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Abstract

The conventional egg-grown influenza vaccines are trivalent. To test the feasibility of using 

multivalent influenza virus-like particles (VLPs) as an alternative influenza vaccine, we developed 

cell-derived influenza VLPs containing the hemagglutinin (HA) of the H1 subtype virus A/PR/

8/34 or the H3 subtype virus A/Aichi/2/68. Mice immunized intramuscularly with bivalent 

influenza VLPs containing H1 and H3 HAs induced neutralizing activities against the homologous 

and closely related H1N1 strains A/PR/8/34 and A/WSN/33 as well as the H3N2 strains A/Aichi/

2/68 and A/Hong Kong/68, but not the A/Philippines/2/82 strain isolated 14 years later. HA 

sequence and structure analysis indicated that antigenic distance could be a major factor in 

predicting cross-protection by VLP vaccines. The bivalent influenza VLP vaccine demonstrated 

advantages in broadening the protective immunity after lethal challenge infections when compared 

to a monovalent influenza VLP vaccine. High levels of the inflammatory cytokine IL-6 were 

observed in naïve or unprotected immunized mice but not in protected mice upon lethal challenge. 

These results indicate that multivalent influenza VLP vaccines can be an effective strategy for 

developing safe and alternative vaccine to control the spread of influenza viruses.
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1. Introduction

Influenza virus is a causative agent for respiratory infection associated with widespread 

human diseases. Influenza viruses present in birds continue to be a source for a diverse 

combination of antigenic subtypes including 16 hemagglutinin (HA) and 9 neuraminidase 
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(NA) and represent a large reservoir of novel antigens to which the human population is 

naïve [1, 2]. Chemically inactivated whole influenza A and B virus vaccines, or detergent-

split virus vaccines have been extensively used in humans. The embryonated chicken egg is 

the major substrate for the preparation of these vaccines. Between pandemics, the HA and 

NA surface antigens of circulating viruses undergo progressive amino acid substitutions that 

can result in the evasion of previously acquired immunity. Therefore, influenza vaccines 

need to be updated annually. Vaccine strains are selected based on epidemiological and 

antigenic considerations of circulating human strains and their anticipated prevalence during 

the coming year. To obtain high yield vaccine viruses, the chosen strains are adapted to grow 

in embryonated eggs, or reassortant viruses are generated containing the glycoprotein (HA, 

NA) genes of current strains and genes for the internal proteins of A/PR/8/34 (H1N1) virus 

which confer high growth capacity in eggs [3].

The current egg-based system for influenza vaccine manufacture has drawbacks that include 

recent problems in vaccine supply in response to the influenza season, local or systemic 

allergic reactions to egg-derived vaccine components, and short duration of immune 

responses. Also, there are potential problems for growing pathogenic avian influenza virus 

in embryonated eggs because they sometimes kill the embryos to hamper virus production, 

and there are associated human safety concerns. In addition, diseases that affect chicken 

flocks due to an avian influenza virus outbreak could easily disrupt the supply of eggs for 

vaccine manufacturing. These factors as well as the requirement for biosafety level 3 or 

higher containment facilities for safe handling of pathogenic avian influenza viruses warrant 

the urgent need to develop a new influenza vaccine modality.

The non-infectious nature of virus-like particles (VLPs) and their lack of viral genomic 

material make them an attractive candidate vaccine, and will be particularly appropriate for 

the elderly and infant populations. VLP vaccines for viruses such as hepatitis B virus and 

human papillomavirus are safe for broad and repeated application [4–6]. In recent studies, 

immunization of mice with monovalent influenza VLPs reduced challenge virus replication 

and conferred protection against relatively low doses of viral challenges [7–11].

The conventional influenza vaccines are trivalent, containing two influenza A subtypes 

(H1N1 and H3N2) and one variant of influenza B virus. Previous studies demonstrated that 

monovalent influenza VLPs could be a promising alternative influenza vaccine [7–11]. 

However, the immune responses to multivalent influenza VLP vaccine have not been 

investigated despite its critical significance in evaluating the alternative influenza vaccine. In 

this study, we have investigated the protective efficacy of a bivalent influenza VLP vaccine 

after intramuscular immunization of mice in comparison with monovalent influenza VLP 

vaccines. Our results demonstrated that each HA component in the multivalent influenza 

VLP vaccine was highly immunogenic and that the protective immune responses induced by 

bivalent influenza VLPs were more broadly reactive and protective than the monovalent 

vaccine. Potential mechanisms for the cross-protective immunity by influenza VLPs and 

strategies to improve VLP vaccines are discussed.
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2. Materials and Methods

2.1 Virus and cells

Influenza viruses, A/PR/8/1934 (H1N1, abbreviated as A/PR8), A/WSN/1933 (H1N1, A/

WSN), A/Aichi/2/1968-x31 (a reassortant virus H3N2, A/Aichi), A/Hong Kong/1968 

(H3N2, A/HK), and A/Philippines/2/1982 (H3N2, A/Philippines) were grown in 10-day old 

embryonated hen’s eggs and purified from allantoic fluid by using a discontinuous sucrose 

gradient (15%, 30% and 60%) layers. The purified virus was inactivated by mixing the virus 

with formalin at a final concentration of 1:4000 (v/v) as described [12, 13]. Inactivation of 

the virus was confirmed by plaque assay on confluent monolayer Madin-Darby canine 

kidney (MDCK) cells and inoculation of the virus into 10-day old embryonated hen’s eggs. 

For use in challenge experiments, mouse adapted A/PR8, A/WSN (H1N1), A/Aichi (H3N2), 

and A/Philippines (H3N2) were prepared as lung homogenates of infected mice. Spodoptera 

frugiperda Sf9 cells were maintained in suspension in serum free SF900II medium (GIBCO-

BRL) at 27°C in spinner flasks at a speed of 70–80 rpm. Madin-Darby canine kidney 

(MDCK) cells were grown and maintained in Dulbecco’s modified Eagle’s medium 

(DMEM).

2.2 Preparation of influenza VLPs

For generation of recombinant baculoviruses (rBVs), cDNAs encoding A/Aichi H3 HA, 

A/PR8 H1 HA, and M1 were cloned into the pFastBac plasmid, a BV transfer vector 

(Invitrogen). Recombinant Bacmid baculovirus DNAs (rAcNPV) containing Aichi HA or 

PR8 HA were isolated from transformed DH10Bac cells and were used to transfect Sf9 

insect cells following the manufacturer’s instructions (Invitrogen). For Western blot analysis 

to determine the expression of M1 and HA, infected cells were dissolved in sodium dodecyl 

sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) sample buffer (50 mM Tris, 3% β-

mercaptoethanol, 2% SDS, 10% glycerol), separated by SDS-PAGE, and then probed with 

mouse anti-M1 antibody (1:4000, Serotec) and sera from A/PR8 or A/Aichi virus infected 

mice (1:1000). The virus titer was determined with a Fast Plax titration kit according to the 

manufacturer’s instructions (Novagen, Madison, WI).

To produce VLPs containing influenza M1 and HA, Sf9 cells were co-infected with rBVs 

expressing HA and M1 at MOI of 4 and 2, respectively. Culture supernatants were harvested 

at 3 days post-infection, cleared by low speed centrifugation (2,000 × g for 20 min at 4°C) to 

remove cells, and VLPs in the supernatants were pelleted by ultracentrifugation (100,000 × 

g for 60 min). The sedimented particles were resuspended in PBS at 4°C overnight and 

further purified through a 20–30–60% discontinuous sucrose gradient at 100,000 × g for 1 hr 

at 4°C. The VLP bands were collected and analyzed by western blot probed with anti-M1 

antibody and mouse anti-PR8 (or anti-Aichi) sera for detecting HA. The contents of HA in 

VLPs were determined by hemagglutination activity [14] in comparison with that of 

inactivated virus at the same concentration (1 mg/ml) and confirmed by quantitative western 

blot of VLPs and inactivated virus (1 to 5 µg protein per well). The hemagglutination assay 

gave a 3.1 ratio of inactivated virus to VLPs and also western blot analysis resulted in the 

similar ratio (3:1 ratio of inactivated virus to VLPs).

Quan et al. Page 3

Vaccine. Author manuscript; available in PMC 2018 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3 Immunization and challenge

Female inbred BALB/c mice (Charles River) aged 6 to 8 weeks were used. Mice (24 mice 

per group) were intramuscularly immunized with 10 µg of VLPs (approximately 0.95 µg 

HA) two times (week 0, and 3) in 50µl of PBS. For virus challenge, isoflurane-anesthetized 

mice were intranasally infected with 2000 PFU of A/PR8 virus (10× the 50% lethal dose, 

LD50), 2000 PFU A/WSN virus (10× LD50), 3.5 × 106 PFU A/Aichi virus (5× LD50) or 

2000 PFU A/Philippines virus (10× LD50) in 50 µl of phosphate-buffered saline (PBS) per 

mouse at week 4 after the final immunization. Influenza A/Aichi virus has relatively low 

pathogenicity in mice and high challenge doses were used in previous studies [15, 16]. A/

Aichi/2/68-x31virus, a reassortant virus is further reduced in pathogenicity, and thus, higher 

doses were required to cause mortality in mice. For measurement of immune response 

parameters, six mice from each group were sacrificed prior to challenge or at day 4 post-

challenge. Mice were observed daily to monitor changes in body weight and to record 

mortality (more than 25 % loss in body weight). We followed an approved Emory IACUC 

protocol for this study.

2.4 Evaluation of humoral immune responses

Blood samples were collected by retro-orbital plexus puncture before immunization and at 2 

weeks post-immunization. Influenza virus specific antibodies were determined in sera by 

enzyme-linked immunosorbent assay (ELISA) as described previously [11]. As coating 

antigens to measure virus specific antibodies, egg-grown inactivated influenza viruses (A/

PR8, A/WSN, A/Aichi, or A/Philippines) were coated onto 96-well microtiter plates (Nunc 

Life Technologies, Rochester, NY.) with 100 µl in coating buffer (0.1 M sodium carbonate, 

pH 9.5, 4 µg inactivated virus per ml) at 4 overnight.

2.5 Lung viral titers, virus neutralization and cytokine assays

The whole lung extracts prepared as homogenates using frosted glass slides were centrifuged 

at 1,000 RPM for 10 min to collect supernatants. Lung viral titers and neutralization assays 

were performed using MDCK cells as previously described [11]. Cytokine ELISA was 

performed as described previously [11, 17]. Ready-Set-Go IL-6 and IFN-γ kits 

(eBioscience, San Diego, CA) were used for detecting cytokine levels in lung extracts 

following the manufacturer’s procedures.

2.6. Statistics

All parameters were recorded for individuals within all groups. Statistical comparisons of 

data were carried out using the ANOVA and Npar1-way Kruskal–Wallis test of the PC-SAS 

system. A value of P < 0.05 was considered significant.

3. Results

3.1 Production of VLPs containing influenza M1 and H1 or H3 HA

Recombinant baculoviruses (rBVs) expressing influenza M1, H1 HA (A/PR/8/34, H1N1), or 

H3 HA (A/Aichi/2/68, H3N2) were generated using the pFastbac bacmid transfer vector 

containing the AcMNPV polyhedrin promoter and used to produce VLPs. HA and M1 
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containing VLPs were produced and released into the culture supernatants of insect cells co-

infected with rBVs expressing M1 and HA as described [11]. Influenza VLPs produced in 

insect cells were purified by sucrose gradient ultracentrifugation and characterized by 

western blot. The presence of influenza M1 and PR8 H1 HA and Aichi H3 HA incorporated 

into particulate VLPs was confirmed (Fig. 1). The biological activity and content of HA 

incorporated into VLPs were determined by hemagglutination activities using chicken red 

blood cells and quantitative western blot assays for influenza A/PR8 and A/Aichi HA VLPs, 

and the corresponding influenza viruses. The HA titers were 3-fold higher in inactivated 

A/PR8 and A/Aichi viruses than those in the corresponding influenza VLPs. These results 

were consistent with the estimates obtained from the western blot analysis that showed 

approximately a 3:1 ratio. The HA content in influenza virus is estimated to be 29 % of the 

total protein [18]. Therefore, influenza VLPs contain approximately 0.95 µg per 10 µg of 

total VLP protein whereas inactivated virus contained 2.9 ug HA per 10 ug total protein. 

These results suggest that influenza VLPs contain functional HA although there is still room 

to further improve their quality.

3.2 Humoral immune responses induced by multivalent or monovalent influenza VLPs

Current inactivated influenza vaccines are trivalent containing two influenza A subtypes 

(H1N1 and H3N2) and one strain of influenza B virus, and are administered to humans via 

parenteral immunization. In this study we examined the protective immune responses 

induced by multivalent influenza VLP vaccines. We immunized groups of mice 

intramuscularly with 10 µg of influenza VLPs containing 0.95 µg PR8 HA (H1 VLPs), or 

Aichi HA (H3 VLPs), or 20 µg of bivalent influenza VLPs (a mixture of H1 VLPs and H3 

VLPs containing 0.95 µg of each HA, H1+H3 VLPs) at weeks 0 and 3.

As a measure of humoral immune responses, serum antibody titers were determined by 

ELISA on plates coated with inactivated influenza virus (Fig. 2). Mice immunized 

intramuscularly with either monovalent H1 VLPs or H3 VLPs induced high levels of IgG 

antibodies specific to the corresponding homologous strains A/PR8 (H1N1) and A/Aichi 

(H3N2) respectively. The group of mice which received multivalent influenza VLPs also 

showed high IgG antibody levels specific to both viruses (Fig. 2A, C). In addition, 

immunization with bivalent influenza VLPs induced significant levels of antibodies binding 

to the heterologous strain A/WSN (H1N1) which were comparable to the monovalent H1 

VLP group (Fig. 2B), although approximately 12 fold lower in titer compared to those 

binding to the homologous strain A/PR8. When a different H3N2 subtype strain (A/

Philippines/2/82) was used as an ELISA coating antigen, we observed over 400-fold lower 

levels of antibodies cross reactive with this virus (Fig. 2D) indicating that there were no 

significant amounts of cross-reactive antibodies against A/Philippines even in groups of 

mice that received the A/Aichi HA component (H1+H3 or H3 VLP group). Overall, these 

data suggest that both H1 and H3 HA components in the multivalent influenza VLPs are 

immunogenic and that the bivalent influenza VLP vaccine resembles current influenza 

vaccines in inducing specific immune responses against either the homologous virus or 

closely related strains within the same subtype.
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3.3 Bivalent influenza VLPs induced a wider range of neutralizing activities

Assessment of virus neutralizing activities in immune sera is important since neutralizing 

titers can be a barometer for induction of protective immunity. As shown in Fig. 3, bivalent 

H1+H3 VLP and monovalent H1 VLP groups exhibited high neutralizing titers (over 1200 

with 80 % plaque reduction) against the homologous strain A/PR8 which were not found in 

the monovalent H3 VLP group (Fig. 3A). Also, neutralizing titers of over 400 with 60 % 

plaque reduction against the heterologous strain A/WSN (H1N1) were observed with the 

bivalent H1+H3 VLP as in the monovalent H1 VLP group although titers were lower levels 

than those against the homologous strain A/PR8 (Fig. 3B). Mice immunized with bivalent 

H1+H3 VLPs as well as monovalent H3 VLPs showed similarly high neutralizing titers of 

over 1200 with 100 % plaque reduction against the homologous strain A/Aichi (H3N2), 

whereas the monovalent H1 VLP group did not show neutralizing activity against A/Aichi 

(H3N2) (Fig. 3C). Neutralizing activities against A/Philippines virus (H3N2) were not 

observed with any of immunized groups at meaningful levels (titers less than 100 with 50 % 

plaque reduction) (Fig. 3D). The multivalent H1+H3 VLP and monovalent H3 VLP group 

each showed neutralizing titers of over 400 against the heterologous H3N2 strain A/Hong 

Kong/1968 whereas monovalent H1 VLP did not (titers less than 100 with 50 % plaque 

reduction) (Fig. 3E). These results suggest that each component of the multivalent influenza 

VLPs can induce neutralizing activity against its counterpart virus or closely matched 

strains.

3.4 Bivalent influenza VLPs can expand the range of protective immunity

To determine whether vaccinated mice are protected against a lethal challenge, influenza 

VLP vaccinated mice were challenged with lethal doses of A/PR8 (H1N1), A/WSN (H1N1), 

A/Aichi (H3N2), or A/Philippines (H3N2) as shown in Fig. 4. Mice that received bivalent 

influenza (H1+H3) VLPs survived lethal virus challenges with A/PR8, A/WSN, or Aichi 

(H3N2). Mice immunized with monovalent H1 VLPs survived lethal virus challenges with 

A/PR8 as well as A/WSN, but did not survive a lethal virus challenge with A/Aichi or A/

Philippines. Mice immunized with monovalent H3 VLPs survived lethal virus challenge 

with A/Aichi but not A/Philippines, A/PR8, or A/WSN (Fig. 4). Influenza VLP-immunized 

mice that were protected were very active and did not show decreases in body weight, 

indicating that the protected mice did not experience clinical illness (Fig. 5). In contrast, all 

naïve mice that received lethal doses of challenge viruses died of illness (Fig. 4 and 5). The 

pathogenicity of viruses is slightly different depending on the challenge strain, reflecting 

differences in timing of mortality. Most mice die on day 8 after A/PR8 infection whereas 

some mice showed delayed mortality after A/Philippines infection. A/WSN and A/Aichi 

showed similar timing of mortality at day 10 (Fig. 4). Also, we observed significant losses in 

body weight in influenza VLP-immunized mice that received lethal challenges with 

heterologous strains but were not protected. These results suggest that bivalent influenza 

VLPs can be utilized to expand the scope of protection.

3.5 Bivalent influenza VLPs conferred complete inhibition of replication in lungs

Determining virus titers in lungs at an early time point can provide a more sensitive assay in 

assessing protection against challenge virus. Viral titers in lungs were analyzed to determine 
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the replication of challenge virus (Fig. 6). No plaques were detected in lung homogenates of 

mice immunized with bivalent H1+H3 VLPs and challenged with A/PR8, while viral titers 

of over 7 log10/ml were observed in lungs from naïve and monovalent H3 VLP-immunized 

mice at day 4 post-challenge (Fig. 6A). When mice were immunized with H3 VLPs and 

challenged with the heterologous A/WSN virus no protection was observed, as both 

immunized and naïve mice displayed high titers of A/WSN in their lungs (Fig. 6B). 

However, the H1 VLP immunized group showed a 1000-fold reduction in viral titers. 

Interestingly, even greater protection appeared to be induced in the group that received the 

bivalent H1+H3 VLPs, as no virus was detected in the lungs of these animals. Similarly, 

bivalent H1+H3 VLP groups showed no viral titers in lung at day 4 post challenge with A/

Aichi, in contrast to the high titers observed for naïve or H1 VLP immunized mice (Fig. 6C). 

No protection was apparent for any of the groups challenged with A/Philippines/2/82 (Fig. 

6D). Overall, these results indicate that bivalent influenza (H1+H3) VLP vaccine can induce 

immune responses providing complete protection against a range of strains including 

homologous (A/PR8, A/Aichi) virus and a closely related heterologous strain (A/WSN).

3.6 An inverse correlation between protection and lung IL-6 levels

Levels of the inflammatory IL-6 cytokine were determined in lung extracts using a cytokine 

ELISA (Fig. 7). Despite slight variations depending on different influenza virus strains, high 

levels of IL-6 were observed in naive mice upon lethal infections indicating lung 

inflammatory responses probably due to high levels of viral replication. Influenza VLP 

immunized mice that were protected against challenge infection showed no induction of 

IL-6 cytokine production in lungs whereas non-protected groups showed high levels of lung 

IL-6. It is of interest to note that mice immunized with H1 VLPs also did not induce IL-6 

cytokine after A/WSN challenge, although they showed 103 lung viral titers. This might be 

because these mice did not show any clinical symptoms indicating low or no inflammatory 

responses. Our results and others [19, 20] suggest that influenza viruses have differential 

capacities in inducing inflammatory responses depending on the strain and pathogenicity of 

the virus. High levels of the inflammatory cytokine IFN-γ were also found in the non-

protected groups (data not shown), whereas IL-6 showed a better correlation. These results 

indicate that lung IL-6 can be a prognostic factor implying lung inflammation upon 

influenza virus infection and possibly can provide an alternative indicator for protective 

efficacy.

3.7 Comparative immune response between VLPs and inactivated virus

To compare directly the immunogenicity between VLPs and inactivated virus, mice were 

immunized with 10 µg of influenza VLPs containing A/PR8 HA (0.9 µg HA) or 10 µg 

(corresponding to 2.9 µg HA) of inactivated A/PR8 virus (Fig. 8). The levels of binding 

antibodies specific to A/PR8 virus were monitored for over 7 months. Mice intramuscularly 

(Fig. 8) or intranasally (data not shown) immunized with VLPs showed comparable antibody 

titers to those induced by immunization with inactivated virus, although the HA amount in 

VLPs was lower than that in the inactivated virus. As an extension of long-term protective 

immunity by influenza VLPs, we observed that mice immunized with monovalent A/PR8 

VLPs or bivalent VLPs were completely protected against lethal challenge infection with 

A/PR8 virus even after 14 months post-immunization without any clinical symptoms (data 
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not shown). These results further support the conclusion that VLP approaches can be 

developed as a promising alternative vaccine against influenza virus or other viral pathogens.

4. Discussion

In a previous study, we reported immune responses to monovalent influenza VLPs delivered 

via mucosal delivery [11]. Inactivated trivalent influenza virus vaccines are administered 

intramuscularly to humans. In this study, bivalent influenza VLPs containing different 

subtypes of HA (H1+H3) were administered to mice intramuscularly to parallel the 

conventional route of influenza vaccination for humans. The current results provide a proof-

of-concept that multivalent influenza VLPs can be an alternative to seasonal (as well as 

pandemic) influenza vaccines. The multivalent influenza VLP vaccines induce binding and 

neutralizing antibody responses to the individual components included in the vaccine. The 

bivalent influenza VLP vaccines induced broader protective immunity. Bivalent influenza 

VLP vaccines are also likely to be more effective in inhibiting viral replication than the 

monovalent VLP vaccine. Finally, we now provide direct, experimental evidence to support 

the role of antigenic drift (but not the extent of amino acid homology) in evading cross-

protection. That is, the protection was relatively specific to the homologous or heterologous 

strains intimately related to the vaccine strains as expected. Overall, the current study 

provides further evidence that influenza VLPs produced in insect cells can be a promising 

alternative approach to the egg substrate-based conventional influenza vaccine.

The protective efficacy of the current influenza vaccines depends principally on the 

induction of neutralizing antibodies targeted to the HA protein. We observed that H3 (A/

Aichi) VLP immunization induced strain specific protective immunity but did not protect 

against the heterologous strain A/Philippines (H3N2) or the heterosubtypic strain A/PR8 

(H1N1). However, promising prospects for the use of influenza VLP vaccines were provided 

by our demonstration that immunization with bivalent influenza VLPs (H1+H3 VLPs) can 

induce protective immunity and/or neutralizing activity against both strains (A/PR8, A/

Aichi) included in the vaccine, as well as closely related heterologous strains (H1N1 A/

WSN, H3N2 A/Hong Kong). Importantly, bivalent influenza VLP showed an improved 

protection against the heterologous A/WSN strain in terms of lung viral titers post-challenge 

compared to the monovalent H1 VLP vaccine, which indicates a potential advantage for the 

use of multivalent influenza VLP vaccine in broadening the cross-protection.

Cross-protection among different subtypes is not usually expected by systemic 

immunization with inactivated virus or VLPs since the amino acid differences between 

subtypes of HA are often greater than 50%. The HA amino acid homology between A/PR8 

and A/WSN (H1N1) is similar to that between A/Aichi and A/Philippines (H3N2) ranging 

from 90 to 92% identity. We observed cross protection against A/WSN in the mice 

immunized with PR8 HA VLPs whereas there was no cross-protection in the H3 VLP or 

bivalent (H1+H3) VLP-immunized mice against A/Philippines. To better understand the 

potential of cross-protection between strains, the sequences of Aichi HA and Philippines HA 

have been aligned (Table 1) and the positions that deviate are mapped on the three-

dimensional structures of the Aichi and PR8 HAs (Fig. 9). For the H3 HA, nearly all 

differences are confined to well-recognized antigenic regions (antigenic sites A to E [21]). 
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This is not surprising as these sites were identified based on antigenic drift, and the indicated 

changes have been selected due to immunity in the human population during 14 years 

between isolation of strains. By contrast, A/PR/8/34 and the parental strain of WSN virus, 

A/WS/33, differ by only one year in time of isolation from humans. The WSN virus was 

adapted for mouse neurovirulence from the human strain by multiple passages in culture, 

followed by several serial passages in mouse brain by intracerebral inoculation [22]. The 

structural locations of residues that differ between PR8 and WSN HAs shows that, while 

some differences are present in clearly defined antigenic regions, others are at positions less 

likely to be of antigenic significance, or at residues in the receptor-binding region as shown 

in Fig. 9. These may have been selected during adaptation to mouse brains for properties 

unrelated to antigenicity, or may in fact be spurious mutations that arose during the process. 

For example, some of the differences between these H1 strains are at positions that are 

buried in the interior of the molecule, or sites that are more membrane proximal than the 

loop homologous to the corresponding site C. These are less likely to be antigenically 

relevant [23]. Therefore, from a purely antigenic standpoint, A/WSN/33 and A/PR/8/34 are 

probably much more closely related to one another than A/Aichi/2/68 and A/Philippines/

2/82, despite similar levels of sequence identity. In addition, three additional N-

glycosylation motifs (Asn 44, 109 and 127, Table 1) are predicted from these amino acid 

differences in A/Philippines compared to A/Aichi, which may also modulate antigenicity. 

Carbohydrate masking of antigenic sites has been observed for HAs [24, 25].

In contrast, we observed that immune sera of bivalent or H3 (A/Aichi) showed significant 

levels of cross neutralizing activities against A/Hong Kong/1968 (H3N2) that is the same 

year isolate as A/Aichi and has 98% homology of HA between these two strains (Table 1). A 

recent study using immune sera from the influenza VLP-vaccinated ferrets demonstrated an 

inverse correlation between the antigenic distance based on the year of virus isolation and 

the levels of hemagglutination inhibition titers [9]. Therefore, the pattern of HA amino acid 

changes as well as sequence homology may significantly affect the cross protection 

observed in influenza vaccination.

The recent outbreaks of highly pathogenic avian influenza viruses highlight the potential 

problems associated with the production of conventional influenza vaccines and emphasize 

the need for an effective alternative vaccine that does not rely on chicken egg substrates. In a 

recent comparative study of influenza VLPs (A/Fujian, H3N2) and recombinant soluble HA, 

VLPs induced over 10 fold higher serum titers than soluble HA when equal amounts of HA 

in soluble form and in VLPs were compared [9]. Also, this study demonstrated 2 fold higher 

hemagglutination inhibition titers induced by VLP immunization than by inactivated 

influenza virus. Also, our results suggest that influenza VLPs may have antigen sparing 

effects by 3 fold when compared to the inactivated whole virus vaccine (Fig. 8). The viral 

glycoproteins in VLPs are presented in a native conformation since VLPs are assembled by 

the normal process of budding on the cell surface, and are unmodified by fixatives. Antigens 

expressed in their native three-dimensional conformation can induce more effective antibody 

responses [9, 26]. We observed that SHIV (simian human immunodeficiency virus) VLPs 

produced in insect cells were effectively taken by dendritic cells which preferentially 

activated CD4 T and B cells [27]. Influenza VLP vaccines also have the potential to provide 

cross-protective immune responses as demonstrated by the current and previous studies [9, 
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11]. Therefore, our studies and others support the proof of concept that influenza VLPs can 

induce protective immunity that is comparable to the conventional influenza vaccine [9].

Overall, we show that vaccination with multivalent cocktails of VLPs can offer the similar 

type of protection conferred by the standard inactivated vaccines that are in current use, but 

the VLP approaches have the advantage that their production can circumvent the 

requirement for embryonated chicken eggs. The strategies involving VLPs are also very 

versatile. Thus far we have investigated the use of only two HA components in bivalent 

influenza VLPs, but it may be possible to increase the number of HA strains included in the 

multivalent VLP format to broaden the scope of neutralizing immunity, and we are 

investigating the limitations of this. In addition, the VLP approaches are amenable to 

inclusion of immunostimulatory molecules [27, 28] or other viral components such as NA or 

nucleoprotein, which may aid in expanding the narrow breadth of protection provided by 

current influenza vaccines.
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Figure 1. 
Production of influenza VLPs. Influenza VLPs were purified from the culture supernatants 

using sucrose gradient ultracentrifugation. A) Western blot analysis of A/PR8 HA VLPs (H1 

VLPs). Blots for HA (top) and M1 (bottom) were probed using mouse anti-PR8 sera and 

purified mouse anti-M1 IgG antibody, respectively. Lanes 1, negative control (human 

immunodeficiency virus-like particles); 2, HA-negative M1 VLPs; 3, influenza VLPs 

containing PR8 HA and M1. B) Western blot analysis of A/Aichi HA VLPs (H3 VLPs). 

Rabbit or mouse anti-Aichi HA polyclonal antibodies were used to detect Aichi HA. Lanes 

1, negative control (human immunodeficiency virus-like particles); 2, HA-negative M1 

VLPs; 3, influenza VLPs containing Aichi HA and M1.
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Figure 2. 
Influenza virus specific total serum IgG antibody responses. Mice were intramuscularly 

immunized with monovalent influenza H1 (PR8) VLPs, H3 (Aichi) VLPs or bivalent 

influenza VLPs (H1+H3 VLPs) at 3 week intervals. Sera (2 weeks after the second 

immunization) were used to determine the total IgG antibodies specific to A) A/PR8, B) A/

WSN, C) A/Aichi, and D) A/Phil (Philippines) antigens by ELISA. Optical densities were 

read at 450 nm (OD450), and IgG antibody titers in log10 are expressed as the highest 

dilution of serum having a mean optical density at 450 nm greater than the mean plus 2 

standard deviations for similarly diluted naive serum samples, and error bars indicate 

standard deviation (SD). Naïve, unimmunized control; H1 VLP, H3 VLP, and H1+H3 VLP 

indicate groups of mice immunized with 10 µg of H1 (PR8) VLPs, 10 µg of H3 (Aichi) 

VLPs, and 20 µg of bivalent influenza VLPs, respectively.
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Figure 3. 
Neutralization activity. Viral neutralizing antibody activities were determined using plaque 

assays in sera collected at 2 weeks after the second (final) immunization from mice 

immunized with 10µg VLPs. Serial dilutions of sera from individual mice were incubated 

with approximately 100 plaque forming unit of influenza virus for 1 hr at 37° C. The 

samples were then applied to monolayers of confluent MDCK cells, and a standard plaque 

reduction assay was performed. A) A/PR8 (H1N1), B) A/WSN (H1N1), C) A/Aichi 

(H3N2), D) A/Philippines (H3N2). E) A/Hong Kong (H3N2). Groups of mice are as 

described in Figure 2.
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Figure 4. 
Protection of mice from lethal virus challenges expressed as percent (%) of survival. At 

week 4 after the final immunization, naïve and immunized mice were intranasally infected 

with a lethal dose of mouse-adapted A/PR8 (10× LD50), A/WSN (10× LD50), A/Aichi (5× 

LD50) or A/Philippines (H3N2) virus (10× LD50). Mice were monitored daily for 16 days to 

determine the percentage of mortality rates. A) A/PR8 virus challenge, B) A/WSN 

challenge, C) A/Aichi challenge, D) A/Philippines challenge. Groups of mice are as 

described in Figure 2.
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Figure 5. 
Body weight changes after virus challenge infections. Naïve or VLP immunized mice were 

intranasally infected with a lethal dose of mouse-adapted A/PR8 (10× LD50), A/WSN (10× 

LD50), A/Aichi (5× LD50) or A/Philippines (H3N2) virus (10× LD50). Mice were monitored 

daily for 16 days to determine the body weight changes as an indicator of morbidity. A) 

A/PR8 virus challenge, B) A/WSN challenge, C) A/Aichi challenge, D) A/Philippines 

challenge. Groups of mice are as described in Figure 2.
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Figure 6. 
Lung viral titers. Lung samples from individual mice in each group (n=6) were collected on 

day 4 post-challenge with a lethal dose of mouse-adapted A) A/PR8 (H1N1), B) A/WSN 

(H1N1), C) A/Aichi (H3N2) or D) A/Philippines (H3N2) virus. Each lung sample was 

diluted to 1 ml with DMEM media. The titers are presented as PFU per ml.
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Figure 7. 
Pro-inflammatory cytokine IL-6 in lungs after virus challenge. Lung extracts were prepared 

at day 4 post-challenge. Lung samples from naive mice that received the same dose of lethal 

challenge infection are shown for comparison. IL-6 in lung extracts was determined by 

ELISA, and results shown are geometric mean values obtained from 6 mice at each time 

point. A) A/PR8 challenge. All groups of immunized mice prior to challenge infection 

showed only basal levels of IL-6. B) A/WSN challenge, C) A/Aichi challenge, D) A/

Philippines challenge.
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Figure 8. 
Comparison of long-term antibody responses between VLPs and inactivated viruses. Mice 

were intramuscularly immunized 2 times with monovalent influenza H1 (PR8) VLPs and 

inactivated PR8 viruses at 3 weeks intervals (n=6). Groups of mice were immunized with 

influenza PR8 VLPs (VLP, 0.95µg HA) and PR8 inactivated viruses (Ina PR8, 2.9µg HA). 

Blood samples were collected individually at 2, 4, 8, 20 and 28 weeks after the 2nd 

immunization and total sera IgG antibody responses specific to influenza A/PR8 antigen 

were compared. Optical densities were read at 450 nm (OD450), and results are expressed as 

the arithmetic mean (OD450) and error bars indicate standard deviation (SD)
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Figure 9. 
Locations of amino acid differences between H1 and H3 strains utilized here in the three-

dimensional structure of HA. The left panel shows the structure of PR8 HA [Gamblin, 2004 

#45]. The HA1 subunit is shown in gray and the HA2 in red. The green residues indicate the 

positions in the membrane distal portion of HA1 that differ between the PR8 and WSN 

strains used for these studies. The right panel depicts the structure of Aichi HA [Wilson, 

1981 #266]. HA1 and HA2 subunits are in gray and red respectively. The colored residues 

show the positions that differ between the HAs of A/Aichi/2/68 and A/Philippines/2/82. 

They are colored differently to differentiate the five major antigenic regions that have been 

designated for H3 HAs [Wiley, 1987 #1851]. The positions of amino acid changes are 

located within the five antigenic sites labeled as A to E.
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Table 1

Influenza HA amino acid Sequence comparison* (HA1 domain aa 43–315)

Sequences were obtained from the NCBI protein sequence database (PR8: A/PR/8/34, ABD77675; WSN: A/WSN/1933, ABF47955; Aichi: A/
Aichi/2/1968, AAA43239; Phil: A/Philippines/2/1982, AAA18781, HK: A/Hong Kong/1968, ABQ97200). Within the same subtype, sequences are 
aligned (PR8 and WSN, Aichi and Phil). Dots indicate the identical amino acid within the comparing pair (PR8 versus WSN; Aichi versus Phil). 
Different amino acid residues are indicated.
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