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Abstract

To enhance the immunogenicity of the Influenza H5N1 vaccine, we developed an oil-in-water 

nanoemulsion (NE) adjuvant. NE displayed good temperature stability and maintained particle 

size. More importantly, it significantly enhanced IL-6 and MCP-1 production to recruit innate 

cells, including neutrophils, monocytes/macrophages and dendritic cells to the local environment. 

Furthermore, NE enhanced dendritic cell function to induce robust antigen-specific T and B cell 

immune responses. NE-adjuvanted H5N1 vaccine not only elicited significantly higher and long-

lasting antibody responses, but also conferred enhanced protection against homologous clade 1 as 

well as heterologous clade 2 H5N1 virus challenge in young as well as in aged mice. The pre-

existing immunity to seasonal influenza did not affect the immunogenicity of NE-adjuvanted 

H5N1 vaccine.
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Background

Since the first report of human infections of avian influenza subtype H5N1 in China in 1997, 

H5N1 has spread to several countries in Asia, Europe and Africa with approximately a 53% 

fatality rate and continues to pose a pandemic threat1. Vaccination is the best preventative 

strategy against a potential avian influenza pandemic. However, in general, the current 

H5N1 vaccines, both inactivated and a live attenuated H5N2, are poorly immunogenic2,3. 
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The first FDA-approved H5N1 vaccine only achieved acceptable levels of sero-protection at 

two doses of 90 µg each4, which raises concerns that current flu vaccine manufacturing 

facilities which may not be able to produce enough pandemic flu vaccine at this high dose 

level. Adjuvants have been used to overcome poor immunogenicity for more than 80 years5. 

However, alum-adjuvanted inactivated influenza H5N1 vaccines had little effect on the 

immunogenicity6–9. Oil-in-water NE, namely MF59 and AS03, when combined with H5N1 

influenza vaccines were found to be safe, enhanced the immunogenicity and achieved 

significant antigen dose-sparing in adults, older adults and children10–24. AS03-adjuvanted 

H5N1 vaccine was approved by US FDA for national vaccine stock pile for human use in the 

US25. However, the precise mechanism of oil-in-water emulsions in enhancing the 

immunogenicity of vaccines is still unclear, although a transient release of ATP in muscle 

cells has been suggested to play a role in the adjuvanticity of MF5926. Furthermore, since 

these oil-in-water adjuvants are proprietary, developing adjuvants/formulations that enhance 

the immunogenicity of poorly immunogenic avian influenza vaccines and investigating their 

mechanisms of action is an active area of investigation27–32. Here, we report the 

development of an oil-in-water NE to overcome the poor immunogenicity of H5N1 

monovalent influenza subvirion vaccine (A/Vietnam/1203/2004) and investigate the 

mechanism of its adjuvanticity. Our results demonstrate that the nanoemulsion is stable for 

over two years. It enhances the immunogenicity of H5N1 vaccine with significant antigen 

dose-sparing and protects mice from clade 1 as well as clade 2 virus challenge. The 

enhanced immunogenicity is due to the recruitment of DC-progenitor cells, their 

differentiation and maturation and the enhanced function of DC.

Methods

Preparation of NE

The NE consists of a water phase: 98% PBS and 2% Tween 80 and an oil phase: 90% 

Squalene and 10% α-Tocopherol. Tween 80, squalene and α-Tocopherol were purchased 

from Sigma (St. Louis, MO).

The aqueous phase was added at 80% (v/v) to the oil phase to yield a crude emulsion. The 

crude emulsion was processed through a M110-P microfluidizer (Microfluidics, Newton, 

MA) for 5 passes at 20,000 psi.

Determination of NE particle size

Nanoemulsion particle sizes were determined using a Wyatt Technology Corporation 

DynaPro Plate Reader (Santa Barbara, CA), which uses scattered light intensity fluctuations 

to calculate a diffusion coefficient and radius in nm for objects in solution. The instrument 

was equipped with an 832.5 nm laser and measurements were performed using a scattering 

angle of 158° at 25°C. To test NE stability, the oil-in-water NE was aliquoted and stored at 

four different temperatures of 4°, room temperature, 37°, or 56° C. Stability of NE was 

evaluated by following a phase separation visually as well as by the particle size distribution 

analysis.
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Mice immunization

The immunogenicity of un-adjuvanted and NE-adjuvanted H5N1 vaccines were assessed 

using groups of 10 female BALB/c mice. On day 0, mice were immunized by intramuscular 

(i.m.) route with H5N1 vaccine alone at 3, 0.1 and 0.01 µg of HA or vaccine combined with 

NE. In some experiments, mice were immunized with H5N1 vaccine plus Imject™ Alum 

Adjuvant (ThermoFisher Waltham, MA) as control. In other studies addressing the impact of 

prior immunization with seasonal influenza vaccine on the immunogenicity of NE-

adjuvanted H5N1 vaccine, mice were immunized with seasonal influenza vaccine 4 weeks 

before the administration of H5N1 vaccine. Intramuscular injection was performed in both 

quadriceps muscles with 50 µl dose per quadriceps. Both the vaccine and adjuvants were 

mixed prior to immunization. Control groups received either PBS solution or NE alone. A 

second immunization (boost) was repeated on day 28 with the same formulations. Blood 

samples were collected at 3 weeks following the first immunization, and then at 3 weeks, 3, 

6 and 9 months following the second immunization. Four weeks after boost, 5 mice from 

each group were challenged with 25 µl in each nostril of 5×LD50 of viruses generated by 

reverse genetics (rg), containing HA and NA from A/Viet Nam/1203/2004 (H5N1) 

[rgA/VN/04, CDC-RGE2] or HA and NA from A/Indonesia/05/2005 [rgA/IN/05, IBCDC-

RG2E2] and the remaining six gene segments from A/Puerto Rico/8/1934-(PR8). Animal 

were monitored daily for morbidity by measuring changes in body weight. Any mouse 

which lost >25% of its pre-challenge body weight was euthanized and considered 

succumbed to infection. For cell recruitment studies, mice were injected with 3 µg H5N1 

vaccine with or without NE in one leg and the untreated, contralateral muscle served as a 

negative control. To examine the uptake of antigen by DCs in vivo, 50 µg FITC-conjugated 

ovalbumin (Life Technologies, Grand Island, NY) with or without NE were intramuscularly 

injected to mice. The muscle injection sites and draining lymph nodes were collected one 

day after injection and dissociated into single-cell suspensions to measure OVA uptake by 

flow cytometry. All animal research was approved by the CDC-IACUC and was conducted 

in an AAALAC-accredited facility.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software, 

La Jolla, CA). The one way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparison test was used to analyze differences among treatments for flow cytometry data 

and log transformed antibody (HI) titers; data were presented as mean ±SEM. The Logrank 

(Mantel-Cox) test was used to compare percent survival among groups of mice. All 

differences were considered statistically significant when the p-value was <0.05.

Results

Oil-in-water NE formulation and characterization

The oil-in-water NE contains Squalene and α-Tocopherol, Tween 80 and PBS. The mean 

particle size of oil-in-water NE shortly after preparation was 99 ± 2 nm, within the typical 

size range of NE (20–200 nm)33. To investigate the stability of NE formulation, NE was 

aliquoted and stored at 4°C, 37°C and 56°C for up to 9 months and at room temperature for 

up to 2 years. Samples’ particle size was analyzed at 0, 3, 6, 9 and 24 months after 
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preparation. There was no phase separation of emulsion at any time points. Furthermore, the 

particle size for this formulation remained constant over 9 months post-formulation at all 

storage temperatures tested (4°C, 37°C and 56°C) indicating the thermostability of NE 

(Figure. 1A). Even after 2 years post-formulation, the particle sizes of nanoemulsion stored 

at room temperature were stable (101.3 ± 1.0 nm vs 100.0 ± 1.0 nm at day 0 vs 2 years 

respectively).

NE induces high levels of IL-6 and MCP-1 locally and systemically

To study the mechanism of the adjuvanticity of NE, we immunized mice with H5N1 vaccine 

(3 µg) in the presence or absence of NE by i.m. injection in quadriceps muscle and measured 

cytokine production at the injection site. Muscle tissues from the injection sites were 

obtained at 6 h post-immunization and homogenates were prepared for the measurement of 

cytokine production by Bio-plex. 15–17 fold increase of IL-6 and 3–4 fold increase of 

MCP-1 were detected locally upon injection of NE, with or without vaccine (Figure 1B) 

compared to vaccine alone group. Next, the cytokine levels in the sera of mice at 6 h, day 1 

and 7 after immunization were similarly assessed using Bio-plex analysis. As early as 6 h 

post-immunization, the level of pro-inflammatory cytokine, IL-6, increased 12–17 fold in 

the sera of mice immunized with NE or NE-adjuvanted vaccine, as compared with sera from 

mice immunized with vaccine alone, which were maintained up to 24 h (Figure 1C). 

Furthermore, NE injection also increased the release of monocyte chemoattractant protein-1 

(MCP-1) into the serum on day 1 post-immunization (Figure 1C). The levels of IL-6 and 

MCP-1 in sera on day 7 post-immunization were much lower than those at day 1 and there 

were no differences in IL-6 or MCP-1 production among different treatment groups (Figure 

1C). The serum levels of TNF-α, IFN-γ, IL-1β and MIP-1β were similar among groups 

with or without NE at all time points tested (data not shown). Taken together, our results 

demonstrated that NE induced higher levels of IL-6 and MCP-1 locally as well as 

systemically.

NE induces rapid recruitment of innate cells to injection site

The elevated pro-inflammatory and chemokine production at the local injection sites 

prompted us to examine the cellular recruitment into the injection sites. To characterize the 

cellular infiltrates, multicolor FACS analysis of the single cell suspensions from collagenase-

digested muscle tissues were performed. Neutrophils were defined as Ly6G+, monocytes as 

Ly6Chigh, eosinophils as Ly6Glow/SSChigh, macrophages as F4/80+. At 24 h after 

immunization, we observed a significant increase in neutrophil recruitment (11 fold) in the 

NE-injected groups as compared to vaccine alone group (Figure 1D). The percentage of 

monocytes were also slightly increased at the injection site. One week after immunization, 

the frequency of neutrophils in different treatment groups was similar. Dendritic cells (DCs) 

are professional antigen presenting cells (APCs) which link innate and adaptive immunity. 

DCs were defined as CD11c+/I-A/Ehigh and can be further separated as CD11b+ and 

CD11b− subtype. As shown in Figure 1d, NE did not significantly affect the percentage of 

DC at 24 h post-immunization. However, on day 7 post-immunization, the percentage of 

monocytes was significantly elevated in the NE treated group with or without vaccine (3–5 

fold). Consequently, the percentage of macrophages and DCs, which were differentiated 

from monocytes, increased 2–5 fold. The combination of vaccine and adjuvant did not 
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further increase the adjuvant-induced cellular influx. Taken together, these findings suggest 

that NE induced rapid recruitment of inflammatory cells to the injection site and facilitated 

the development and differentiation of dendritic cells.

NE enhances DC antigen uptake

DCs are sentinels of the immune system. Upon sensing danger signals, DCs quickly capture, 

process and present the antigen to B and T cells in the draining lymph nodes to initiate 

adaptive immune responses. To examine antigen uptake by innate cells at injection site, we 

immunized animals with FITC-conjugated OVA with or without NE. As shown in Figure 2a, 

CD11b+CD11c− cells in muscle from mice immunized with OVA-FITC with NE had a 13 

fold increase in the percentage of OVA+ cells at 24 h post-immunization. The influx of 

neutrophils and monocytes in injection site, which are CD11b+CD11c− cell, are most likely 

cells that took up FITC-OVA. Among DC subsets, CD11b+DC was the major DC subset that 

captured antigen. In order to present antigen to naïve T cells, DC must migrate from 

injection site to the closest draining lymph nodes. To examine DC migration in lymph nodes, 

inguinal lymph nodes were harvested one day after immunization with H5N1 vaccine in the 

presence or absence of NE. Single cell suspensions were prepared for flow cytometric 

analysis. As shown in Figure 2A, FITC-OVA bearing DCs were detected in inguinal lymph 

nodes. Among all DC subsets examined in lymph node, NE adjuvantation increased OVA 

uptake by CD11b+DCs 3 fold as compared to mice immunized with OVA only. Furthermore, 

NE increased the median fluorescence intensity (MFI) of maturation marker, CD86, 

expression on CD11b+DCs in lymph node. However, CD11b−DCs and lymph node resident 

CD8+ DCs showed comparable level of OVA uptake with or without NE. These findings 

suggest that, NE differentially modulate function of different innate cell types.

NE enhances adaptive immune responses

Since DCs function as professional APCs to initiate the adaptive immune responses, the 

enhanced DC frequency and function by NE prompted us to investigate the outcome of T as 

well as B cell responses in the presence of NE. For this study, mice were immunized with 

H5N1 vaccine with or without NE by i.m. route. Draining lymph nodes were harvested for 

analysis of antigen-specific B and T cell responses at day 7 and 14 post-immunization. 

HA518-specific CD8+ T cells were identified with H-2Kd/IYSTVASSL pentamer and the 

activation status of antigen-specific CD8 T cells was assessed by intracellular cytokine 

staining. In mice immunized with H5N1 vaccine alone, the frequencies of HA518-specific 

CD8 T cells were very low. In contrast, NE adjuvanted-H5N1 vaccine significantly 

increased the frequency of HA518-specific CD8 T cells about 2 fold (Figure 2B). 

Furthermore, a higher percentage of IFN-γ producing CD8 T cells were detected in mice 

immunized with NE-adjuvanted H5N1 vaccine, as compared to mice immunized with 

vaccine alone (Figure 2b). However, mice immunized with H5N1 vaccine with or without 

NE had similar frequency of IFN-γ producing CD4 T cells in lymph node (data not shown). 

We next examined B cells participating in germinal center reaction and their activation 

status. Compared to mice immunized with vaccine alone, mice vaccinated with NE-

adjuvanted H5N1 vaccine displayed higher percentage of B cells participating in GC-

reaction and higher expression levels of CD86 on B cells (Figure 2C). The overall 

percentage of plasma cells was very low and did not show differences among different 
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groups (data not shown). We also assessed the frequency of Ag-specific IgG and IgM 

antibody secreting cells in spleen and noted that NE-adjuvanted vaccine significantly 

increased the IgG-secreting B cells with marginal increase in IgM-secreting B cells (Figure 

2d).

NE enhances immunogenicity of H5N1 vaccine

We first assessed the immunogenicity of NE-adjuvanted H5N1 monovalent influenza 

subvirion vaccine in young Balb/c mice (6–8 weeks old). Mice were immunized i.m. with 3, 

0.1 or 0.01 µg of H5N1 vaccine alone or with NE. Four weeks following primary 

immunization, all mice were boosted with the respective vaccine preparations. Sera samples 

were collected 3 weeks after primary (week 3) and on booster (week 7) immunizations to 

measure HI titers against homologous virus strain, rgA/VN/04. As shown in Figure 3a, 

immunization with H5N1 vaccine alone did not induce detectable antibody titers and NE-

adjuvanted vaccine induced low level of HI titers at week 3 in a dose dependent manner. 

Two out of five mice immunized with NE-adjuvanted vaccine (3 µg) showed a HI titer of 40 

even after single vaccination (Figure 3A). Following boost immunization, at week 7, mice 

immunized with vaccine alone developed low level of antibody titer. However, NE-

adjuvanted vaccine significantly increased HI antibody titer. Even the lowest dose of vaccine 

(0.01 µg), when combined with NE, induced comparable HI titers to those elicited by the 

highest dose of vaccine (3 µg) without NE (Figure 3B). These results indicate that NE 

significantly enhanced the immunogenicity of H5N1 vaccine with dose-sparing. The NE-

adjuvanted vaccine was superior in enhancing H5N1 immunogenicity than alum-adjuvanted 

H5N1 vaccine (Supplementary Figure 1A).

To examine the longevity of the immune responses induced by NE-adjuvanted H5N1 

vaccine, mice were immunized with 3 µg vaccine or 0.1 µg vaccine along with NE using 

prime-boost regimen as described in Methods. Sera were collected at weeks 3, 7 and then 2, 

3, 4, 5, 6 and 9 months post-immunization to measure HI titers against rgA/VN/04. As 

shown in Figure 3c, vaccine alone induced low levels of HI titers at week 7 post-

immunization and the antibody titer remained at similar level up to 9 months post-

vaccination. Following boost immunization at week 7, NE significantly increased the 

antibody response as compared to vaccine alone group. Most importantly, the high antibody 

titers induced by NE-adjuvanted H5N1 vaccine were maintained up to 9 months.

NE overcomes age-related immune dysfunction and enhances immunogenicity of H5N1 
vaccine

The adjuvanticity of NE was next assessed in aged mice, as with aging, the ability to mount 

effective immune responses to vaccines declines. 18 months old Balb/c mice were 

immunized with prime-boost regimen at week 1 and 4 as described previously. Sera were 

collected at 3 weeks post-primary vaccination and again at 3 weeks post-booster vaccination 

to test HI titers. No detectable antibody titer was observed after primary immunization with 

vaccine alone. In the presence of NE as an adjuvant, low level of antibody titer was detected 

in 3 out of 5 mice immunized with 3 µg vaccine plus NE and 1 out of 5 mice immunized 

with 0.1 µg vaccine plus NE (Supplementary Figure 1B). After secondary immunization, 

mice immunized with vaccine alone developed detectable HI titers. However, all mice 
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immunized with NE-adjuvanted vaccine developed high level of HI titers; even the lowest 

vaccine dose (0.01 µg) with NE induced comparable levels of HI titers as the groups that 

received 3 or 0.1 µg of HA (Figure 3D). More importantly, antibody responses elicited in 

aged mice were comparable to those seen in young adult mice (Figure 3b). These findings 

indicate the potential utility of NE in older population to enhance immune responses to 

vaccination.

Pre-existing immunity to seasonal influenza does not impact the adjuvanticity of NE-H5N1 
vaccine

To assess if preexisting immunity against influenza will impact the adjuvanticity of NE, 

mice were immunized seasonal vaccine which elicited high HI titers against A/Brisbane/

59/2007 three weeks post-immunization (data not shown). Next, naïve or seasonal vaccine-

primed mice were immunized with 3 µg of H5N1 vaccine alone or 0.1 µg or 0.01 µg of 

H5N1 vaccine with NE. The antibody responses were subsequently measured at three weeks 

after booster vaccination. As shown earlier, after two doses of vaccination, vaccine alone 

group displayed detectable levels of HI titers. A marked increase in HI titer was detected in 

NE-adjuvanted groups, even at 0.01 µg dose i.e., a 300-fold less dose. Seasonal vaccine-

primed mice had similar level of HI titers as un-primed mice (Figure 3E) indicating that the 

adjuvanticity of NE was not impacted by preexisting immune response to seasonal influenza 

vaccine.

NE enhances cross-clade antibody response

Next, the effect of NE on the cross-clade immune responses was investigated. Mice were 

immunized with 3, 0.1 or 0.01 µg H5N1 vaccine (formulated from clade 1 H5N1 virus, 

A/VN/04) with or without NE following prime-boost regimen. Sera were collected at 3 

weeks after primary or booster immunization and tested for HI titers against clade 2 virus, 

rgA/IN/05. Primary immunization with vaccine alone elicited very low level of cross-

reactive HI titer. However, mice immunized with the highest dose of vaccine (3 µg) plus NE 

developed HI titer above 40 even after a single vaccination (data not shown). At 3 weeks 

post-booster immunization, all mice immunized with 3 µg vaccine and 3 out of 5 mice 

immunized with 0.1 µg vaccine had titer ≥40. H5N1 vaccine with NE further increased the 

antibody responses by 4–6 folds against clade 2 virus in a dose-dependent manner. Even two 

mice immunized with the lowest vaccine dose (0.01 µg) with NE had a HI titer of 40 (Figure 

3F). Thus, NE enhanced cross-reactive antibody response against clade 2 virus.

NE enhances protective and cross-clade protective efficacy of H5N1 vaccine

Next, we examined whether the increased antibody titers elicited by NE-H5N1 vaccine lead 

to protection against a live virus challenge. Protection was evaluated in mice that were 

immunized with two doses (4 weeks apart) of 0.1 µg vaccine alone, or 0.1 or 0.01 µg of 

H5N1 vaccine with NE. Four weeks after boost, mice were challenged intranasally with 5 × 

LD50 of the homologous clade 1 strain rgA/VN/04 or clade 2 H5N1 virus, rgA/IN/05. 

Morbidity and mortality were monitored up to 2 weeks post-challenge. When challenged 

with homologous virus (Figure 4A), all mice immunized with adjuvant alone died or had to 

be euthanized. However, 60% mice survived when vaccinated with 0.1 µg vaccine without 

NE, while 100% mice immunized with same amount of antigen with NE survived. Likewise, 
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80% mice immunized with 10 times less antigen (0.01 µg) with NE survived challenge 

(Figure 4A). Upon clade 2 virus challenge, 20% of mice immunized with 0.1 µg of vaccine 

alone survived challenge. When mice were immunized with same amount of antigen with 

NE, 80% of them survived the challenge. However, 40% of mice immunized with 10 times 

less antigen (0.01 µg) with NE survived challenge (Figure 4B). Taken together, these data 

demonstrated that NE significantly enhanced protective efficacy of the H5N1 vaccine 

against both clade 1 and clade 2 viral challenge.

Discussion

Highly pathogenic avian H5N1 influenza remains a serious pandemic threat due to its 

continued circulation in birds and its involvement in fatal human infections. A safe and 

effective vaccine will be the most effective intervention for H5N1 pandemic. Stockpiling 

candidate pandemic vaccines based on existing H5N1 strains is currently considered to be 

the most attractive strategy by the WHO34. However, without an adjuvant, H5N1 vaccines 

generally have been observed to be poorly immunogenic, even at HA doses of 30 µg or 

higher6. Alum-adjuvanted H5N1 vaccines failed to show significant enhancement of the 

immunogenicity in several studies6,8. However, H5N1 vaccines adjuvanted with oil-in-water 

emulsions, such as MF59 and AS03, have not only overcome the poor immunogenicity but 

also provided significant antigen dose-sparing12,13,35,36. Since, all these adjuvants are 

proprietary, we developed an oil-in-water nanoemulsion adjuvant, which is composed of 

squalene, α-tocopherol and Tween 80. The particle size of NE ranged from 100–200 nm, 

within the typical nanoemulsion size33. The nanoemulsion was stable up to 9 months when 

tested under temperatures of 4°C, 37°C and 56°C suggesting a good thermal stability under 

a broad range of temperatures.

We also explored the mechanism of action of NE in this study. Consistent with previous 

findings, NE induces the local production of cytokines, including IL-6 and MCP-1, but not 

TNF-α, IFN-γ, IL-1β and MIP-1β and IL-1237. The influx of innate cells to the 

immunization site was also observed as early as 24 h post-vaccination and the infiltrating 

cell types include neutrophils, monocytes, macrophages and DCs, which is consistent to 

prior reports38. The rapid and robust production of MCP-1 at the local injection site explains 

the influx of monocytes and their subsequent differentiation into macrophages and DCs. 

While the enhanced uptake of antigen by MF59 adjuvanted vaccine was reported earlier39, 

we demonstrated that a specific subset of DCs, CD11b+DCs in the muscles and lymph nodes 

actively captured antigen. In muscle, CD11b+CD11c− cells including monocytes, 

macrophages and neutrophils internalized antigen in the presence of NE adjuvant. Enhanced 

antigen-specific CD4 T cell responses were observed with AS03-adjuvanted of trivalent 

influenza vaccine40. NE-adjuvanted H5N1 vaccine also induced antigen specific CD8 T cell 

responses. Consistent with the previous reports with MF59-adjuvanted vaccines, we also 

observed increases in germinal center B cell differentiation and activation with NE-

adjuvanted H5N1 vaccine41. In addition, we demonstrated increased frequency of IgG 

secreting cells in spleen with NE-adjuvanted vaccine indicating that NE enhanced the overall 

frequency of memory B cells in spleen.
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This stable preparation of NE mixed with the H5N1 subvirion vaccine significantly 

enhanced the immunogenicity of H5N1 vaccine. After a single vaccination of young mice, 

H5N1 vaccine alone failed to induce HI titer ≥40. However, 2 out of 5 mice immunized with 

NE-adjuvanted vaccine displayed a HI titer of ≥40 against homologous virus. Two doses of 

NE-adjuvanted H5N1 vaccine, given one month apart, significantly increased HI titers in a 

dose-dependent manner with significant antigen-sparing effect, as compared to non-

adjuvanted vaccine. In addition, cross-clade antibody responses were significantly enhanced 

by NE-adjuvantation as well. Consequently, comparable protection and cross-clade 

protection were achieved by using 10 times less antigen when adjuvanted with NE. Antigen-

sparing is very important for pandemic preparedness because worldwide influenza vaccine 

production capacity is limited. Alum has not been able to provide significant antigen sparing 

and hence, is not an effective adjuvant for H5N16,42. In our study, NE was shown to be 

superior in enhancing H5N1 immunogenicity as compared to alum (data not shown). 

Furthermore, the antibody titers elicited by NE-adjuvanted H5N1 vaccine were maintained 

up to 9 months in mice which could provide long-lasting protection.

The immunogenicity and efficacy of the vaccines wane with aging and increasing vaccine 

dose, adjuvanting vaccines, and increasing number of vaccine doses during the influenza 

season are some of the potential strategies to overcome the poor immunogenicity of 

influenza vaccines in this population. A high dose vaccine has been approved specifically for 

people 65 years and older43. Another strategy for improving the immunogenicity of vaccine 

is using effective vaccine adjuvants and MF59-adjuvanted seasonal influenza vaccine has 

been approved for older adults recently in the US44. Our results demonstrated that NE 

enhanced the immunogenicity of H5N1 vaccine in aged mice (18 months old). In older mice, 

even the 300 times lower dose of vaccine (0.01 µg) adjuvanted with NE gave rise to higher 

titers than the 3 µg of non-adjuvanted vaccine. More importantly, antibody titers elicited by 

NE in aged mice were comparable to those seen in younger mice. Furthermore, our results 

also indicate that pre-existing immunity to seasonal influenza vaccine did not impact the 

adjuvanticity of NE.

In summary, our results demonstrated that the oil-in-water nanoemulsion preparation 

significantly improved the immunogenicity of H5N1 vaccine by activating innate and 

adaptive immune responses in young and aged mice, resulting in enhanced antibody 

responses and protective efficacy against both clade 1 and clade 2 H5N1 viruses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NE induced significantly higher level of local and systemic IL-6 and MCP-1 production 
with rapid recruitment of innate cells to injection site
(A) Particle size of nanoemulsion determined by Dynamic Light Scattering using DynaPro 

Plate Reader (Santa Barbara, CA) indicate particle stability stored for 9 months at different 

temperatures (circle 4°C; square 37°C; triangle 56°C). (B–D) Female Balb/c mice (6–8 

weeks old, 5 mice/group) were immunized by i.m. route with H5N1 vaccine (3 µg) with or 

without NE: (B) Muscle tissues from injection site were obtained 6 hour post-immunization 

and homogenates were prepared for Bio-plex analysis for IL-6, MCP-1 and IL-12 

production (p<0.01, p<0.001 as compared to vaccine alone group). (C) IL-6 and MCP-1 

level in the sera of mice at 6 h, day 1 and 7 after immunization was assessed using Bio-plex 

analysis (p<0.001 as compared to vaccine alone group). (D) Caudal thigh muscles were 

exercised on day 1 or 7 after vaccination and prepared for single cell suspension. Multicolor 

FACS staining was performed to analyze the infiltration of difference innate cell subsets in 

the muscle. The frequency of different cell subsets in the muscle was presented (p<0.05, 
p<0.01, p<0.001 as compared to vaccine alone group). The data are representative of at least 

2 independent experiments and the error bars represent standard error of means (SEM).
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Figure 2. NE enhanced innate and adaptive immunity
(A) Female Balb/c mice (6–8 weeks old, 5 mice/group) were immunized by i.m. route with 

50 µg OVA-FITC with or without NE. 24 h later, single cell suspensions from muscle tissues 

were prepared. The frequencies of OVA-FITC+ cells in CD11c+I-A/

E+SSClowCD11b+(CD11b+DC), CD11c+I-A/E+SSClowCD11b−(CD11b−DC), CD11c−/lowI-

A/E+CD11b+ were presented; single cell suspensions were prepared from inguinal and the 

frequency of OVA-FITC+DC and the median fluorescence intensity (MFI) of CD86 of 

CD11b+DC were presented (p<0.05 as compared to OVA alone group). (B) Female Balb/c 

mice (6–8 weeks old, 5 mice/group) were immunized by i.m. route with 3 µg H5N1 vaccine 

with or without NE or with NE only. 14 days later, inguinal lymph node were collected and 

the frequency of HA518-specific CD8 T cells was presented (p<0.001 as compared to 

vaccine alone group). IFNγ-producing CD8 T cells from H5N1-immunized mice were also 

measured by intracellular cytokine staining on day 5 following in vitro restimilation with 

rgA/VN/04 virus and the frequency of IFNγ+CD8+ T cells was presented. (C–D) Female 

Balb/c mice (6–8 weeks old, 5 mice/group) were immunized with 3 µg H5N1 vaccine with 

or without NE or NE only by i.m. route. A week later, inguinal lymph nodes and spleens 

were collected and B cells (B220+ CD3−) were stained. The lymph nodes were analyzed for 

GC-participating B cells (B220+CD3−GL7+CD38−), plasma cells (B220−CD138+), and the 

frequency of B cells expressing high CD86 among GC-participating B cells (p<0.05, 
p<0.001 as compared to vaccine alone group) (C). The A/VN/04-specific ASCs were 

analyzed from spleen and shown as Ag-specific IgG+ ASCs and Ag-specific IgM+ ASCs 

(p<0.001 as compared to vaccine alone group) (D). The data are representative at least 3 

independent experiments and the error bars represent standard error of means (SEM).
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Figure 3. NE enhanced immunogenicity of H5N1 vaccine
Female Balb/c mice (6–8 weeks old, 5 mice/group) were immunized with H5N1 subvirion 

vaccine (3, 0.1, 0.01 µg) with or without NE twice at 4 weeks apart. Control mice received 

NE only or PBS at both time points. (A) Sera were collected at 3 weeks following primary 

immunization (A) and secondary immunization (B) to measure hemagglutination inhibition 

(HI) titers against rgA/VN/04 (H5N1) virus (p<0.01, p<0.001 as compared to vaccine (3 µg) 

alone group). (C) Female Balb/c mice (6–8 weeks old, 5 mice/group) were immunized with 

two doses of H5N1 subvirion vaccine (3 µg) or NE-adjuvanted vaccine (0.1 µg) or NE alone 

4 weeks apart. Sera were collected at 3 weeks following primary immunization, 3 weeks and 

again 2–9 months post-booster immunizations to measure the kinetics of antibody responses 

by hemagglutination inhibition (HI) assay against rgA/VN/04 (H5N1) virus (circle H5N1 3 

µg; square H5N1 3 µg+NE; triangle NE alone). (D) 3 weeks post-booster immunization, sera 

from aged mice (18 months old) were assessed for HI titer against rgA/VN/04 virus (p<0.01, 
p<0.001 as compared to vaccine (3 µg) alone group). (E) Female Balb/c mice (6–8 weeks 

old, 5 mice/group) were immunized with seasonal influenza vaccine 4 weeks prior to 

receiving two doses of H5N1 vaccination. 3 weeks post-booster immunization, sera were 

tested for HI titer against rgA/VN/04 virus. (F) Week 7 sera were measured HI titer against 

clade 2 rgA/IN/05 virus (p<0.05 as compared to vaccine (3 µg) alone group).
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Figure 4. NE enhanced protective immunity of H5N1 vaccine
Female Balb/c mice (6–8 weeks old, 5 mice/group) were immunized with two doses of 

H5N1 subvirion vaccine (0.1 µg) or NE-adjuvanted vaccine (0.1 or 0.01 µg) or NE alone 4 

weeks apart. Four weeks following boost immunization, mice were challenged with 5 LD50 

of homologous strain of H5N1 virus, rgA/VN/04 (A) and heterologous strain, rgA/IN/05 

virus (B) and mortality was monitored (square H5N1 0.1 µg; diamond H5N1 0.1 µg+NE; 

circle H5N1 0.01 µg+NE; open square NE alone). The data are representative 2 independent 

experiments.
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