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Abstract
Influenza virus-like particles (VLPs) were produced in Sf9 insect cells by co-expressing the matrix
protein M1 and the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) using the
recombinant baculovirus expression system. The VLPs were morphologically similar to influenza
virions. Both HA and NA proteins were incorporated into VLPs and these proteins retained their
functional activities. Further, influenza VLPs but not inactivated influenza viruses (IIV) stimulated
secretion of inflammatory cytokines from mouse bone marrow-derived dendritic cells (BMDC).
Immunogenicity of influenza VLPs and their protective efficacies against lethal influenza virus
challenge were evaluated in young and aged mice. Immunization with influenza VLPs induced strong
antibody responses against HA that inhibited hemagglutination by influenza virus, similar to IIV
vaccines. Compared to young mice, antibody responses in aged mice immunized with a low dose of
either influenza VLPs or IIV vaccines exhibited markedly reduced avidity for HA. However,
immunization of aged mice with a high dose of influenza VLPs induced antibody responses with
high avidity similar to those in young mice. Furthermore, all vaccinated animals survived a lethal
challenge by a mouse-adapted influenza virus (A/PR/8/34), indicating that influenza VLPs are highly
efficacious for protection against influenza virus infection in both young and aged mice.
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1. INTRODUCTION
Influenza virus is a highly contagious airborne pathogen that enters through infection of the
respiratory tract. Seasonal epidemics of influenza virus infection are estimated to cause about
36,000 deaths and over 200,000 hospitalizations annually in the United States alone (Bridges
et al., 2003). In particular, elderly humans over 65 years old are at great risk and constitute up
to 90% of all mortality associated with influenza virus infection (Thompson et al., 2003;
Webster, 2000). Vaccination represents a highly effective approach to reduce the rate of
influenza virus infection and the associated social and economical burdens (Szucs, 1999).
Currently there are two types of human influenza vaccines, inactivated influenza virus (IIV)
vaccines and cold-adapted influenza virus (CAIV) vaccines (Cox et al., 2004). However,
although IIV vaccines provide effective protection in healthy young adults with up to 90%
efficacy, protection of elderly adults is substantially lower even with a good match between
the vaccine and the circulating influenza virus (de Bruijn et al., 1999, Govaert et al., 1994;
Gross et al., 1995; Stepanova et al., 2002). On the other hand, CAIV vaccines are currently
only approved for healthy people between age 2 to 49 (Fiore et al., 2008). The high fatality
rate of influenza virus infection and the low vaccine efficacy in the elderly underscore the need
to evaluate new vaccine strategies for this high risk population.

Influenza virus is an enveloped virus with a segmented negative strand RNA genome. It has
two surface glycoproteins, the hemagglutinin (HA) and neuraminidase (NA) that are anchored
to the viral lipid membranes. Early studies have shown that immune protection against
influenza virus infection is primarily mediated by antibody responses against the HA, the major
viral surface glycoprotein that mediates virus attachment to cellular receptors and fusion
between viral and cellular membranes during infection (Ada and Jones, 1986; Carroll and
Paulson, 1985; Daniels et al., 1987). In humans, an antibody response that inhibits
hemagglutination by influenza virus at a titer of 1:40 or higher is found to correlate with
protection against influenza virus infection and pathogenicity (de Jong et al., 2003). A number
of new influenza vaccine strategies, including DNA vaccines, influenza virosomes and
immunostimulatory complexes, cell-culture derived inactivated virus vaccines, as well as
recombinant HA subunit vaccines are being explored and evaluated (Kemble and Greenberg,
2003; Nicholson et al., 2003; Stephenson et al., 2004). Like many other viruses, co-expression
of influenza virus structural proteins including the matrix protein M1 and the surface
glycoproteins HA and NA leads to assembly and release of virus-like particles (VLPs) from
the cells (Chen et al., 2007; Gomez-Puertas et al., 1999; Latham and Galarza, 2001; Neumann
et al., 2000). Recent studies have shown that immunization by influenza VLPs can induce
protective immune responses against lethal influenza virus challenge (Bright et al., 2007;
Galarza et al., 2005; Latham and Galarza, 2001; Mahmood et al., 2008; Pushko et al., 2005,
2007; Quan et al., 2007, 2008).

The development of these new strategies opens new avenues for the attainment of a more
effective influenza vaccine. However, these new generations of influenza vaccines need to be
evaluated for their immunogenicity and efficacy in aged populations which are at high-risk of
influenza virus infection. While the efficacy of influenza VLPs has been demonstrated in
several animal species (Cox, 2008), their immunogenicity and protective efficacy in aged
animals against influenza virus infection have not been examined. The aged mice provide a
useful model for studies of age-related decline in immune responses and protection against
influenza virus infection and preclinical evaluation of influenza vaccines in aged animals (Ben-
Yehuda et al., 1993; Bender et al., 1991, 1998; Bender and Small, 1993; Guebre-Xabier et al.,
2004; Katz et al., 2000; Powers and Belshe, 1993; Yager et al., 2008; Zheng et al., 2007). In
this study, we evaluated the immunogenicity of influenza VLPs and their protective efficacy
against influenza virus challenge in aged mice as well as young mice for comparison. Our
results show that immunization with influenza VLPs induced strong immune responses that
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conferred effective protection against lethal influenza virus challenge in both young and aged
mice.

2. MATERIALS AND METHODS
2.1. Animals, influenza virus, IIV vaccines, and purified HA proteins

Young adult female Balb/c mice (8 week-old) were purchased from the Charles River
Laboratory, and aged female Balb/c mice (18 month-old) were purchased from the National
Institute of Aging. All mice were housed in isolated chambers at the animal facility of the
Emory University and all animal studies were carried out in accordance with guidelines of the
Institutional Animal Care and Use Committee (IACUC) at Emory University.

Influenza virus A/PR/8/34 has been maintained in our group over 10 years (Sha and Compans,
2000). Mouse-adapted influenza virus A/PR/8/34 (H1N1) was prepared as lung homogenates
from intranasally infected naïve mice and stored at −80 °C in aliquots until use. The titer of
the challenge virus stock was first determined in chicken eggs to calculate the 50% egg-
infectious dose (EID50) and then the 50% lethal infectious dose (LD50) was determined in
young naïve mice (Balb/c, 8 weeks old). It was calculated that the LD50 of the challenge virus
stock was approximately 104 EID50. For IIV vaccine preparation, influenza virus A/PR/8/34
was grown in chicken eggs and purified by centrifugation through a sucrose gradient. The
purified virus was then inactivated by formalin as described previously (Sha and Compans,
2000). Protein concentration of the inactivated virus preparation (IIV vaccines) was determined
by a BCA protein assay (Pierce Biotechnology, Rockford, IL), and then resuspended in PBS
at 1 mg/ml and stored at −80 °C until use. The genes HA, NA, and M1 proteins were cloned
by RT-PCR amplification of viral genomic RNA from purified influenza virus A/PR/8/34
following established protocols (Zhu et al., 2008).

A recombinant vaccinia virus expressing an HA-his fusion protein (The ecto-domain of
influenza virus A/PR/8/34 HA was fused with a histag segment HHHHHH at its C-terminus)
was generated and used to infect Hela cells. At 48 hr post-infection, supernatant was harvested
and HA–his protein released into the medium was purified using Ni-NTA agarose beads
(QIAGEN, Valencia, CA). Purified HA-his proteins were characterized by Coomassie Blue
staining and Western blot.

2.2. Production and characterization of influenza VLPs
Influenza VLPs were produced in Sf9 insect cells by co-expression of influenza virus M1, HA,
and NA proteins using the recombinant baculovirus expression system. The genes for influenza
virus A/PR/8/34 (H1N1) HA and NA proteins were cloned into the plasmid vector
pFastBacDual (Invitrogen, Carlsbad, California) under the Pphol and P10 promoters
respectively. The gene for the M1 protein was cloned into the plasmid vector pFastBacI under
the Pphol promoter. Recombinant baculoviruses were generated using the Bac-to-Bac Bacmid
system (Invitrogen, Carlsbad, California) following the manufacturer’s protocol, and
designated as rBV-HA/NA and rBV-M1 respectively. For VLP production, Sf9 cells (2 ×
106/ml) were co-infected with rBV-HA/NA and rBV-M1 at MOIs (multiplicity of infection)
of 5 and 2 respectively, and VLPs released into the medium were collected at 60 hr post
infection. After clarification of cell debris, VLPs were concentrated by ultra-centrifugation and
further purified through a discontinuous sucrose gradient (10–50%). Purified VLPs were then
concentrated by ultra-centrifugation and re-suspended in PBS. Protein concentration of VLPs
was determined using a BCA assay kit and the VLP preparations were adjusted by PBS to a
final protein concentration of 1 mg/ml. Purified VLPs were characterized by Coomassie blue
as well as Western blot analysis for the presence of HA, NA, and M1 proteins and the amount
of incorporated HA proteins was analyzed by densitometry analysis using FluoroChem FC2
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Imaging Illuminator coupled with AlphaEaseFC software (Alpha Innotech, San Leandro, CA).
The influenza VLPs were further examined by electron microscopy using a Hitachi-H7500
transmission electron microscope (Hitachi. Ltd., Tokyo, Japan) by negative staining with 1%
uranyl acetate, following established protocols (Ye et al., 2006). Rift valley fever virus (RVFV)
VLPs were produced using recombinant baculovirus expressing the RVFV glycoprotein GP
and purified following the same procedure, and were used as control VLPs in this study as
indicated.

The hemagglutination activity of influenza VLPs or IIV was determined by incubating serial
dilutions of VLPs with 0.5% chicken red blood cells for 45 min at room temperature following
standard procedures. Neuraminidase activity of VLPs and purified influenza viruses was
determined using an Amplex red neuraminidase assay kit (Molecular Probes, Invitrogen,
Carlsbad, California). Briefly, VLPs or purified influenza viruses were serially diluted in 50
ul of 1x reaction buffer followed by addition of 50 ul of 2x working solution. After incubation
for 30 min at 37 °C under dark, fluorescence activity was measured by a Synergy 2 bioreader
(BioTek, Winooski, VT) using 530/590 nm (excitation/emission) wavelengths and the values
were used to indicate relative NA activities.

2.3. Bone marrow-derived dendritic cell (BMDC) preparation and stimulation
Mouse BMDCs were generated following procedures as reported by Lutz et al. (Lutz et al.,
1999). Briefly, femurs were obtained from sacrificed mice and the marrows were flushed out
with complete medium (RPM1640 plus 10% fetal calf serum) and then filtered through a cell
strainer. After lysis of red blood cells, 2×106 bone marrow cells were cultured in a 100 mm
petri dish in 10 ml culture medium (complete medium supplemented with 20 ng/ml of
recombinant mouse GM-CSF, Sigma-Aldrich, St. Louis, MO), and half of the medium was
replaced with fresh culture medium on days 3 and 6. BMDCs were collected on day 7 and over
70% of the cells were CD11c positive based on flow cytometry analysis. For DC-stimulation,
105 BMDCs were seeded in each well in a 96-well plate and incubated with influenza VLPs
(10 μg/ml), IIV (10 μg/ml), as well as LPS (10 ng/ml, positive control, Sigma-Aldrich, St.
Louis, MO) or culture media only (negative control) in triplicates. In parallel, the samples were
heated at 100 °C for 30 min before being added to the DCs. Supernatants were harvested after
24 hr incubation at 37 °C, and cytokine levels in the supernatants were measured by ELISA in
duplicate using commercially available kits (eBioscience, San Diego, CA) for IL-6 and TNF-
alpha.

2.4. Immunization and challenge of mice
Groups of young (8 weeks old) and aged mice (18 months old) were immunized by
intramuscular injection (IM) twice at 4-week intervals with 10 or 1 μg of influenza VLPs or 1
ug of IIV vaccines dissolved in 100 ul PBS as indicated for each group. At two weeks after the
second immunization, serum samples were collected by retro-orbital bleeding, heat-inactivated
ay 55 °C for 30 min, and stored in −80 °C until analysis. At four weeks after the second
immunization, mice were lightly anesthetized by isofluorane and challenged by intranasal
instillation of 10x LD50 (approximately 105 EID50) of the homologous mouse-adapted
influenza virus A/PR/8/34 (diluted in in 50 μl PBS). Mice were monitored daily for weight
changes and signs of disease for 14 days, and mice that exhibited over 25% body weight loss
were sacrificed in accordance with IACUC guidelines.

2.5. ELISA
Influenza HA-specific antibodies were measured in individual mouse sera by ELISA following
established protocols (Sun et al., 2009). Purified HA-his proteins were used as coating antigens
and a standard curve was constructed by coating each ELISA plate with serial 2-fold dilutions
of purified mouse IgG with known concentrations (eBioscience, San Diego, CA). The
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concentrations of HA-specific antibodies in serum samples were calculated using the obtained
standard curves and expressed as the amount of HA-specific antibodies in 1 ml of serum
samples (ng/ml).

The amount of HA proteins incorporated in VLPs or IIV vaccines was further determined by
a quantitative ELISA. Briefly, microtiter plate was first coated with goat antibodies against
H1N1 influenza virus (US Biological, Swampscott, MA) followed by addition of serial
dilutions of influenza VLPs or IIV vaccines. HA proteins bound to coated wells were detected
by ELISA using mouse antibodies against HA (prepared from mice immunized with A/PR/
8/34 HA DNA vaccines) and then HRP-conjugated goat-anti-mouse IgG antibodies following
standard procedures. A standard curve was constructed by using serial dilutions of purified HA
proteins to calculate the amount of HA in the samples, which was expressed as the amount of
HA in 1 μg of samples (ng/μg).

2.6. Antibody avidity
The avidity of mouse antibody responses against HA was determined using sodium thiocyanate
(NaSCN) displacement ELISA as developed by Luxton and Thompson (1990) with slight
modifications. Briefly, serum samples were diluted in PBS to a concentration that would give
an O.D. value of about 1.0 in ELISA based on obtained results. Microtiter plate was coated
with purified HA followed by blocking and then addition of 100 μl diluted serum samples for
2 hr binding at room temperature. After washing, 100 μl of different concentrations of NaSCN
(a chaotic agent diluted in PBS) was added to each well and incubated for 30 min at room
temperature. The amount of antibodies bound to HA was determined by addition of HRP-
conjugated goat-anti-mouse IgG antibodies. The antibody avidity was expressed as the
percentage of remaining HA-binding antibodies for each serum sample after incubation with
different concentrations of NaSCN compared to incubation with PBS only (set as 100%).

2.7. Hemagglutination inhibition (HAI) assay
The HAI assay was performed following established protocols (Wang et al., 2008). Briefly,
mouse sera was heat-inactivated at 56 °C for 1 h and then treated with receptor destroying
enzyme (Denka Seiken, Tokyo, Japan) at 37 °C overnight according to the manufacturer’s
instruction. After treatment, 25-μl aliquots of 2-fold serially diluted serum samples were
incubated with 25-μl virus containing 4 HA units of influenza virus A/PR/8/34 at 37 °C for 1
h, followed by incubation with 50 μl of 0.5% chicken red blood cells (LAMPIRE Biological
Laboratories, Pipersville, PA) at 25 °C for 45 min. The HAI titer was defined as the reciprocal
of the highest serum dilution that inhibited hemagglutination.

2.8. Flow cytometry analysis of CD8 T cell responses
Mice that survived the challenge were sacrificed on day 15 post challenge to prepare
splenocytes following established protocols (Ye et al., 2004). Lymphocytes were stimulated
with a peptide corresponding to a CD8 T cell epitope for the influenza virus A/PR/8/34 HA or
NP protein (IYSTVASSL and TYQRTRALV respectively, synthesized at the Emory
Microchemical Facility, Atlanta, GA) or an irrelevant peptide (AMQMLKETI, corresponding
to a segment in the HIV Gag protein) at 10 μg/ml for 6 h in presence of 10 μg/ml Brefeldin A
(Sigma-Aldrich, St. Louis, MO). After stimulation, the cells were washed twice with PBS
containing 3% fetal calf serum and then stained with PerCP-conjugated rat anti-mouse CD4
and phycoerythrin (PE)-conjugated rat anti-mouse CD8 antibodies (BD Pharmingen, San
Diego, CA). Cells were then fixed and permeabilized with Fix&Perm buffers and stained for
intracellular interferon gamma (IFN-γ) with allophycocyanin (APC)-conjugated rat anti-mouse
IFN-γ antibody (BD Pharmingen, San Diego, CA). The levels of CD8 T cell responses were
determined by flow cytometry on a BD FACS-Calibre Station (BD Immunocytometry
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Systems, San Jose, CA) and data was analyzed with the Flowjo 4.2 software (Tree Star,
Ashland, OR).

2.9. Statistical Analysis
The average value and standard deviation for the level of immune responses within each group
were calculated for comparison and the significance of the differences between the results from
different groups was determined by a student t test using the Excel program (Microsoft,
Redmond, WA).

3. RESULTS
3.1. Characterization of influenza VLPs

Influenza VLPs were produced by co-expression of viral M1, HA, and NA proteins in Sf9
insect cells using the recombinant baculovirus expression system and purified as described in
Materials and Methods. As shown in Figure 1a, influenza VLPs exhibit a spherical morphology
that is similar in size to purified influenza virus when examined under an electron microscope.
Protein profiles of influenza VLPs were analyzed by Coomassie blue staining and Western
blot analysis. As shown in Figure 1b, the HA was readily detected in influenza VLPs by both
Coomassie blue staining and Western blot analysis. Densitometry analysis showed that the
amount of HA incorporated in VLPs represents approximately 15% of total protein (2 μg of
VLPs contained about 0.35 μg HA proteins as determined from Coomassie blue staining,
whereas 1 μg of VLPs contained about 0.12 μg HA proteins as determined from Western blot
analysis). The M1 and NA proteins were also readily detected in VLPs by Coomassie blue
staining. However, the NA protein was not detected by Western blot, probably due to relatively
lower level of NA-specific antibodies in detecting sera. The amount of HA proteins in influenza
VLPs was also determined by quantitative ELISA. As shown in Figure 1c, 1 μg of influenza
VLPs contained about 120 ng HA protein, which is in agreement with the results from Western
blot analysis and Coomassie blue staining. In comparison, 1 μg of purified influenza virus
contained approximately 280 ng HA proteins.

We further characterized the functional activity of influenza VLPs. The hemagglutination (HA)
and neuraminidase (NA) activities of influenza VLPs were determined in comparison with
purified influenza virus. As shown in Figure 2, both HA activity and NA activities were readily
detected in influenza VLPs, However, it was also noted that the HA and NA activities in
influenza VLPs were relatively lower compared to purified influenza viruses. As shown in
Figure 2a, 1 μg of VLPs contained approximately 64 HA units whereas 1 μg of purified virus
contained about 256 HA units. More detailed analysis showed that HA units in 1 μg of VLPs
(80±20) was about 4-fold lower compared to the HA units in 1 μg of purified virus (300±20).
Further, as shown in Figure 2b, the level of NA activity detected in 10 μg VLPs was similar
to those detected in 2.5 μg purified virus. The lower HA and NA activities in influenza VLPs
compared to purified influenza virus were probably due to the relatively lower amount of
protein incorporation as shown for the HA in Figure 1c. In addition, the HA proteins in insect
cell-produced influenza VLPs migrated slightly faster in SDS-PAGE compared to mammalian
cell-produced purified HA (Figure 1b), probably due to the differences in glycosylation
between glycoproteins synthesized in insect cells and mammalian cells (Mellquist-
Reimenschneider et al., 2003). Such differences in glycosylation may also affect HA and NA
activities. Nonetheless, the detection of both HA and NA activities in influenza VLPs indicated
that the viral HA and NA proteins incorporated in influenza VLPs produced in Sf9 insect cells
retained their functional activities. We also investigated whether influenza VLPs exhibit DC-
stimulating activities as observed for Ebola VLPs in our previous studies (Ye et al., 2006). As
shown in Figure 2c, incubation of DCs with influenza VLPs but not IIV stimulated secretion
of IL-6 and TNF-alpha at high levels. Further, heating VLPs at 100 °C for 30 min eliminated
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their cytokine-stimulating activity while heating LPS at 100 °C for 30 min did not affect its
activity, indicating that the DC-stimulating activity by VLPs is not due to endotoxin
contamination.

3.2. Immunization with influenza VLPs confers effective protection against lethal influenza
virus challenge in both young and aged mice

After characterization, the immunogenicity of influenza VLPs was investigated in both young
and aged mice for comparison. Groups of young (8 weeks old) and aged mice (18 months old)
were immunized with 10 μg of influenza VLPs twice at 4-week intervals and blood samples
were collected at two weeks after the second immunization for analysis of antibody responses.
As shown in Figure 3a, the levels of IgG antibodies against HA induced by immunization with
influenza VLPs reached approximately 110 000 ng and 500 000 ng per ml in aged and young
mice respectively, and the levels of antibody response induced in young mice were significantly
higher than those induced in aged mice (p<0.01). The functional activities of the antibody
responses were determined by an HAI assay and as shown in Figure 3b, the HAI titers of sera
from vaccinated mice were about 1:400 in aged mice and were significantly higher in young
mice at about 1:900 (p<0.05).

To investigate whether these mice would be protected against lethal influenza virus challenge,
mice were challenged with 10x LD50 of mouse-adapted influenza virus A/PR/8/34 at 4 weeks
after the second immunization. As shown in Figure 3c, all control mice (including both young
and aged) succumbed to the challenge by day 8 post infection, whereas all vaccinated mice
survived. Further, no weight loss was observed after challenge in either young or aged mice
that were immunized with influenza VLPs. These results show that immunization with
influenza VLPs induced strong antibody responses that provided highly effective protection
against lethal influenza virus challenge in both young and aged mice.

3.3. Protection of young and aged mice against lethal influenza virus challenge by
immunization with a low dose of influenza VLPs

We further investigated whether protection of young and aged mice against influenza virus
infection can be achieved by immunization with a reduced dose of influenza VLPs. Mice (8-
weeks old for young adult mice and 18-months old for aged mice respectively) were immunized
twice by IM injection of 1 μg influenza VLPs at 4-week intervals. In parallel, we also carried
out immunization studies using 1 μg of IIV vaccines to determine whether there might be a
difference between the immunogenicity of influenza VLPs and IIV vaccines in young and/or
aged mice. At two weeks after the second immunization, blood samples were collected and
analyzed for antibodies against influenza HA and hemagglutination inhibition (HAI) activities.
As shown in Figure 4a, similar to immunization with a high dose (10 ug) of influenza VLPs,
immunization with a low dose (1 ug) of influenza VLPs or IIV vaccines induced significantly
higher levels of antibodies against HA in young mice than in aged mice (p<0.01), at
approximately 160 000 ng per ml in young mice and at about 33 000 ng per ml in aged mice
respectively. Similarly, the serum HAI titers induced by immunization with a low dose of
influenza VLPs or IIV vaccines were also significantly higher in young mice than in aged mice
(p<0.01) at 1:600 and 1:80 respectively (Figure 4b). On the other hand, it was also observed
that immunization with influenza VLPs or IIV vaccines induced similar levels of antibody
responses and serum HAI titers in young mice as well as in aged mice, indicating that the
influenza VLPs exhibit similar immunogenicity to IIV vaccines in both young and aged mice.
At 4 weeks after the second immunization, mice immunized with the low dose of VLPs or IIV
vaccines were challenged with 10x LD50 of mouse-adapted influenza virus A/PR/8/34. As
shown in Figure 4c, all mice survived the challenge. However, while no weight loss was
observed in young mice, aged mice immunized by a low dose of either VLPs or IIV vaccines
experienced 10 to 12% weight loss after challenge.
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3.4. Vaccine dose reduction affects the avidity of antibody responses induced in aged mice
but not in young mice

The significant weight loss observed in aged mice immunized with low dose VLPs or IIV
vaccines indicates that the reduced vaccine doses exert a more profound effect on the protective
efficacy in aged mice than in young mice. Further, it was noted that the HAI titers of sera from
aged mice immunized with a low dose (1 μg) of VLPs or IIV vaccines were significantly
reduced (p<0.01) by about 5-fold compared to those immunized with a high dose (10 μg) of
VLPs (HAI titers at about 1:80 and 1:400 respectively). On the other hand, the HAI titers of
sera from young mice immunized with a low dose of VLPs or IIV vaccines were only slightly
reduced (p>0.05) compared to those immunized with a high dose of VLPs (HAI titers at about
1:600 and 1:900 respectively). To gain further understanding of the differences in protective
efficacy between young and aged mice, we compared the avidity of vaccine-induced antibody
responses using sodium thiocyanate (NaSCN) displacement ELISA as developed by Luxton
and Thompson (1990). In this assay, antibody avidity is measured by determining the relative
levels of antibody-binding in presence of different concentrations of NaSCN and antibodies
with lower avidity are more easily displaced from their cognate antigens by using NaSCN at
low concentrations. As shown in Figure 5a, the addition of 0.5M NaSCN drastically reduced
(by almost 80%) binding of HA by antibodies from aged mice immunized with a low dose of
VLPs or IIV vaccines. In contrast, a similar reduction in HA binding by antibodies from young
mice immunized with a low dose of VLPs or IIV vaccines required the addition of 1.5M
NaSCN, a 3-fold increase. The displacement of HA-binding antibodies in sera from aged mice
immunized with a low dose of influenza VLPs or IIV vaccines by low concentrations of NaSCN
showed that these antibodies are of lower avidity to HA as compared to sera from vaccinated
young mice. Interestingly, antibodies in both young and aged mice immunized with a high
dose of VLPs exhibited similar avidities to HA that were comparable to antibodies in young
mice immunized with a low dose of VLPs or IIV vaccines.

Mice that survived the challenge were sacrificed on day 15 post infection and splenocytes were
prepared and analyzed for CD8 T cell responses against known epitopes in the influenza virus
HA and nucleoprotein (NP). As shown in Figure 5b, IFN-γ-producing CD8 T cells against
epitopes in the influenza virus HA or NP were induced in both young and aged mice after
challenge. The levels of IFN-γ-producing CD8 T cells against epitopes in the influenza virus
HA or NP in young mice immunized with a low dose of VLPs or IIV vaccines as well as in
aged mice immunized with a high dose of VLPs were about 2-fold higher than background
levels that were stimulated by an irrelevant peptide (p<0.05). On the other hand, the levels of
IFN-γ-producing CD8 T cells against epitopes in the influenza virus HA or NP in aged mice
immunized with low dose VLPs or IIV vaccines were more than 5-fold higher than background
levels and were significantly higher than those induced in young mice or in aged mice
vaccinated with a high dose of influenza VLPs (p<0.05).

4. DISCUSSION
In this study, we investigated the efficacy of insect cell-produced influenza VLPs to protect
against lethal influenza virus challenge in both young and aged mice. Characterization of these
VLPs showed that the incorporated HA and NA proteins retained their functional activities
and the influenza VLPs but not inactivated influenza viruses were found to stimulate secretion
of inflammatory cytokines from mouse BMDCs. In agreement with previous studies (Bright
et al., 2007; Galarza et al., 2005; Latham and Galarza, 2001; Mahmood et al., 2008; Pushko et
al., 2005, 2007; Quan et al., 2007, 2008), immunization of young mice with influenza VLPs
induced high levels of antibody responses and conferred highly effective protection against
lethal influenza virus challenge. We further extended the evaluation of influenza VLPs in aged
mice and our results showed that immunization with influenza VLPs also protected aged mice
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against lethal influenza virus challenge, despite induction of relatively lower levels of antibody
responses compared to the responses induced in young mice. Moreover, immunization with a
higher dose of influenza VLPs conferred highly effective protection of aged mice against lethal
influenza virus challenge with no visible signs of disease.

Immunosenescence is a hallmark of the aging process, which is manifested by reduced immune
responses to vaccination and increased susceptibility to virus infection as observed in human
clinical studies (Aw et al., 2007; Kovaiou et al., 2007). While the underlying mechanism
remains to be elucidated, cumulative evidence from both clinical studies and studies using
animal models indicates that immunosenescence is associated with a decline in many aspects
of both innate and adaptive immune responses (Aw et al., 2007; Kumar and Burns, 2008). In
this study, we observed that IgG antibody responses induced by both influenza VLPs and IIV
vaccines were significantly ower (by about 5-fold, p<0.01) in aged mice than in young mice.
This is similar to the results from several early studies that investigated the immunogenicity
of different influenza vaccine approaches in aged mice (Bender et al., 1998; Guebre-Xabier et
al., 2004; Katz et al., 2000; Sambhara et al., 1998). Moreover, in addition to their reduced
levels, the antibody responses in aged mice immunized with a low dose of influenza VLPs or
IIV vaccines also exhibit markedly reduced avidity for HA compared to the antibody responses
induced in young mice. It has long been established that upon antigen stimulation, activated B
cells undergo class switching as well as somatic hypermutation in germinal centers to produce
antibodies with increased avidity (Stavnezer, 1996). Thus, the differences in the avidity of
antibody responses in young and aged mice suggest that the process of B cell activation may
be impaired in aged mice. This profound reduction in both the levels and avidity of the antibody
responses in aged mice may result from a dysfunctional T cell responses (Haynes and Eaton,
2005), which are important for both B cell class switching (Zheng et al., 1997) and antibody
maturation (Romagnani, 1997; Paul and Benacerraf, 1977). Interestingly, immunization with
a higher dose of influenza VLPs effectively increased the avidity of the antibody responses in
aged mice to a level that is comparable to those in young mice. These results indicate that the
deficiency in B cell activation and antibody maturation in aged mice can be overcome by a
higher vaccine dose. It is possible that a higher vaccine dose may exert a more potent
stimulation of T cell responses in aged mice that leads to more effective B cell activation.
Further elucidation of the underlying mechanism for inducing antibody responses of high
avidities in aged mice as well as in elderly humans is needed for the development of new
vaccine strategies to improve protection of the aged population against influenza virus
infection.

In assessing the efficacy of protection against influenza virus infection, aged mice immunized
by a high dose of influenza VLPs were effectively protected from lethal influenza virus
challenge with no weight loss, similar to their younger counterparts. On the other hand,
significant weight loss was observed in aged mice but not in young mice that were immunized
with a low dose of influenza VLPs or IIV vaccines. Further, we also observed that significantly
higher levels of CD8 T cell responses were induced in aged mice immunized with a low dose
of influenza VLPs or IIV vaccines after challenge compared to young mice (p<0.05). As CD8
T cell responses are more effectively induced by virus infection, the induction of higher levels
of CD8 T cell responses after challenge indicate more extended virus replication, which is in
agreement with the observed weight loss in aged mice immunized with a low dose of VLPs or
IIV vaccines. The less effective protection seen in aged mice immunized with a low dose of
influenza vaccines may result from reduced levels and lower avidity of induced antibody
responses. Of note, sera from aged mice immunized by a low dose of influenza vaccines had
HAI titers at about 1:80 on average before challenge, ranging between 1:40 and 1:160. In
contrast, we observed in recent studies that young mice which received a single immunization
by IIV vaccines had serum HAI titers at about 1:40 and these mice were completely protected
against influenza virus challenge with no significant weight loss (Zhu et al., 2009). Thus, in
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addition to the reduced immunogenicity of influenza vaccines in aged mice, these results also
indicate that effective protection of aged mice against influenza infection may require a higher
level of antibody responses as compared to young mice. The different requirements for
protection of young and aged mice against lethal influenza virus challenge underscore the need
to develop new vaccine strategies with enhanced protective efficacy in the aged population,
which is more susceptible to influenza virus infection and associated illness.

It has been reported that antibody responses induced by immunization with influenza VLPs in
young mice exhibited broader and higher levels of hemagglutination inhibition activity than
immunization with IIV vaccines containing the same amount of HA (Bright et al., 2007). In
this study, we show that the levels of antibody responses induced by influenza VLPs were
comparable to those induced by IIV vaccines in both young and aged mice when vaccines were
given at the same dose of total protein, despite the lower amount of HA proteins contained in
influenza VLPs compared to IIV vaccines. Our results confirm previous observations from a
different angle and further demonstrate the potency of influenza VLPs compared to IIV
vaccines. Of interest, the present study of influenza VLPs showed that they also stimulated
secretion of inflammatory cytokines by mouse BMDCs. In contrast, IIV vaccines did not
exhibit DC-stimulating activities. A similar observation had also been made in earlier studies
on Ebola VLPs and inactivated virions, which showed that VLPs but not inactivated virions
of Ebola virus stimulated cytokine secretion from DCs (Bosio et al., 2004; Warfield et al.,
2003). Thus, it is possible that the DC-stimulating activity of influenza VLPs may augment
the induction of antibody responses. In support of this, it has been shown that induction of
antibody responses by influenza vaccines can be augmented through providing co-stimulation
of DCs during immunization by using a co-polymer adjuvant (Katz et al., 2000), an
immunostimulant patch containing bacterial heat-liable enterotoxin (Guebre-Xabier et al.,
2004), a modified vaccinia virus expressing co-stimulatory molecules CD80 and CD86
(Sambhara et al., 2001), or immunostimulating complexes (Sambhara et al., 1998). As
immunosenescence in the aged population is also manifested by reduced antigen presenting
activity of DCs (Plowden et al., 2004; Sambhara et al., 2001), the DC-stimulating activity of
influenza VLPs makes it particularly attractive for vaccination of elderly humans against
influenza virus infection.

The development of influenza VLPs as a candidate vaccine strategy offers several potential
advantages. Production of VLPs in cell culture may eliminate several drawbacks associated
with the egg-based system for production of influenza vaccines such as possible disruption of
vaccine supplies due to shortage of fertilized chicken embryos or potential low-yield when
producing highly pathogenic avian influenza viruses. Also, VLPs are devoid of viral genomic
RNAs and they are thus non-infectious and safe for broad applications. Moreover, influenza
VLPs have also been reported to elicit broadly protective immune responses against virus
infection (Bright et al., 2007; Mahmood et al., 2008; Wang et al., 2008). In addition, production
of influenza VLPs in insect cells using the recombinant baculovirus expression system offers
high yields, producing 5 to 10 mg purified VLPs in 1 liter insect cell culture that is similar in
range to the amount of purified influenza virus obtained from 1 liter egg allantoic fluid. As
insect cells are cultured in suspension, this process can be easily scaled up using large
bioreactors for production under GMP (Good Manufacturing Practice) conditions. The ability
of influenza VLPs to activate DCs and to induce protective immune responses in both young
and aged mice further demonstrates their potential as a new vaccine strategy for achieving
more effective protection against influenza virus infection in the aged population.
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Figure 1. Characterization of influenza VLPs
(a). Electron microscopy of influenza VLPsPurified influenza VLPs and influenza virus were
stained with 1% uranyl acetate followed by examination under a transmission electron
microscope. (b). Characterization of influenza VLPs by Coomassie blue staining and
Western blot analysis. The VLPs, purified influenza viruses, and purified HA proteins were
analyzed by SDS-PAGE followed by Coomassie blue staining or Western blot. VLP, influenza
VLPs; C, control RVFV VLPs produced in Sf9 insect cells; M, molecular weight markers;
HA-his, purified HA proteins. The numbers on top of each lane represent the amount of total
proteins (μg) in the samples. (c). Comparison of the amount of HA in influenza VLPs and
IIV vaccines. The amount of HA protein in influenza VLPs and IIV vaccine preparations were
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determined by a quantitative ELISA as described in Materials and Methods. A standard curve
was constructed using purified HA-his proteins to calculate the amount of HA in 1 μg of
influenza VLPs or IIV vaccines (ng/μg). VLP, purified influenza VLPs; IIV, inactivated
influenza virus; Control, RVFV VLPs. Error bars represent standard deviations of results from
3 independent assays.
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Figure 2. Functional analysis of influenza VLPs
(a). Hemagglutination activity of influenza VLPsSerial dilutions of influenza VLPs,
inactivated influenza viruses, or control rift valley fever virus VLPs in 50 μl of PBS were added
to each wells of a v-bottom plate, followed by addition of 50 μl chicken red blood cells (0.5%).
Hemagglutination of chicken red blood cells was recorded after 45 min incubation at room
temperature. VLP, influenza VLPs; Control, control rift valley fever virus VLPs; IIV,
inactivated influenza virus. (b). Neuraminidase (NA) activity in influenza VLPs. Different
amounts of influenza VLPs, control rift valley fever virus VLPs, or purified influenza viruses
were incubated with a substrate solution (Amplex Red/HRP/galactose oxidase/fetuin) for 30
min at 37 °C. The levels of NA activities were determined by measuring the fluorescence
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activity at 530/590 nm (excitation/emission) wavelengths. Error bars represent standard
deviations for each sample. VLP, influenza VLPs; Control, RVFV VLPs; Virus, purified
influenza virus A/PR/8/34; Negative control, supplied with the assay kit. (c). Stimulation of
mouse bone marrow-derived dendritic cells (BMDCs) by influenza VLPs. BMDCs were
prepared and stimulated with purified influenza VLPs or IIV vaccines as described in Materials
and Methods. DCs incubated with culture medium only or LPS (10 ng/ml) were used as
negative and positive controls respectively. To ensure that stimulation of DC by VLPs or
purified viruses was not due to contamination by endotoxin, the DCs were also incubated with
the same amount of VLPs or IIV vaccines that had been heat-treated at 100 °C for 30 min.
Cell-free supernatants were harvested 24 hr after incubation at 37 °C in 5% CO2 and assayed
for the levels (pg/ml) of IL-6 and TNF-alpha by ELISA. Error bars represent standard
deviations of the triplicate wells for each sample and the results shown represent typical results
obtained in two different stimulation experiments. 1, Medium (negative control); 2, influenza
VLPs (10 μg/ml); 3, IIV (10 μg/ml); 4, LPS (10 ng/ml, positive control).
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Figure 3. Immunization with influenza VLPs induced strong antibody responses and conferred
effective protection against lethal influenza virus challenge in both young and aged mice
Groups of young and aged mice (6 per group, 8-weeks old and 18-months old respectively)
were immunized twice at 4-week intervals by IM injection of 10 μg influenza VLPs. The control
groups received PBS only. Blood samples were collected at 2 weeks after the second
immunization and analyzed for antibody responses against influenza virus. (a). IgG antibody
responses against the influenza virus HA. The levels of antibody responses against HA were
determined by ELISA using purified HA proteins as coating antigens, and expressed as the
amount of HA-specific antibodies in 1 ml of serum samples (ng/ml). Error bars indicate
standard deviations for each group. A-VLP-10, aged mice immunized with 10 μg VLPs; Y-
VLP-10, young mice immunized with 10 μg VLPs; control, sera from young and aged control
group mice. (b). Inhibition of hemagglutination by sera from immunized mice. The ability
of sera to inhibit hemagglutination by influenza virus A/PR/8/34 were determined and
expressed as the highest dilution that resulted in complete inhibition of hemagglutination (HAI
titer). Data are presented as the mean ± standard deviation. (c). Mouse survival rate and body
weight change after lethal influenza virus challenge. At 4 weeks after the second
immunization, mice were challenged by intranasal instillation of 10x LD50 of mouse-adapted
influenza virus A/PR/8/34. Mice were monitored and weighed daily after challenge, and were
sacrificed when found to display severe signs of illness or loss more than 25% body weight in
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accordance with IACUC guidelines. A-VLP-10, aged mice immunized with 10 μg VLPs; Y-
VLP-10, young mice immunized with 10 μg VLPs; Y-C, control group of young mice; A-C,
control group of aged mice.

Wen et al. Page 20

Antiviral Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Protective efficacy in young and aged mice against lethal influenza virus challenge by
immunization with a low dose of influenza VLPs or IIV vaccines
Groups of young and aged mice (6 per group, 8-weeks old and 18-months old respectively)
were immunized twice at 4-week intervals by IM injection of 1 μg influenza VLPs or IIV
vaccines. Blood samples were collected at 2 weeks after the second immunization and analyzed
for antibody responses against influenza virus. (a). IgG antibody responses against the
influenza virus HA. The levels of antibody responses against HA were determined by ELISA
using purified HA proteins as coating antigens, and expressed as the amount of HA-specific
antibodies in 1 ml of serum samples (ng/ml). Error bars indicate standard deviations for each
group. VLP-1, mice immunized with 1 μg VLPs; IIV-1, aged mice immunized with 1 μg IIV
vaccines; C, control group mice; (b). Inhibition of hemagglutination by sera from
immunized mice. The ability of sera to inhibit hemagglutination by influenza virus A/PR/8/34
were determined and expressed as the highest dilution that resulted in complete inhibition of
hemagglutination (HAI titer). Data are presented as the mean ± standard deviation. (c). Mouse
survival rate and body weight change after lethal influenza virus challenge. At 4 weeks
after the second immunization, mice were challenged by intranasal instillation of 10x LD50
of mouse-adapted influenza virus A/PR/8/34 and mice were monitored and weighed daily after
challenge. A-VLP-1, aged mice immunized with 1 μg VLPs; A-IIV-1, aged mice immunized
with 1 μg IIV vaccines; Y-VLP-1, young mice immunized with 1 μg VLPs; Y-IIV-1, young
mice immunized with 1 μg IIV vaccines.
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Figure 5.
(a). Comparison of the avidity of antibody responses induced in young and aged mice.
Sera collected from vaccinated mice were tested for their avidity to purified HA as described
in Materials and Methods. The antibody avidity was expressed as the percentage of remaining
HA-binding antibodies for each serum sample after incubation with different concentrations
of NaSCN compared to incubation with PBS only (set as 100%). A-VLP-1, aged mice
immunized with 1 μg VLPs; A-IIV-1, aged mice immunized with 1 μg IIV vaccines; Y-VLP-1,
young mice immunized with 1 μg VLPs; Y-IIV-1, young mice immunized with 1 μg IIV
vaccines; A-VLP-10, aged mice immunized with 10 μg VLPs; Y-VLP-10, young mice
immunized with 10 μg VLPs. (b). Comparison of CD8 T cell responses induced in mice
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after challenge. At 2 weeks after challenge, mice were sacrificed and splenocytes were
prepared and stimulated with peptides corresponding to known CD8 T cell epitopes in HA or
NP or a Control peptide. The cells were then stained for cell surface CD8 as well as intracellular
IFN-γ protein followed by flow cytometry analysis. HA peptide, a peptide corresponding to a
CD8 T cell epitope in HA; NP peptide, a peptide corresponding to a CD8 T cell epitope in NP;
Control, a peptide corresponding to a CD8 T cell epitope in the HIV Gag. The percentages of
IFN-γ producing CD8 T cells stimulated by different peptides are shown. Data are presented
as the mean ± standard deviation for each group.

Wen et al. Page 23

Antiviral Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


