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Abstract

Influenza virus causes seasonal epidemics and also poses a high risk for pandemics. To develop a 

broadly cross-protective influenza vaccine we have previously shown that a formulation consisting 

of the extracellular domain of M2 membrane protein (M2e) immobilized on gold nanoparticles 

(AuNPs) and soluble CpG as an adjuvant can elicit protective immunity against different influenza 

A subtypes. The vaccine formulation contains M2e that is immobilized on AuNPs, and an excess 

amount that is freely dissolved in solution, whose role in inducing protective immunity against 

virus infection is unclear. Using a mouse model, the current study shows that inclusion of excess 

soluble M2e antigen along with M2e immobilized on AuNPs is vital for inducing high levels of 

antibody response, and in providing complete protection against lethal influenza virus challenge. 

We also show that the vaccine induces long-lasting protection against mortality and morbidity 

upon lethal challenge with influenza A virus.
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Background

Influenza virus, as a respiratory pathogen, produces epidemics every year. Due to its rapid 

transmission it typically causes 3-5 million cases of severe-illness and a quarter to half a 

million deaths worldwide[1]. Influenza viruses also pose a high pandemic risk. Four 

pandemics have already resulted from influenza outbreaks in the twentieth century: in 1918, 

1957, 1968, and 2009[2, 3].After 2003, the highly pathogenic avian influenza H5N1 virus 

has caused outbreaks with a high rate of mortality in large parts of Asia and the Middle 

East[4]. Vaccines are acknowledged as the most useful medical intervention for preventing 
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influenza infection and reducing morbidity and mortality. Current commercial influenza 

vaccines rely on generating neutralizing antibodies against hemagglutinin (HA) and 

neuraminidase (NA), which are two dominant membrane glycoproteins expressed on the 

surface of influenza A virus. Although vaccine manufacturers update vaccine formulations 

annually[5, 6], seasonal influenza vaccines protect little against new unpredictable pandemic 

viruses because of mutations in HA and NA[7]. Experts in the field think that the emergence 

of a new influenza pandemic virus is only a question of “when, not if”[8].

M2 is another integral membrane protein of influenza virus. The 23 amino acid-long 

extracellular part of M2 (M2e) is considered to be an attractive target to develop a universal 

influenza vaccine because it is highly conserved in amino acid sequence amongst influenza 

A viruses[9]. However, M2e is naturally present in very small numbers on the virus surface, 

it has poor immunogenicity[10, 11], and due to its small size it is sterically-hindered by HA 

and NA. Overall, very little anti-M2e antibodies are produced in humans even after natural 

influenza infection[12, 13]. Because of this poor immunogenicity of M2e peptide, we and 

other researchers have focused on using recombinant and synthetic approaches to link M2e 

antigen to a carrier to enhance its immunogenicity[14-22].

It has been shown in our previous study that by immobilizing M2e on AuNPs and using 

soluble CpG (sCpG: CpG is not attached to AuNPs) as an adjuvant, strong M2e-specific 

antibodies are elicited in serum, and 100% survival rate is achieved in mice against 

influenza A/PR/8/34 (H1N1) lethal challenge[15]. We also demonstrated that mice 

vaccinated with only soluble M2e and sCpG but without AuNPs was not able to generate 

strong anti-M2e specific antibodies, attesting to the vital role of AuNPs as an antigen carrier 

in the vaccine formulation. Our vaccine formulation contains M2e in excess (~ 500 molar 

excess) to help fully cover the AuNP surface with M2e. Consequently, not only is M2e 

present immobilized on AuNPs, but a large number of M2e molecules are also present in a 

freely soluble form. In our previous study[15], we were motivated to retain excess M2e in 

the formulation and to not remove it so that a constant dose of M2e could be maintained 

across different test groups, which were designed to evaluate the effect of AuNPs and sCpG 

individually and in combination, on protective immunity. However, the role of this free M2e 

not immobilized on AuNPs towards induction of protective immunity was not investigated. 

In other words, does the immune response change as the quantity of freely soluble M2e in 

the formulation is altered while keeping the amount of M2e immobilized on AuNPs 

constant. To address this question, in our current study, we fixed the amount of AuNPs and 

varied the amount of M2e at different molar excess ratios. This approach resulted in 

formulations each with a constant amount of M2e immobilized on the AuNP surface but 

with a different amount of soluble M2e. We evaluated these formulations with respect to 

their stability in vitro, and the immune response and protection from lethal influenza A 

challenge in mice. In addition, the goal of a universal influenza A vaccine is to make annual 

vaccinations obsolete, while protecting the human population from seasonal and pandemic 

influenza A infections. Thus, to be an effective influenza A vaccine, the vaccine-induced 

immunity needs to be long-lived. Accordingly, in a mouse model we further examined the 

maintenance of immune response and protective efficacy 8 months post-vaccination.
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Methods

Chemicals

Gold(III) chloride trihydrate (520918-5G), trisodium citrate dihydrate (S1804-500G) and 

phosphate-citrate buffer tablet (P4809-50TAB) were purchased from Sigma-Aldrich. 

Sodium chloride (BDH0286-500G), tween 20 (BP337-100) and dithiothreitol (20289) were 

purchased from Fisher Scientific. O-Phenylenediamine (OPD) (00-2003) was purchased 

from Invitrogen. Milli-Q water with a resistance of 18.2 MΩ cm was used in all the 

experiments.

Peptides, antibodies and oligonucleotides

M2e (acetylated-SLLTEVETPIRNEWGSRSNDSSDC-amidated, MW: 2736 Da) was 

chemically synthesized by AAPPTec, LLC, USA. CpG oligodeoxynucleotide (ODN) 1826 

VacciGrade was purchased from InvivoGen (San Diego, CA, USA). CpG ODN 1826 has a 

sequence of 5’-TCCATGACGTTCCTGACGTT-3’ (CpG motifs are underlined) and is 

recognized by toll-like receptor 9 (TLR9). All secondary antibodies were purchased from 

Southern Biotech, USA.

Vaccine preparation

AuNPs with a diameter of 12 nm were synthesized by the Turkevich method[23, 24] of 

reduction of gold (III) chloride trihydrate (HAuCl4·3H2O) with trisodium citrate dihydrate 

(Na3C6H5O7.2H2O). The detailed protocol is described in our previous work[15]. M2e was 

immobilized on AuNPs by mixing AuNPs and M2e peptide in four different molar ratios. 

First, tween 20 at a final concentration of 0.1% was added to 1mL AuNP suspension to 

improve the stability of AuNPs. The particles were then centrifuged at 17,000 g for 25 min 

at 4 °C. Cysteine-terminated M2e peptides were added to each AuNP pellet (224 μg) to 

achieve molar excess ratios of 250, 500, 1000 and 5000; hereafter, these formulations are 

referred to as 250M2e-AuNP, 500M2e-AuNP, 1000M2e-AuNP, and 5000M2e-AuNP, 

respectively. The mixture was incubated overnight at 4°C to complete the functionalization 

process. To obtain washed M2e-AuNP formulation (no free M2e in solution), 500M2e-

AuNP was first prepared, then excess free M2e was removed by repeated centrifugation and 

resuspension of the pellet in water for a total of three times. M2e-AuNP pellets for each 

formulation were finally suspended in 100 μl water with 80 μg sCpG. This recipe allows 

immunization of four mice.

Characterization of AuNP-M2e Stability

AuNP-M2e conjugate was observed by transmission election microscopy (TEM) (Hitachi 

H-8100, MI, USA). TEM samples were prepared by placing a drop of the AuNP-M2e 

solution on a 300 mesh copper grid coated with carbon film and allowing it to dry. Size 

distribution of AuNP-M2e was measured using Dynamic Light Scattering (DLS) (Wyatt 

Technology Corporation, CA, US). Ultra violet-visible (UV-vis) absorbance spectra were 

also recorded for AuNP-M2e solutions from 400 to 700 nm at room temperature with Cary 

300 UV-vis spectrophotometer (Agilent Technologies, Inc., CA, USA).
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To compare stability of AuNPs capped with M2e, an aggregation parameter (AP) was used 

for empirical measurement of the aggregation process. AP is defined as , where A and 

A0 is the integrated absorbance between 600 and 700 nm for modified AuNPs and original 

AuNPs, respectively[25].

Quantification of M2e conjugated to AuNPs

To quantify the amount of M2e immobilized on AuNPs, different formulations were first 

washed to remove excess free M2e peptide. Next 10 μl of 100 mM dithiothreitol (DTT) was 

added into 50 μl of washed M2e-AuNP pellet to dissociate the covalent bond between gold 

and thiol[26, 27]. The supernatant containing released M2e peptide was lyophilized and 

redissolved in 10 μl of water. Protein concentration of M2e in this solution was measured 

via absorbance at 280 nm using Nanodrop2000 spectrophotometer (Thermo Fisher Scientific 

Inc, DE, USA). Samples were prepared in triplicate.

Mice immunizations

Female mice (BALB/c, 6-8 weeks) (Charles River Laboratories, MA, USA) were used in 

experiments following procedures approved by Texas Tech University Animal Care 

Committee (IACUC). For studying the effect of free M2e on the immune response, five 

mice per group were anesthetized and each mouse was intranasally immunized with 56 μg 

AuNPs mixed with either 8.2 μg M2e (500 molar excess), or 4.1 μg M2e (250 molar excess), 

or with no free M2e (fully washed), and 20 μg sCpG as adjuvant; these formulations are 

hereafter referred to as 500M2e-AuNP+sCpG, 250M2e-AuNP+sCpG, and washed M2e-

AuNP+sCpG, respectively. It was found that about 1.2 - 1.3 μg M2e is immobilized on 56 

μg AuNPs while the remaining M2e is present in soluble form. To evaluate long-term 

protection, another group of mice (six mice per group) was intranasally immunized with 

500M2e-AuNP+sCpG. All formulations were administered in a volume of 25 μl per mouse, 

given drop-wise to the nares at day 1 and was repeated (boosted) at day 21. Blood was 

collected through retro-orbital sinuses at study days 0, 21, and 42, and in addition at 4 month 

and 8 month for the long-term protection study. The collected sera were centrifuged at 

17000 g for 15 min and stored at -20 °C until analysis.

Measurement of M2e-specific IgG, IgG1 and IgG2a

M2e-specific antibodies generated by immunized mice were measured by ELISA as 

described before[15]. Briefly, ninety-six well plates (Maxisorp, Nunc) were coated 

overnight at 4 °C with 50 μl of 5 μg/ml M2e peptide in phosphate buffered saline (PBS). 

Plates were blocked with 100 μl of 1% bovine serum albumin in PBS for 2 h at room 

temperature. Serum from individual mice was diluted 1:1600 or 1:400, added to wells, and 

incubated for 1 h at room temperature. Next plates were incubated with 50 μl of 1:4000 

dilution of horseradish peroxidase (HRP)-labeled anti-IgG antibody for 1 h at room 

temperature. Plates were washed three times with PBST (0.05% tween 20 in PBS) between 

each step using ELx405 microplate washer (BioTek, VT). Color was developed with OPD 

as substrate. After 5-10 minutes, 50 μl of 3M phosphoric acid was added to terminate the 

reaction. Absorbance at 492 nm was recorded using SpectraMax Plus384 microplate reader 

(Molecular Devices LLC., CA).
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For measurement of IgG1 and IgG2a subtypes, the above procedure was repeated with 

individual mouse serum diluted 1:1600 or 1:400, and by using horseradish peroxidase 

(HRP)-labeled anti-IgG1 and anti-IgG2a as secondary antibodies.

Influenza A virus challenge

Mice were anesthetized and intranasally inoculated with 30 μl of influenza A virus (H1N1-

A/PR/8/34) at approximately 4 × lethal dose 50% (LD50), 42 days after first immunization 

or 8 months after first immunization. Mice were weighed prior to virus challenge and then 

weight loss was recorded daily. All mice were also observed for morbidity and mortality 

through day 14 post-challenge. If mice experienced weight loss of over 25%, they were 

euthanized and included as an experimental end point.

Statistical analysis

All statistical analyses were performed using GraphPad Prism for windows, version 5.0 

(GraphPad Software, Inc., La Jolla, CA). Comparison of antibody titers between groups of 

mice was performed with two-way analysis of variance (ANOVA) and a Bonferroni test at a 

value of p<0.05 for statistical significance. Kaplan-Meier survival curves were generated 

and compared by the Log-rank (Mantel-Cox) test followed by pairwise comparison using 

the Gehan-Breslow- Wilcoxon test. The mean body weights were analyzed by analysis of 

variance (ANOVA) followed by Tukey's multiple comparison test.

Results

Characterization of AuNP-M2e stability at different molar ratios

We have previously shown that AuNPs with 12 nm diameter can be chemically synthesized 

with low polydispersity, and can be stably conjugated with M2e (at 500 molar excess ratio) 

through the thiol-gold interaction arising from the cysteine residue in M2e[15]. As shown in 

Figure 1, this vaccine formulation comprises of three components M2e, AuNPs, and CpG, of 

which, M2e is present both in an immobilized form and a freely soluble form, while CpG is 

present only in a soluble form. Our previous study shows that immobilization of M2e to 

AuNPs is critical to achieve protection against lethal influenza infection. In the current study 

we sought to understand the importance of soluble M2e on the immune response and 

protection against influenza virus challenge. Thus, we first evaluated whether stable 

formulations can be prepared by increasing and decreasing M2e to AuNP molar ratio with 

respect to 500, the molar ratio we had used previously. Accordingly, bare AuNP pellets after 

centrifugation (224 μg in 48 μl) were mixed with cysteine-terminated M2e peptides to 

achieve M2e to AuNP molar ratios of 250, 500, 1000 and 5000. It was observed that AuNP 

colloids aggregated immediately after M2e was added at high molar ratios of 1000 and 5000 

to the AuNP solution. The aggregation of AuNPs was initiated by a color change from red to 

purple, and to colorless in the end. This is due to clusters of AuNP colloids settling down to 

the bottom of the tube. The AuNP colloidal clusters were further observed using TEM to 

monitor their aggregation condition. From Figure 2A it is seen that at high M2e to AuNP 

molar ratios of 1000 and 5000, AuNPs aggregate, while at molar ratios of 250 and 500 the 

M2e-conjugated AuNPs remain stable in solution, as indicated by discretely-spaced 

individual AuNPs. Washed M2e-AuNPs also remained stable after removing excess soluble 
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M2e from the vaccine formulation. Aggregation was also confirmed by examining size 

distribution, which showed a considerably broader size distribution for 5000M2e-AuNP and 

1000M2e-AuNP as compared to 500M2e-AuNP, 250M2e-AuNP, and washed M2e-AuNP 

(Supplementary Figure 1).

We further analyzed formulation stability using UV-vis spectroscopy. Negatively charged 

bare AuNPs with 12 nm diameter were stable and observed to display maximum absorbance 

peak at a wavelength of 518 nm (Figure 2B). As seen in Figure 2B, M2e-conjugated AuNPs 

were stable when M2e was added at molar ratios of 250 and 500. Additionally, washed 

M2e-AuNPs also remained stable in solution. In contrast, when M2e was added in higher 

molar ratios of 1000 and 5000, it induced aggregation as shown by decrease in absorbance at 

518 nm and an increase in absorbance at extended wavelengths with sharp increase in 

aggregation parameter (Figure 2C). These data suggest that when the molar ratio of M2e to 

AuNP reaches 1000, it exceeds the critical protein concentration for the ‘M2e-AuNP’ 

colloidal system. Such a protein concentration-dependent aggregation of AuNPs has been 

previously noted and reported in literature[28, 29]. Since 1000M2e-AuNP and 5000M2e-

AuNP were unstable, we chose the stable formulations of AuNPs functionalized with M2e 

peptide in molar ratios of 1:250 (250M2e-AuNP) and 1:500 (500M2e-AuNP), and washed 

M2e-AuNPs (no free M2e in solution) to further characterize the contribution of freely-

soluble M2e in the vaccine formulation towards protective immunity.

Amount of M2e conjugated to AuNPs

After verifying the stability of different vaccine formulations, we next quantified the amount 

of M2e immobilized on them. Based on M2e quantification procedure as described in 

methods section, we found that for the 500M2e-AuNP formulation, out of the total 8.2 μg 

M2e added, 1.3 ± 0.25 μg of M2e is immobilized on the AuNP surface, while for 250M2e-

AuNP formulation, out of the total 4.1 μg of M2e, 1.2 ± 0.22 μg of M2e is immobilized on 

the AuNP surface. Because the washed M2e-AuNP formulation is prepared by first 

preparing the 500M2e-AuNP formulation and then washing it, it also contained the same 

amount of M2e conjugated to AuNP surfaces as that in the 500M2e-AuNP formulation. It is 

important to note that this result is in close agreement with our previous study in which we 

determined that the amount of M2e immobilized on AuNPs in the 500 molar excess 

formulation was 1.25±0.25 μg, even though a different detection technique based on ELISA 

was used previously[15]. This demonstrates that once the number of AuNPs of a certain size 

is fixed, the amount of M2e immobilized to these AuNPs does not change (p=0.63, student t 

test) despite a change in the quantity of excess M2e added. The amounts of total M2e and 

AuNP-immobilized M2e for each stable formulation are summarized in Table 1.

Effect of soluble M2e quantity on the immune response

To investigate the role of soluble M2e, i.e., M2e that is not immobilized on AuNPs, we 

vaccinated mice intranasally with M2e-AuNP+sCpG vaccine formulations with different 

amounts of excess soluble M2e as shown in Table 1. An ELISA was performed on pooled 

sera for each group to obtain a dilution curve of M2e-specific IgG antibodies for day 21 and 

day 42 (Supplementary Figure 2). Immune sera of individual mice at 1:1600 dilution were 

then examined further for M2e-specific IgG and IgG subtypes (Figure 3).
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The vaccine formulation 500M2e-AuNP+sCpG, which contains 6.9 μg of soluble M2e and 

1.3 μg of M2e immobilized on AuNPs elicited the highest anti-M2e serum IgG response 

(Figure 3A). Upon reducing the amount of soluble M2e to 2.9 μg but maintaining the 

immobilized M2e at the same level (250M2e-AuNP+sCpG formulation), a little lower 

amount of anti-M2e serum IgG antibody response was observed (Figure 3A). Upon 

complete exclusion of soluble M2e from the formulation while still maintaining 1.3 μg of 

M2e immobilized to AuNPs (washed M2e-AuNP+sCpG formulation), an even lower 

antibody response was observed (Figure 3A). Similar trend was seen for M2e-specific IgG1 

and IgG2a antibody responses (Figures 3B and 3C). Especially, IgG1 antibody was 

significantly enhanced by increasing the amount of soluble M2e from 0 to 6.9 μg (p<0.01). 

The decreasing trend in anti-M2e IgG and IgG2a response is notable between 500M2e-

AuNP+sCpG and washed M2e-AuNP+sCpG groups, but it is only marginally significant 

(p=0.073 for IgG and p=0.088 for IgG2a). These results indicate that soluble M2e is a 

critical component of the vaccine formulation, and that its quantity in the vaccine 

formulation plays a vital role in inducing enhanced anti-M2e antibody response.

Effect of soluble M2e quantity on protection against influenza virus

Results from ELISA demonstrated that presence of soluble M2e in higher amounts in the 

vaccine formulation improves its ability to elicit M2e-specific IgG antibody and its 

subtypes. We next tested whether the quantity of soluble M2e in the vaccine formulation 

also affects protection of mice from lethal influenza A challenge. Accordingly, vaccinated 

mice were challenged using a lethal dose of influenza A/PR/8/34 (H1N1) virus (~4× LD50). 

Mice receiving M2e immobilized on AuNPs but without soluble M2e (washed M2e-AuNPP

+sCpG) had the lowest level of M2e-specific serum antibodies compared to other groups, 

and also demonstrated a relatively low survival rate of 60% (Figure 4A). Incorporation of 

soluble M2e in the formulation and increasing its dose from 2.9 μg to 6.9 μg 

correspondingly improved the survival rate to 80% and 100%. It was found that weight loss 

occurred in all groups (Figure 4B). However, only mice receiving the vaccine formulation of 

500M2e-AuNP+sCpG exhibited significantly less weight loss compared to the naïve group 

(p<0.05 at day 6; p<0.001 at day 7; p<0.01 at days 8 and 9). Further, 500M2e-AuNP+sCpG 

group showed significantly less weight loss compared to 250M2e-AuNP+sCpG (p<0.01 at 

day 7, 10-12; p<0.05 at days 13-14) and washed M2e-AuNP+sCpG (p<0.05 at days 7-11; 

p<0.01 at day 12) vaccine formulation groups. Thus, the quantity of free M2e in the vaccine 

formulation is critical to induce better survival and to reduce sickness in mice (reflected by 

lower weight loss) upon influenza A infection.

Long-term immune response and protection against A/PR/8/34 (H1N1) virus

Aforementioned results demonstrate that intranasal vaccination with the vaccine formulation 

comprising of about 1.3 μg of M2e immobilized on AuNPs and an additional 6.9 μg of free 

M2e (500M2e-AuNP+sCpG) was able to elicit a significantly strong M2e-specific antibody 

response, and protected mice from lethal influenza infection with significantly low weight 

loss. We were further motivated to investigate the long-term antibody response from this 

vaccine formulation. Accordingly, mice were intranasally immunized with 500M2e-AuNP

+sCpG and kept for 8 months post vaccination. Levels of total M2e-specific serum IgG and 

IgG subtypes at 0 day (pre-immune sera), 21 day, 42 day, 4 months, and 8 months (before 
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challenge) were determined using ELISA. As observed from Figure 5A and 5B, at early 

time points, i.e., day 21 and day 42, anti-M2e IgG and IgG subtype antibodies were all 

detected at increased levels which is consistent with Figure 3, and our prior work[15]. Over 

time, at months 4 and months 8, M2e-specific antibody levels exhibited a decreasing trend 

but were still maintained at significantly high levels compared to day 0 (p<0.001). To 

evaluate the long-term protective efficacy induced by 500M2e-AuNP+sCpG vaccine 

formulation, mice were challenged 8 months after vaccination with a lethal dose of A/PR/

8/34 (H1N1) influenza virus (~4 × LD50). From Figure 6A it can be seen that mice 

immunized with 500M2e-AuNP+sCpG vaccine were 100% protected (6/6). Further from 

Figure 6B it can be observed that vaccinated mice do not show significant weight loss 

compared to their post-challenge weight. In contrast, naïve mice exhibit significant weight 

loss compared to their post-challenge weight, which at days 7 to 9 is also significantly lower 

compared to vaccinated mice (p<0.05). These results demonstrate that 500M2e-AuNP

+sCpG vaccine is able to induce long-lasting immunity and protection against influenza 

virus after intranasal immunization.

Discussion

Our previous work demonstrated that presence of M2e immobilized onto AuNPs plays a 

critical role in improving the immunogenicity and efficacy of M2e compared with its purely 

soluble form[15]. However, because we had added M2e in excess, only a fraction of M2e 

was conjugated to AuNPs and a large part remained freely soluble. The function of this 

soluble fraction of M2e in inducing immune response remained unclear. To investigate this 

further, in the current study, we designed and constructed vaccine formulations comprising 

of AuNPs mixed with M2e at different molar excess ratios, and from amongst these we 

selected the stable formulations to further examine their immunogenicity in mice. In all 

investigated formulations sCpG was included as an adjuvant, which stimulates TLR-9.

In the current study, the effect of soluble M2e in the formulation was demonstrated. 

Addition of M2e in molar excess ratios of 1000 and 5000 produced unstable AuNPs, and 

were thus not evaluated in vivo. Formulations with molar excess ratios of 250 and 500 were 

found to be stable. For formulations containing 250 and 500 molar excess M2e, and the 

washed formulation, the amount of M2e immobilized on AuNPs was found to be similar 

(1.2 to 1.3 μg; p=0.63). This result is expected because at both 250 and 500 molar excess 

ratios sufficiently high number of M2e molecules are available, which can help completely 

cover the available AuNP surface. On the other hand, the amount of freely soluble M2e in 

the vaccine formulation with 250 molar excess M2e was about 2.5 fold lower than in the 500 

molar excess formulation. Using these two formulations, we could thus change the dose of 

freely soluble M2e by about 2.5 fold but were able to maintain the dose of M2e immobilized 

on AuNPs constant, allowing us to exclusively study the effect of free M2e on the immune 

response. Additionally, a washed M2e-AuNP formulation was included, in which there is no 

soluble M2e, and all of M2e is present only in AuNP-immobilized form.

Upon changing the amount of free M2e in the formulation but keeping the amount of M2e 

immobilized on AuNPs fixed, a significant effect on immune response and protection 

against lethal influenza challenge was observed. Specifically, as the amount of free M2e was 
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increased from 0 μg to 2.9 μg to 6.9 μg, an increasing trend in serum anti-M2e IgG levels 

was observed. Further, the levels of M2e-specfic IgG1 and IgG2a antibodies were also 

enhanced with an increasing dose of soluble M2e. Upon challenge, the group vaccinated 

with the largest amount of free M2e (6.9 μg in 500M2e-AuNP+sCpG formulation) exhibited 

100% protection against influenza A/PR/8/34 (H1N1) virus and was accompanied with the 

least weight loss (~4%). In contrast, as the amount of free M2e in the vaccine formulation 

was reduced to 2.9 μg and 0 μg, the survival rates were reduced to 80% and 60%, 

respectively, and the mice exhibited significantly higher weight loss. Thus, it is clear that the 

quantity of soluble M2e in the vaccine formulation is critical to induce high levels of anti-

M2e antibodies and in protecting mice against lethal influenza virus challenge.

Our previous study has demonstrated that AuNPs, onto which M2e is immobilized are also 

critical for achieving protection against lethal influenza virus challenge[15]. Together, these 

findings suggest that to design vaccines based on antigen-carrier systems the combination of 

the correct dose of soluble antigen and carrier-immobilized antigen is critical. Indeed, using 

silica nanoparticles, Wibowo et al have demonstrated the importance of simply mixing a 

nanoparticle with a soluble antigen to increase immunogenicity[30]. They have shown that 

upon mixing silica nanoparticles 50 nm in diameter with a soluble sub-unit capsomere 

protein antigen of M2e (CapM2e), the immune response increased to levels comparable to 

the use of allydrogel as an adjuvant. Immunogenicity-enhancement observed by them 

occurred despite adsorption of just 7.2 % of M2e (as part of CapM2e) antigen on to the 

silica nanoparticles. In contrast, in our study, the fraction of M2e adsorbed on to AuNPs was 

almost 18.8 % for the 500M2e-AuNP group (1.3 μg/6.9 μg x 100). The importance of 

soluble antigen in the vaccine formulation has also been suggested for other antigens. Balaji 

et al, showed that a nanovaccine composed of soluble and particle-encapsulated fusion 

protein F1-V (a plague antigen) stimulated enhanced antibody production compared with 

encapsulated F1-V alone[31, 32]. They proposed that the enhanced efficacy arising from 

inclusion of soluble antigen with encapsulated antigen may be attributable to generation of 

immune complexes, which correlate to production of more avid antibodies. This hypothesis 

suggests that as a future direction, it is important to examine the avidity of antibody induced 

by our vaccine formulations. Overall, data presented by us, and others[33] points towards a 

previously unrecognized role of the enhancement of vaccine immunogenicity by the addition 

of a sizable amount of a soluble antigen into a nanoparticle formulation, where only a small 

fraction of the antigen is adsorbed/attached to the nanoparticle surface. Additional studies 

are required to study this effect in greater detail; especially to assess whether antigen 

attachment to the nanoparticles is required at all?

Additionally, the goal of flu vaccination is the generation of long-term immunity that will 

enable prompt immune response when subjects encounter an influenza virus. Thus, we 

evaluated longevity and efficacy of the generated immunity by intranasal administration of 

our vaccine in mice. In the current study, we found that 500M2e-AuNP+sCpG vaccine 

formulation was able to induce long-lasting immunity and provided 100% protection against 

mortality and morbidity following influenza virus A/PR/8/34 (H1N1) challenge, 8 months 

post first-vaccine-dose. This protection was achieved despite decrease in serum anti-M2e 

antibodies over time. A similar result has also been reported previously where with a virus-
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like particle-based vaccine expressing tandem repeats of M2e, it was shown that while the 

level of M2e-specific antibody decreased long-term post immunization, still the mice were 

protected against challenge with influenza A/Philippines/82 virus[34]. The exact mechanism 

of this long-term immunity stimulated via 500M2e-AuNP+sCpG in not clear. It has 

previously been shown that stimulation of B cells via ligation of the B cell receptor (BCR) 

in the presence of CpG can induce differentiation of B cells into plasma cells[35]. Similarly, 

because our formulation contains M2e immobilized in high density on AuNPs, which can 

potentially stimulate BCR[36], and also contains sCpG, it is possible that the vaccine can 

stimulate plasma cell development that can maintain antibody levels for long-term. 

However, more experiments are needed to study this hypothesis.

AuNPs have more than 70 years of history of use in humans to treat extreme cases of 

rheumatoid arthritis[37]. Various bioavailability and toxicity studies have been done and the 

conclusions suggest that gold nanoparticle size, route of administration, and properties of the 

molecule conjugated to its surface can affect its biodistribution and safety profile[38-43]. 

However, no studies exist that have examined biodistribution of AuNPs upon intranasal 

administration. Thus, it is important to specifically study the biodistribution and safety of 

our vaccine formulation administered intranasally. Studies to this regard are ongoing in our 

laboratory and they will be presented when results are available. However, our preliminary 

histological studies of lung and brain sections of vaccinated animals 3 months post 

vaccination show no differences when compared to naïve controls (unpublished 

observation). We also could not find any gold in whole brains of these animals using 

inductively coupled plasma mass spectrometry (ICP-MS) as the measurement technique, 

which can allow sensitive quantitation (pg/ml levels) of gold [44]. We have also not 

observed any adverse health effects in the vaccinated mice that were monitored for up to 8 

months post vaccination. Specifically, vaccinated mice did not display any signs of illness, 

such as weight loss, inactivity, hunched or unkempt appearance, lack of grooming, or any 

ectopic signs of inflammation, such as hair loss, redness or swelling.

In conclusion, we show that the presence of free M2e in the vaccine formulation is critical to 

stimulate a good immune response and to provide 100% protection against influenza A virus 

infection. The vaccine formulation also provides long-term term protection in mice upto 8 

months. An important aspect of our vaccine formulation is that both AuNPs and M2e can be 

chemically synthesized. So it can potentially allow for a fully synthetic approach of vaccine 

production, which can be implemented in weeks rather than in months. Also, this approach 

is amenable for rapid manufacture of influenza vaccines that contain a new protective 

sequence of M2e to adapt to the antigenic shift and drift of emergent strains. Thus, 

collectively, our results support further evaluation of M2e-AuNP+sCpG as a universal 

influenza A vaccine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Vaccine formulation
(Left) Photograph of the vaccine formulation. (Right) Schematic showing vaccine 

components, which consist of M2e immobilized on gold nanoparticles (AuNPs), soluble 

excess M2e, and soluble CpG (sCpG) as adjuvant.
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Fig 2. Stability characterization of AuNPs with different molar ratios of M2e
(A) Transmission electron micrographs of AuNPs conjugated with different molar ratios of 

M2e. (B) Absorption spectrum of vaccine formulations containing AuNPs and different 

molar ratios of M2e. (C) Aggregation parameter of vaccine formulations containing AuNPs 

and different molar ratios of M2e.
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Fig 3. Effect of free M2e quantity on M2e-specific IgG and IgG subtype antibody response in 
mice
Groups of mice (n=5 per group) were vaccinated on days 0 and 21 with different 

formulations each containing the same amount of M2e conjugated to AuNPs and sCpG, but 

different amounts of free M2e (6.9 μg in 500M2e-AuNP+sCpG, 2.9 μg in 250M2e-AuNP

+sCpG, and 0 μg in washed M2e-AuNP+sCpG). Serum was collected on day 0, 21, and 42 

for analysis. (A) M2e-specific IgG antibody in 1:1600 diluted serum of individual mice. (B) 

IgG1 antibody in 1:1600 diluted serum of individual mice. (C) IgG2a antibody in 1:1600 

diluted serum of individual mice. Each symbol represents an animal and the horizontal bar 
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represents the mean. Optical density (OD) of the ELISA reaction was measured at 492 nm 

wavelength. * represents p<0.05, ** represents p<0.01.
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Fig 4. Effect of free M2e quantity on protective efficacy against influenza A/PR/8/34 (H1N1) 
virus
Groups of mice (n=5 per group) were vaccinated on days 0 and 21 with different 

formulations each containing the same amount of M2e conjugated to AuNPs and sCpG, but 

different amounts of free M2e (6.9 μg in 500M2e-AuNP+sCpG, 2.9 μg in 250M2e-AuNP

+sCpG, and 0 μg in washed M2e-AuNP+sCpG), and challenged on day 42 with about 

4xLD50 of influenza A/PR/8/34 (H1N1) virus. (A) Survival rate after virus infection (* 

represents p<0.05, ** represents p<0.01, both with respect to naïve mice), and (B) body 

weight after virus infection (* represents p<0.05, ** represents p<0.01, *** represents 

p<0.001).

Tao and Gill Page 18

Vaccine. Author manuscript; available in PMC 2016 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 5. Long-term M2e-specific IgG and IgG subtype antibody response in mice
Mice (n=6) were vaccinated with 500M2e-AuNP+sCpG on days 0 and 21, and serum was 

collected on day 0, day 21, day 42, 4 months, and 8 months for analysis. (A) M2e-specific 

IgG antibody in 1:400 diluted serum of individual mice. Each circle represents an animal 

and the horizontal bar represents the mean. (B) IgG1 and IgG2a antibodies in 1:400 diluted 

serum of individual mice. Each diamond represents an animal and the horizontal bar 

represents the mean. Optical density (OD) of the ELISA reaction was measured at 492 nm 

wavelength. * represents p<0.05, *** represents p<0.001, **** represents p<0.0001.
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Fig 6. Long-term immunity evaluation against influenza A/PR/8/34 (H1N1) virus challenge
Mice (n=6) were vaccinated with 500M2e-AuNP+sCpG on days 0 and 21, and challenged 

with about 4xLD50 of influenza A/PR/8/34 (H1N1) virus 8 months after first immunization 

dose. (A) Survival rate and (B) body weight after virus infection. n=6 in each group. * 

represents p<0.05, ** represents p<0.01, *** represents p<0.001.

Tao and Gill Page 20

Vaccine. Author manuscript; available in PMC 2016 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tao and Gill Page 21

Table 1

Vaccine formulations - dose per animal

Group No. Experimental group Soluble M2e (μg) M2e immobilized on 56 μg AuNPs (μg) Soluble CpG-ODN(μg)

1 500M2e-AuNP+sCpG 6.9 1.3 20

2 250M2e-AuNP+sCpG 2.9 1.2 20

3 Washed M2e-AuNP+sCpG 0 1.3 20

4 Naive ----- ----- -----
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