptide 
from the influenza virus hemagglutinin provides protection against distinct viral subtypes. Proc Natl 
Acad Sci U S A. 2010;107:18979-84. 
[37] Impagliazzo A, Milder F, Kuipers H, Wagner MV, Zhu X, Hoffman RM, et al. A stable trimeric 
influenza hemagglutinin stem as a broadly protective immunogen. Science. 2015;349:1301-6. 
[38] Yassine HM, Boyington JC, McTamney PM, Wei CJ, Kanekiyo M, Kong WP, et al. Hemagglutinin-
stem nanoparticles generate heterosubtypic influenza protection. Nat Med. 2015;21:1065-70. 
[39] Khanna M, Sharma S, Kumar B, Rajput R. Protective immunity based on the conserved 
hemagglutinin stalk domain and its prospects for universal influenza vaccine development. Biomed 
Res Int. 2014;2014:546274. 
[40] Sun X, Wang Y, Dong C, Hu J, Yang L. High copy numbers and N terminal insertion position of 
influenza A M2E fused with hepatitis B core antigen enhanced immunogenicity. Biosci Trends. 
2015;9:221-7. 
[41] Treanor JJ, Tierney EL, Zebedee SL, Lamb RA, Murphy BR. Passively transferred monoclonal 
antibody to the M2 protein inhibits influenza A virus replication in mice. J Virol. 1990;64:1375-7. 
[42] Wang R, Song A, Levin J, Dennis D, Zhang NJ, Yoshida H, et al. Therapeutic potential of a fully 
human monoclonal antibody against influenza A virus M2 protein. Antiviral Res. 2008;80:168-77. 
[43] DiLillo DJ, Tan GS, Palese P, Ravetch JV. Broadly neutralizing hemagglutinin stalk-specific 
antibodies require FcgammaR interactions for protection against influenza virus in vivo. Nat Med. 
2014;20:143-51. 



[44] Mullarkey CE, Bailey MJ, Golubeva DA, Tan GS, Nachbagauer R, He W, et al. Broadly Neutralizing 
Hemagglutinin Stalk-Specific Antibodies Induce Potent Phagocytosis of Immune Complexes by 
Neutrophils in an Fc-Dependent Manner. MBio. 2016;7. 
[45] El Bakkouri K, Descamps F, De Filette M, Smet A, Festjens E, Birkett A, et al. Universal vaccine 
based on ectodomain of matrix protein 2 of influenza A: Fc receptors and alveolar macrophages 
mediate protection. J Immunol. 2011;186:1022-31. 

 


