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Recurrent outbreaks of highly pathogenic avian influenza virus pose the threat of pandemic spread of lethal
disease and make it a priority to develop safe and effective vaccines. Influenza virus-like particles (VLPs) have
been suggested to be a promising vaccine approach. However, VLP-induced immune responses, and their roles
in inducing memory immune responses and cross-protective immunity have not been investigated. In this
study, we developed VLPs containing influenza virus A/PR8/34 (H1IN1) hemagglutinin (HA) and matrix (M1)
proteins and investigated their immunogenicity, long-term cross-protective efficacy, and effects on lung pro-
inflammatory cytokines in mice. Intranasal immunization with VLPs containing HA induced high serum and
mucosal antibody titers and neutralizing activity against PR8 and A/WSN/33 (H1N1) viruses. Mice immunized
with VLPs containing HA showed little or no proinflammatory lung cytokines and were protected from a lethal
challenge with mouse-adapted PR8 or WSN viruses even 5 months postimmunization. Influenza VLPs induced
mucosal immunoglobulin G and cellular immune responses, which were reactivated rapidly upon virus
challenge. Long-lived antibody-secreting cells were detected in the bone marrow of immunized mice. Immune
sera administered intranasally were able to confer 100% protection from a lethal challenge with PR8 or WSN,
which provides further evidence that anti-HA antibodies are primarily responsible for preventing infection.
Taken together, these results indicate that nonreplicating influenza VLPs represent a promising strategy for

the development of a safe and effective vaccine to control the spread of lethal influenza viruses.

Influenza virus is a segmented negative-sense RNA virus, be-
longing to the Orthomyxoviridae family. The virion is surrounded
by a lipid membrane containing two major glycoproteins, the
hemagglutinin (HA) and neuraminidase (NA). The HA protein is
the most abundant viral surface glycoprotein and is responsible
for the attachment of virus to terminal sialic acid residues on host
cell receptors (4) and mediating fusion between viral and cellular
membranes (6). There are 16 distinct antigenic subtypes of influ-
enza A viruses that are recognized on the basis of antigenic
properties of the HA protein (15). Influenza A virus causes a
highly contagious and acute viral respiratory disease, which can
pose serious public health problems resulting in significant mor-
bidity and mortality worldwide each year (36, 40). A more serious
concern is that avian influenza viruses are a source for a diverse
mix of antigenic subtypes representing a large reservoir of novel
viruses to which the human population is naive (32, 37, 38, 41).
Genetic reassortment of RNAs between avian and human influ-
enza viruses or mutations affecting host range could enable avian
viruses to transmit among the human population, which may lead
to a global pandemic with high mortality.

Vaccination has been an effective way to reduce the dis-
ease resulting from an influenza virus infection. The major
supply of influenza virus vaccine is currently produced using
embryonated chicken eggs. However, manufacturing prob-
lems experienced in recent years illustrate that the current
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methods of production are fragile in ensuring an adequate
and timely supply of influenza virus vaccine. More impor-
tantly, the egg-based technology may not be suitable to
respond to a pandemic crisis. The HS avian influenza virus
strains responsible for recent epizoonotic outbreaks in Asia
are lethal to chicken eggs (25, 29, 31). Also, due to the high
pathogenicity of avian influenza virus strains, the conven-
tional production of avian influenza virus vaccines would
require biosafety level 3 containment facilities. In addition,
vaccine development and production take several months
following the identification of new potential strains and typ-
ically require reassortment with a high-yield strain. There-
fore, a strategy that can rapidly produce new influenza virus
vaccines is needed as a priority for pandemic preparedness.

Virus-like particles (VLPs) have been generated and tested
as vaccine candidates for a variety of viruses (2, 11, 12, 19, 22).
It was recently reported that immunization with influenza
VLPs (H3N2 and HIN2) reduced challenge virus replication
and conferred protection against an influenza virus challenge
(8, 24). However, the immune responses induced by influenza
VLPs are not well characterized, and the memory responses
and cross-protective immunity are unknown for VLP immuni-
zation. In this study, we developed VLPs for influenza virus
A/PR8 (HINT1), for which the challenge system and immune
epitopes are well-defined in a mouse model. Intranasal immu-
nization of mice with these influenza VLPs induced mucosal
and systemic immune responses, including both humoral and
cellular immune components. We observed that immune re-
sponses induced by the influenza VLPs conferred cross-pro-
tection against lethal challenge with homologous or heterolo-
gous strains. We further analyzed protective memory immune
responses induced by VLP immunization.
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MATERIALS AND METHODS

Virus and cells. Spodoptera frugiperda Sf9 cells were maintained in suspension
in serum-free SFO00II medium (GIBCO-BRL) at 27°C in spinner flasks at a
speed of 70 to 80 rpm. CV-1 and Madin-Darby canine kidney (MDCK) cells were
grown and maintained in Dulbecco’s modified Eagle’s medium (DMEM).
Mouse-adapted influenza A/PR8/34 (provided by Huan Nguyen, University of
Alabama at Birmingham, Birmingham, AL) and A/WSN/33 (from Yumiko Mat-
suoka, CDC, Atlanta, GA) viruses were prepared as lung homogenates from
intranasally infected mice.

Preparation of influenza VLPs. A cDNA for influenza virus M1 (A/PR8) was
obtained from Yumiko Matsuoka (CDC, Atlanta, GA). The M1 gene was PCR
amplified with primers containing flanking restriction enzyme sites for cloning
into the pSP72 plasmid expression vector under the T7 promoter (forward
primer, 5" TCC CCCGGG CCACC ATG AGC CTT CTG ACC GAG GTC 3;
reverse primer, 5" TTA CT TCTAGA TTA CTT GAA CCG TTG CAT CTG 3';
Smal and Xbal sites are underlined). The pSP72 clone containing the M1 gene
was confirmed by DNA sequencing, and the expression of the M1 protein was
confirmed by Western blot analysis of CV-1 cells transfected with pSP72 con-
taining the M1 gene following infection with a recombinant vaccinia virus ex-
pressing T7 polymerase. The M1 gene was subcloned into the Smal and Xbal site
in the baculovirus transfer vector pc/pS1 containing a hybrid capsid-polyhedrin
promoter. To produce a recombinant baculovirus (rBV) expressing M1, Sf9
insect cells were cotransfected with Baculogold DNA (BD/PharMingen) and the
pc/pS1-M1 transfer vector by following the manufacturer’s instructions. The
supernatant was harvested 5 days after transfection, and recombinant plaques
expressing M1 were selected by plaque assay and expanded. A rBV expressing
influenza virus A/PR8 HA (HIN1) was previously described (10). For Western
blot analysis to determine the expression of M1 and HA, transfected or infected
cells were dissolved in sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) sample buffer (50 mM Tris, 3% B-mercaptoethanol, 2% SDS,
10% glycerol), separated by SDS-PAGE, and then probed with mouse anti-M1
antibody (1:4,000; Serotec) and sera from PRS virus-infected mice (1:1,000). The
virus titer was determined with a Fast Plax titration kit according to the manu-
facturer’s instructions (Novagen, Madison, WI).

To produce VLPs containing influenza virus M1 and HA, Sf9 cells were
coinfected with rBVs expressing HA and M1 at multiplicities of infection of 4
and 2, respectively. Culture supernatants were harvested at 3 days postinfection,
cleared by low-speed centrifugation (2,000 X g for 20 min at 4°C) to remove cells,
and VLPs in the supernatants were pelleted by ultracentrifugation (100,000 X g
for 60 min). The sedimented particles were resuspended in phosphate-buffered
saline (PBS) at 4°C overnight and further purified through a 20%-30%-60%
discontinuous sucrose gradient at 100,000 X g for 1 h at 4°C. The VLP bands
were collected and analyzed by using Western blots probed with anti-M1 anti-
body and mouse anti-PR8 sera for detecting M1 and HA, respectively. The level
of residual rBV in the purified VLPs was determined by plaque assay, and
equivalent titers of HA-expressing rBVs were estimated to contribute less than
5% of HA in VLPs as determined by Western blotting (data not shown). The
functionality of HA incorporated into VLPs was assessed by hemagglutination
activity using chicken red blood cells as described previously (26). Also, cleav-
ability of HA into HA1 and HA2 subunits was determined by using increasing
concentrations of trypsin (treated with L-1-tosylamide-2-phenylethyl chloro-
methyl ketone [TPCK]; Sigma) as previously described (18).

Electron microscopy. To examine budding of VLPs, Sf9 cells infected with
rBVs expressing M1 and HA were fixed with 0.25% glutaraldehyde and 1%
osmium tetraoxide, dehydrated with ethanol, and then embedded in Epon resin.
Thin sections were stained with lead citrate and uranyl acetate and observed by
electron microscopy. For negative staining of VLPs, sucrose gradient-purified
VLPs (1 to 5 pg) were applied to a carbon-coated Formvar grid for 30 seconds.
Excess VLP suspension was removed by blotting with filter paper, and the grid
was immediately stained with 1% phosphotungstic acid for 30 seconds. Excess
stain was removed by filter paper, and the samples were examined using a
transmission electron microscope.

Immunization and challenge. Female inbred BALB/c mice (Charles River)
aged 6 to 8 weeks were used. Mice (24 mice per group) were intranasally
immunized with 40 ug of VLPs two times (weeks 0 and 3) and 10 pg of VLPs
three times (weeks 0, 3, and 6) in 50 wl of PBS at 3-week intervals. To determine
the effect of VLP integrity on its immunogenicity, VLPs were heat treated at
95°C for 5 min and used to immunize mice as a control group. For virus
challenge, isoflurane-anesthetized mice were intranasally infected with 2,000
PFU of A/PR8 virus (10X the 50% lethal dose [LDsg]) or 750 PFU WSN (10X
LDs) in 50 pl of PBS per mouse 4 or 21 weeks after the final immunization. For
measurement of immune response parameters, six mice from each group were
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sacrificed prior to challenge or on day 4 postchallenge. Mice were observed daily
to monitor changes in body weight and to record death.

Sample collection. Blood samples were collected by retro-orbital plexus punc-
ture before immunization, at 2 weeks after boost immunization, and at different
time points (weeks 4, 8, and 21) after the last immunization. After the blood
samples were allowed to clot and centrifuged, serum samples were collected and
stored at —20°C prior to antibody titration. Nasal and tracheal washes and lung
samples were collected from individual mice at week 4.5 after the last immuni-
zation or on day 4 after a challenge infection (3, 33). The whole-lung extracts
prepared as homogenates using frosted glass slides were centrifuged at 1,000 rpm
for 10 min to collect supernatants. The lung supernatants were frozen and kept
at —70°C until used for immunoglobulin and virus titers and cytokine assays.
Cells from bone marrow were harvested from individual mice 21 weeks after the
last immunization, prepared as previously described (14), and used for detection
of influenza virus-specific immunoglobulin G (IgG) and IgA antibody-secreting
plasma cells. Lymphocytes from spleen samples were collected from sacrificed
mice and used for enzyme-linked immunospot (ELISPOT) analysis.

Evaluation of humoral immune responses. Influenza virus-specific antibodies
of different subtypes (IgG, IgG1, IgG2a, IgG2b, IgG3, and IgA) were determined
in sera, wash samples of nose and trachea, and lung extracts by enzyme-linked
immunosorbent assay (ELISA) as described previously (26). Briefly, 96-well
microtiter plates (Nunc-Immuno Plate MaxiSorp; Nunc Life Technologies,
Basel, Switzerland) were coated with 100 wl of inactivated PR8 (or WSN or
heat-treated VLPs) at a concentration of 4 wg/ml in coating buffer (0.1 M sodium
carbonate, pH 9.5) at 4°C overnight. The plates were then incubated with horse-
radish peroxidase-labeled goat anti-mouse IgG, IgG1, IgG2a, IgG2b, 1gG3, or
IgA (Southern Biotechnology) at 37°C for 1.5 h, and then, the substrate O-
phenylenediamine (Zymed, San Francisco, Calif.) in citrate-phosphate buffer
(pH 5.0) containing 0.03% H,0, (Sigma) was used to develop color. The optical
density at 450 nm was read using an ELISA reader (model 680; Bio-Rad).

Determination of influenza virus-specific antibody-secreting cells from bone
marrow. Inactivated PRS viral antigen or anti-mouse IgA and IgG antibodies as
capture antibodies were used to coat Multiscreen 96-well filtration plates (Milli-
pore). Freshly isolated cells from bone marrow (1 X 10° cells) were added to each
well and incubated for 48 h at 37°C with 5% CO,. Using horseradish peroxidase-
conjugated anti-mouse immunoglobulin antibodies and the ELISPOT assay sub-
strate diaminobenzidine (Research Genetics), color was developed following the
manufacturer’s instructions, and counting of ELISPOTSs was performed as described
previously (13).

Lung viral titers and virus neutralization assay. Lung viral titers and neutral-
ization assays were performed using MDCK cells as previously described (26).
Briefly, serum samples were serially diluted in DMEM, and a final volume of 190
wl was mixed with 10 pl of diluted virus stock containing approximately 100
infectious particles. The virus-serum mixtures were incubated at 37°C for 1 h and
then added to six-well plates containing confluent MDCK cell monolayers. The
plates were incubated at 37°C for 1 h, overlay medium containing DEAE dex-
tran, nonessential amino acids, glutamine, and trypsin was added, and incubated
for 2 or 3 days. The cells were then fixed with 0.25% glutaraldehyde and stained
with 1% crystal violet.

Cytokine assays. All antibodies against mouse cytokines used in cytokine
ELISPOT assays were purchased from BD/PharMingen (San Diego, Calif.).
Anti-mouse gamma interferon (IFN-y), interleukin-2 (IL-2), IL-4, and IL-5
antibodies (3 pg/ml in coating buffer) were used to coat Multiscreen 96-well
filtration plates (Millipore). Freshly isolated splenocytes (1.5 X 10° cells) were
added to each well and stimulated with a mixture of two major histocompatibility
complex class I (MHC-I) peptides (ITYSTVASSL and LYEKVKSQL) or a pool
of five MHC-II peptides (SFERFEIFPKE, HNTNGVTAACSH, CPKYVRSA
KLRM, KLKNSYVNKKGK, and NAYVSVVTSNYNRRF) at a concentration
of 10 wg/ml (7, 23). The plates were incubated for 36 h at 37°C with 5% CO,.
Development and counting of cytokine ELISPOTSs were performed as described
previously (13). Cytokine ELISA was performed as described previously (26).
Ready-Set-Go IL-6 and IFN-y kits (eBioscience, San Diego, CA) were used for
detecting cytokine levels in lung extracts following the manufacturer’s proce-
dures.

Passive immunization. Sera from influenza VLP-immunized mice or from
naive mice were heated for 30 min at 56°C to inactivate complement. Serum was
administered intranasally (50 pl per mouse) to naive mice. After 2 h, mice were
challenged with a lethal dose of live influenza PR8 virus (2,000 PFU per mouse,
10X LDs), and morbidity and mortality were monitored daily.

Statistics. All parameters were recorded for individual mice within all groups.
Statistical comparisons of data were carried out using the analysis of variance and
Nparl-way Kruskal-Wallis test of the PC-SAS system. A P value of <0.05 was
considered significant.
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RESULTS

Production of influenza VLPs. The budding of VLPs was
observed on the cell surfaces of Sf9 cells infected with tBV
expressing M1 and HA (data not shown), and the size and
morphology of budding particles were similar to those ob-
served in MDCK cells infected with influenza virus (20). VLPs
were found to be released into the culture supernatants (Fig.
1A), which is consistent with previous studies demonstrating
that influenza virus matrix protein M1 possesses all the func-
tions necessary for budding and release of VLPs (9, 17) and
that HA-containing VLPs are produced and released in insect
cells without neuraminidase coexpression (8).

VLPs were harvested from the culture supernatants of Sf9
cells coinfected with two individual rBVs that express either
HA or MI1. To purify influenza VLPs containing HA, the
harvested VLPs were applied onto a sucrose gradient and
Western blotting was performed to determine the distribution
of HA and M1 proteins (Fig. 1A). Two major visible bands
present between 30% and 60% of sucrose density were found
to contain both M1 and HA by Western blotting as shown in
lanes 7 and 9 in Fig. 1A. When each band of HA and M1 was
scanned by densitometry, the VLP band (lane 9 in Fig. 1A)
positioned near the 60% sucrose layer represented 55% of
total HA and contained a higher ratio of HA to M1 compared
to that near the 30% sucrose (lane 7 in Fig. 1A) which repre-
sented 20% of HA. These results suggest that a high level of
HA incorporated into M1 VLPs may produce influenza virus-
like particles of higher density. The HA titer of VLPs was 128
per pg of VLPs containing HA, which was approximately
three- to fourfold lower than that of influenza virions. On the
basis of HA content in influenza virions (34), VLPs were esti-
mated to contain 0.5 to 0.7 pg HA per 10 ug VLPs. HA on the
VLPs was found mostly in a form of the uncleaved precursor
and thus would not be fusogenic, because proteolytic cleavage
is required for the membrane fusion activity (28). As an indi-
cation of correct folding of HA, we found that HA incorpo-
rated into VLPs could be cleaved into HA1 and HA2 subunits
in a trypsin dose-dependent manner (Fig. 1B). These results
indicate that HA incorporated into VLPs retains hemaggluti-
nation activity and maintains a proper conformation. The size
and morphology of influenza VLPs were examined by electron
microscopy (Fig. 1C). The morphology of VLPs resembles the
morphology of influenza virus particles with spikes on their
surfaces, characteristic of influenza virus HA proteins on viri-
ons. The particle sizes ranged from approximately 80 to 120
nm. Taken together, these results show that Sf9 cells infected
with rBVs expressing HA and M1 generated particles resem-
bling influenza virions in morphology and size.

Influenza HA VLPs elicit humoral immune responses. To
determine whether influenza VLPs induce immune responses
specific to influenza virus HA, groups of mice were intranasally
immunized with 40 g or 10 pg of influenza VLPs containing
both M1 and HA (VLPs), HA-negative VLPs containing M1
alone (M1 VLPs), or human immunodeficiency virus (HIV)
VLPs at 3-week intervals. In addition, VLPs were heat treated
and used for immunization (10 wg per mouse) to determine
the requirements for VLP integrity and HA activity for induc-
tion of immune responses. Heat treatment of VLPs resulted in
loss of hemagglutination activity (data not shown).
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FIG. 1. Purification of influenza VLPs and electron microscopy
examination. (A) Western blot analysis of fractions from sucrose den-
sity gradient centrifugation. Blots for HA (top) and M1 (bottom) were
probed using mouse anti-PRS8 sera and purified mouse anti-M1 IgG
antibody, respectively. Lanes: 1 to 3, top fractions without sucrose; 4
and 5, fractions with above 20% sucrose; 6 and 7, fractions between 20
and 30% sucrose; 8 and 9, fractions between 30 and 60% sucrose. Lane
M1 contains HA-negative M1 VLPs. The positions of influenza virus
HA and M1 proteins are indicated to the right of the blots. The
positions of molecular mass markers (in kilodaltons) are shown to the
left of the blots. (B) Cleavage of HA in VLPs. VLPs containing HA
were incubated for 5 min with different concentrations of TPCK-
treated trypsin, resolved by SDS-PAGE, and probed by Western blot-
ting. Lanes 1 to 4 contain 0, 0.125, 1.0, and 2.5 pg/ml trypsin concen-
trations, respectively. (C) Negative staining electron microscopy of
influenza VLPs containing HA and M1.

The levels of PR8-specific IgG were found to be significantly
increased after the primary immunization in both groups of
mice that received 40 pg or 10 pg of VLPs (P < 0.0001),
although higher levels of total IgG were observed in the group
given 40 pg (Fig. 2A). The first boost significantly enhanced
the levels of PR8-specific antibodies (P < 0.0001) with the
higher dose inducing higher levels of antibodies (Fig. 2). Three
immunizations with a low dose (10 pg VLPs [Fig. 2B]) resulted
in levels of antibodies similar to those observed after two
immunizations with 40 pg of VLPs. We also observed that the
magnitude of humoral immune responses induced by VLPs
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FIG. 2. Influenza virus-specific total serum IgG antibody re-
sponses. Groups of mice were immunized twice with 40 pg VLPs
(A) or three times with 10 wg VLPs (B). Mice (24 BALB/c mice per
group) were intranasally immunized with influenza HA VLPs or M1
VLPs at 3-week intervals. Blood samples were collected individually at
2 weeks after each immunization. Sera diluted 100-fold were used to
determine PR8-specific total IgG by ELISAs. Optical densities (OD)
were read at 450 nm, and results are expressed as the arithmetic means
plus standard deviations (error bars). Immunization groups: 40 pg
VLP, 40 pg influenza VLPs containing HA and M1 at weeks 0 and 3;
40 pg M1 VLP, 40 ng HA-negative M1 VLPs (M1 VLPs) at weeks 0
and 3; 10 ng VLP, 10 wg influenza VLPs containing HA and M1 at
weeks 0, 3, and 6; 10 pg M1 VLP, 10 ng M1 VLPs at weeks 0, 3, and
6. Statistical significance is indicated for the difference between mice
immunized with influenza HA VLPs and M1 VLPs (¥, P < 0.005).
(C) Comparison of immune sera from mice immunized with heat-
treated VLPs and intact VLPs. Groups of mice (12 mice per group)
were immunized with 10 pg of VLPs (heat treated or intact) containing
PR8 HA at weeks 0, 2, and 4. The abilities of serum samples (sera
diluted 200-fold) after the last immunization to bind to antibodies
against inactivated A/PR8 (PRS8), heat-treated VLPs (Heat-VLP), and
intact VLPs (Intact-VLP) used as an ELISA coating antigen were
compared.

was comparable to those induced by sublethal live virus infec-
tion (data not shown). No significant levels of antibodies spe-
cific to PR8 virus were detected in groups of mice immunized
with HA-negative M1 VLPs (Fig. 2A and B) or heat-treated
VLPs (Fig. 2C), whereas heat-treated VLPs induced antibody
binding to heat-treated VLPs (Fig. 2C).

To further characterize the kinetics of antibody production,
the titers of serum IgG subtypes IgG1, IgG2a, IgG2b, and IgG3
were determined before and after the final immunization at
weeks 0, 2, 5, 8, and 27 (Table 1). All antibody isotypes showed
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significantly increased titers in groups of mice that received 10
pg of VLPs compared to the preimmune levels (P < 0.001) or
the M1 VLP group (data not shown). IgG1 and IgG2a levels
were found to be the highest among other subtypes, indicating
that T helper types 1 (Thl) and T helper type 2 (Th2) immune
responses were induced by intranasal immunization with influ-
enza VLPs. Interestingly, a higher level of IgG2b was observed
in the group given 10 pg of VLPs, whereas IgG3 was higher in
the group given 40 png of VLPs (data not shown). Notably,
antibody titers were twofold higher at 5 months than those at
2 weeks after the final (second boost) immunization (Table 1).
These results indicate that influenza VLPs are immunogenic
and capable of inducing long-lived antibody responses against
influenza virus.

Induction of neutralization activity. Since neutralizing activ-
ities against influenza virus are an indicator of induction of
functional antibodies most likely conferring protective immu-
nity, we performed neutralization assays. As shown in Fig. 3,
preimmunization and immune sera from M1 VLPs (data not
shown) showed only background levels or no neutralizing ac-
tivity. Immune sera collected 4 weeks after the last immuniza-
tion with 40 pg or 10 pg of HA VLPs showed a neutralizing
titer of 90 (50% neutralization activity titer) against PRS. A
neutralizing titer of 30 and hemagglutination inhibition titer of
40 (data not shown), although lower than those against PRS,
were observed against A/WSN (Fig. 3B). Meanwhile, similar
levels of antibodies binding to inactivated A/WSN were in-
duced in the groups given 10 and 40 pg of VLPs, which was
comparable to binding antibody to inactivated A/PRS8 (data
not shown). These results suggest that immunization with
VLPs can induce cross-neutralizing antibodies against influ-
enza viruses and that antibodies recognizing HA contribute to
the neutralizing activity.

Immunization with HA VLPs confers protection from chal-
lenge with homologous and heterologous strains. To investi-
gate whether vaccinated mice are cross-protected against a
lethal challenge and whether VLP-induced immune responses
can lower viral load in vivo, VLP-vaccinated mice were chal-
lenged with homologous (PR8) or heterologous (WSN) strains
(Fig. 4). All mice immunized with VLPs survived a lethal virus
challenge with PR8 and WSN (Fig. 4A and B). In contrast, the
naive group showed a significant and progressive loss in body
weight and shivering with challenge infection, indicating that

TABLE 1. Antibody isotype titers specific to influenza virus A/PRS
at different time points®

Antibody isotype titer (10%)

Time (immune sera)

IgG1 1gG2a IgG2b IgG3
0 wk (preimmune) 05+01 005*01 0.05*0.02 0.05=*0.01
2 wk (primary) 2+05 2+05 1+03 0.05 + 0.01
5 wk (first boost) 16 = 2.4 16 = 1.8 2+05 0.5 +0.01
8 wk (second boost) 3225 32x22 3236 1+01
5 mo postimmunization =~ 64 += 4.2 64 +34 3232 1+0.1

“IgG subclass serum antibodies specific to influenza virus PR8 were deter-
mined at week 0, 2, 5, 8, and 5 month postimmunization (at week 27) in the group
of mice that were intranasally immunized with 10 ug of HA VLPs. Titers are
expressed as the highest dilution of serum having a mean optical density at 450
nm greater than the mean plus 2 standard deviations of similarly diluted naive
serum samples.
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FIG. 3. Neutralization activity. Neutralizing antibodies against
A/PRS (A) or A/WSN (B). Viral neutralizing antibody activities were
determined using plaque assays for sera collected 4 weeks after the
final immunization from mice immunized with 40 wg or 10 pg VLPs
(12 mice per group analyzed). Serial dilutions of sera from individual
mice were incubated with approximately 100 PFU of PRS virus for 1 h
at 37°C, and a standard plaque reduction assay was performed using
MDCK cells. 40 pg VLP, 40 pg influenza VLPs containing HA and M1
at weeks 0 and 3; 10 pg VLP, 10 pg influenza VLPs containing HA and
M1 at weeks 0, 3, and 6.
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these mice suffered severe illness due to PR8 or WSN viral
infection. By days 7 to 9 postchallenge with PR8 or WSN
strain, all mice in the naive group lost over 35% of body weight
and died (Fig. 4C and D). In contrast, no loss in body weight
was observed postchallenge in groups of mice immunized with
40 wg or 10 pg of VLPs. Also, all mice immunized with heat-
treated VLPs (Fig. 4) or HIV VLPs (data not shown) died
between days 7 and 9 postchallenge following severe signs of
illness and body weight loss. Interestingly, although most M1
VLP-vaccinated mice suffered severe illness and body weight
loss and then died, a low level (less than 20%) of mice survived
the lethal virus challenge (data not shown), implying a protec-
tive role for M1.

Viral titers in lungs were analyzed to determine the replica-
tion of challenge virus at day 4 postchallenge (Fig. 5). The
naive mouse group that received PR8 or WSN challenge virus
showed high viral titers reaching 3 X 10° PFU, while lower
virus titers were detected in the VLP-immunized groups. Also,
high titers of challenge virus replication were observed in the
mice that received M1 VLPs; these titers were similar to those
in the naive challenge group. However, significantly decreased
virus titers in lungs were found in VLP-immunized mice after
PR8 (P < 0.01) or WSN challenge (P < 0.05), although viral
titers were higher after WSN challenge (2 X 10* PFU) than
after PR8 challenge (5 X 10' PFU). These results indicate that
influenza VLPs can induce protective immune responses
against both PR8 and WSN lethal challenges.

VLP immunization induces mucosal immune responses that
reactivate rapidly following challenge. Since the respiratory
mucosal surfaces (nose, trachea, and lung) are the natural
route of entry and the primary replication site of influenza
virus, it is important to determine mucosal immune responses.
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FIG. 4. Protection of mice from lethal PR8 and WSN challenge. At week 4 after the final immunization, naive and immunized mice were
intranasally infected with a lethal dose of mouse-adapted PR8 or WSN virus (10X LDs,) (six mice per group). Mice were monitored daily for 15
days. (A and B) Percent survival after PRS8 challenge (A) or WSN challenge (B); (C and D) body weight changes (in grams [G]) after PR8 challenge
(C) or WSN challenge (D). Immunization groups are described in the legend to Fig. 2, and PR8 and WSN denote a challenge infection with PR8

and WSN, respectively.
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FIG. 5. Virus titers in lungs. Lung samples from individual mice in
each group (six mice per group) were collected on day 4 postchallenge
with a lethal dose of PR8 or WSN, and each sample was diluted in 1
ml DMEM. The titers are presented as log,, PFU per ml, and immu-
nization groups of mice are described in the legend to Fig. 2. PR8 and
WSN denote a challenge infection with PR8 and WSN, respectively.
Statistical significance is indicated between groups of mice immunized
with VLPs and HA-negative M1 VLPs (a, P < 0.01; b, P < 0.05).

Mucosal samples from the nose, trachea, and lung were col-
lected from mice 4.5 weeks after the final immunization and
used to determine virus (PR8)-specific antibodies (Fig. 6). We
observed high levels of mucosal IgG and IgA antibodies spe-
cific to PRS in all mucosal samples obtained from mice intra-
nasally immunized with 40 wg or 10 pg of influenza HA VLPs
(Fig. 6), although levels of IgA were lower than those of IgG
(data not shown). Mucosal samples from naive or HA-negative
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M1 VLP-immunized mice did not show PRS8-specific anti-
bodies.

To investigate the induction of mucosal antibodies after
challenge infection, we collected nasal, tracheal, and lung sam-
ples 4 days after the challenge infections. We found significant
increases in virus-specific IgG antibody levels in all mucosal
samples from mice immunized with 40 pg or 10 pg of VLPs
following challenge infection with either PR8 or WSN com-
pared to those before challenge. In contrast, virus-specific an-
tibodies were not observed in naive or M1 VLP-immunized
mice even after challenge infection (Fig. 6). Interestingly,
higher levels of tracheal IgG and lung IgA were observed in the
group immunized with 10 pg VLPs after WSN challenge than
those in the group given 40 wg VLPs (Fig. 6B and D). We also
found significant increases in lung IgA antibodies in the 10 pg
VLP-immunized group after PR8 or WSN challenge (Fig. 6D,
P < 0.05 for the group given 40 ng VLPs and P < 0.01 for the
group given 10 pg VLPs comparing the groups before and
after challenge). Overall, these results suggest that mucosal
immunization with influenza VLPs can induce good memory
immune responses.

VLP immunization enhances CD4 and CDS8 T-cell responses.
Next we determined the magnitude of virus-specific CD4 and
CD8 T-cell responses induced by influenza VLPs using
ELISPOT assays. Briefly, splenocytes from mice immunized
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FIG. 6. Mucosal antibody responses following challenge infection. (A) IgG in nasal washes, (B) IgG in trachea, (C) IgG in lung extracts, and
(D) IgA in lung extracts. Nasal, trachea, and lung samples were collected 4.5 weeks after the final immunization and on day 4 after challenge
infections. ELISAs were used to determine respiratory IgG and IgA antibody levels. Optical density at 450 nm (OD 450) values were obtained from
10-fold-diluted mucosal samples, and results are represented as the arithmetic means plus standard deviations (error bars). Each bar represents
the arithmetic mean from six mice per group at each time point. Naive denotes unimmunized mice, and the other groups are as described in the
legend to Fig. 2. M1 VLP represent mice immunized with 40 ug M1 VLPs. PR8 and WSN denote a challenge infection with PR8 and WSN,
respectively. None denotes the group of mice without a virus challenge infection. Statistical significance (a, P < 0.01; b, P < 0.05; ¢, P < 0.05)
between the values before and after challenge of VLP-immunized mice is indicated.



3520 QUAN ET AL.

A. IFN=y
% 250 s
-
w200 |
0 —= Cell alone
« 150 1 —— MHC1 c
) = MHC2
§_ 100 a
n
(T 50 1 a
(o]
H* 0 - - . .
: 8 (\°  opd
“a\‘le ‘\_?R g\|\— »P
we ou e
Wab ’\'\o“g\]\—
C.IL-4
©
e
X 400 —= Cell alone a
0 —— MHC1
= 300 = MHC2
)
o 200
Q.
s 100
S
+ 0 =R
; L 4 D
wav® o “g‘l\’ x?
“a\\le AQ “g“\’?

J. VIROL.

B. IL-2
«© 1000
o d
* 800
"Q —= Cell alone
= 600 —— MHC1
_.g 400 = VHC2
> bb
‘5 200
#* o ra Jm

we ,pRS P  pRY
Naawe * "«3&%‘%»? P
D. IL-5
100
©
o
= 80 c
I: —= Cell alone
. —— MHC1
% 60 = MHC2 ¢
"6 40
% b
20
[T
S N %Ti
* 0 ol

Naive +PR3 P, pRS
Naive «3&%\1\.\’

FIG. 7. Cytokine-secreting splenocytes following challenge infection. IFN-y (A), IL-2 (B), IL-4 (C), and IL-5 (D) ELISPOT assays. Splenocytes
were isolated from immunized mice 4.5 weeks after the final immunization and on day 4 postchallenge, and cytokine-secreting cells were
determined by ELISPOT assays after stimulation with HA-specific MHC class I or II peptides. Naive + PRS indicates naive mice that received
a PR8 challenge, and 10 pg VLP + PRS indicates influenza VLP-immunized mice that received a PR8 challenge. The spots for cytokine-producing
cells from the spleen were counted and expressed based on 1.5 X 10° cells per well. Each column represents the arithmetic mean from six mice
per group at each time point. Statistical significance between the values for naive and VLP-immunized mice (a, P < 0.01; b, P < 0.05) and the
values before and after challenge of VLP-immunized mice (c, P < 0.05; d, P < 0.01) is indicated.

with VLPs 4.5 weeks after the final immunization were stimu-
lated with HA-specific MHC-I- or MHC-II-restricted peptides
to quantify HA-specific CD4 and CD8 cells secreting Th1-type
(IFN-y and IL-2) and Th2-type (IL-4 and IL-5) cytokines (Fig.
7). Significant levels of IFN-y in responses to MHC-I or
MHC-II peptide stimulation were detected in mice immunized
with VLPs but not in naive mice (Fig. 7A, P < 0.01 comparing
immunized and naive mice groups), indicating induction of
CD4 and CDS cells secreting IFN-vy. Similarly, upon stimula-
tion with HA-specific peptides, we observed significant in-
creases in both CD4 and CDS8 T cells secreting IL-2 compared
to the naive control (Fig. 7B, P < 0.05). Regarding IL-4 and
IL-5 cytokines, higher levels of CD4 cells were found to secrete
the cytokines than CDS cells, although both T-cell types were
activated to secrete cytokines upon HA peptide stimulation
(Fig. 7C and D, P < 0.05).

Upon virus infection, the rapid induction of cellular immune
responses is also important to control viral replication. Spleno-
cytes were harvested on day 4 after the challenge infection, and
cytokine-secreting cells were determined following stimulation
with immunodominant MHC class I and II HA peptides (Fig.
7). Mice immunized with VLPs rapidly induced significantly
high levels of lymphocytes secreting IFN-y and IL-2-secreting
CD4 and CDS cells as indicated by stimulation with MHC-II
and -1 peptides, respectively, and these levels were much

higher than those observed prior to challenge (P < 0.05 be-
tween the VLP-immunized groups before and after challenge).
We also observed significant enhancement of IL-5-secreting
lymphocytes at day 4 postchallenge infection in mice immu-
nized with VLPs (Fig. 7D, P < 0.05 compared to the group
before challenge). In contrast, naive mice that received chal-
lenge infection were not able to induce cytokine-producing
lymphocytes specific to HA peptides (Fig. 7). These results
suggest that influenza VLPs induce both Thl- and Th2-type
cellular immune responses, which can expand rapidly in re-
sponse to influenza virus infection.

VLP immunization reduces inflammatory cytokines follow-
ing challenge infection. High levels of proinflammatory cyto-
kines are involved in causing tissue damage, which may lead to
death. After challenge infection, cytokines in lung extracts
from naive and VLP-vaccinated mice were determined using a
cytokine ELISA (Fig. 8). We detected the proinflammatory
cytokine IL-6 at significantly high levels in naive or HA-nega-
tive M1 VLP-immunized mice upon challenge infection with
PR8 or WSN (Fig. 8A). In contrast, little or no IL-6 was
observed in the groups of mice immunized with influenza HA
VLPs after challenge infection (Fig. 8A). Similarly, IFN-y was
produced at high levels in the lungs of naive or HA-negative
M1 VLP-immunized mice, whereas no or low levels of lung
IFN-y were detected in mice that received influenza HA VLP
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FIG. 8. Proinflammatory cytokines IL-6 (A) and IFN-y (B) in the
lungs after virus challenge. Lung extracts were prepared on day 4
postchallenge. Naive mouse samples were used as controls. Cytokines
in lung extracts were determined by ELISAs, and results shown are
geometric mean values obtained from six mice at each time point.
Immunization groups (40 pg VLP, 10 ug VLP, and M1 VLP) are
described in the legend to Fig. 2, and PR8 and WSN denote a chal-
lenge infection with PR8 and WSN, respectively.

immunization (Fig. 8B). The same pattern of IFN-y produc-
tion was observed upon WSN challenge (data not shown).
Therefore, these results indicate that highly increased levels of
IL-6 and IFN-y cytokines induced in naive mice after an in-
fluenza virus infection may be involved in lung inflammation
and that influenza HA VLP immunization can avoid or lessen
proinflammatory cytokine production in lungs upon viral in-
fection.

VLP immunization maintains long-lasting protective im-
mune responses. During the differentiation and development
of B-cell memory, a fraction of germinal center B cells migrate
to the bone marrow where they develop into antibody-secret-
ing plasma cells. To investigate long-lived plasma cells in the
bone marrow, we collected bone marrow cells from mice im-
munized with VLPs 5 months after the last immunization and
determined antibody-secreting cells specific for PR8 antigen.
We observed 10- and 7-fold increases in PR8-specific IgG and
IgA antibody-secreting cells in VLP-immunized mice, respec-
tively, compared to those in naive mice (Fig. 9A), whereas a
threefold increase was observed in total IgA but not in IgG-
secreting cells (data not shown).

To determine whether the VLP immune sera collected 5
months after the final immunization have a protective role,
naive mice were administered immune or normal sera intra-
nasally and then challenged with a lethal dose of PR8 or WSN
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FIG. 9. Detection of antibody-secreting cells in the bone marrow
and protection from lethal challenge 5 months postimmunization.
(A) PR8-specific antibody-producing cells. Bone marrow cells were
collected from naive and influenza HA VLP-immunized mice. The
spots for antibody-producing cells from the bone marrow were counted
and expressed based on 1 X 10° total bone marrow cells per well.
(B) Survival rates after challenge infection. Groups of mice immunized
with 10 pug of VLPs (six mice per group) were challenged with lethal
doses of influenza virus (10X LDs,) 5 months postimmunization and
monitored daily for morbidity and mortality.

virus (Table 2). Naive mice that received influenza HA VLP
immune sera were protected against a lethal virus challenge of
both strains, but mice that received normal sera (Table 2) or
HA-negative M1 VLP immune sera were not protected (data
not shown). Also, naive mice infected with a lethal dose of
virus first and then administered VLP immune sera 2 h postin-
fection were protected, indicating the therapeutic value of the
immune sera (data not shown).

The induction of long-lasting protective immunity is a criti-
cal requirement for an effective vaccine. To determine whether
the influenza HA VLP-immunized mice maintain protective
immunity after 5 months, we challenged these mice with a

TABLE 2. Protective role of immune sera®

Group Clinical sign(s) Protection (%)
Naive + PRS8 Sick, loss of wt, dead 0
Normal sera + PRS8 Sick, loss of wt, dead 0
Immune sera + PRS8 Healthy 100

Naive + WSN Sick, loss of wt, dead 0
Normal sera + WSN Sick, loss of wt, dead 0
Immune sera + WSN Healthy 100

“ Naive mice were intranasally administered pooled sera from mice immunized

with influenza HA VLPs (immune sera) or naive mouse serum (normal sera).
Then, mice were challenge infected with a lethal dose (10X LDs) of live PR8 or
WSN after 2 h. The mouse survival and body weight changes were recorded daily.
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lethal dose of virus (Fig. 9B). All VLP-immunized mice sur-
vived the lethal challenge, and we did not observe body weight
changes or any sign of illness (Fig. 9B). These results demon-
strate that VLP immunization can induce long-lived antibody-
secreting plasma cells and protective immunity even 5 months
postimmunization.

DISCUSSION

We have investigated detailed immune responses induced by
influenza VLPs, including antibody isotypes, neutralizing ac-
tivity, cellular immune responses, and induction of memory
responses, which have not been investigated previously. In
addition, our findings provide evidence that influenza VLPs
containing HA, but not HA-negative M1 VLPs, can induce
protective immunity against a lethal virus challenge with ho-
mologous as well as heterologous virus strains.

Immunization with recombinant influenza virus HA proteins
was previously demonstrated to afford protection in chickens
against challenge infection (5). However, preparing HA pro-
teins with high purity as a vaccine candidate on a large scale
may require a high-cost manufacturing process. In this regard,
the production and purification processes of influenza VLPs in
insect cells can be relatively simple and easily scalable. Insect
cells do not add sialic acids to the N-glycans during posttrans-
lational modifications (16), which explains why VLPs with HA
are effectively released from the insect cell surfaces in this and
other studies (8). Nonetheless, it will be interesting to deter-
mine the effect of neuraminidase coexpression on VLP bud-
ding and yield in the insect cells. In addition, incorporating an
additional component, neuraminidase, into VLPs would be an
advantage for an influenza virus vaccine, although VLPs con-
taining influenza virus HA and M were found to be effective in
inducing protective immune responses in the absence of adju-
vants.

Maintaining the VLP structure and functionality of HA are
expected to be important for inducing protective immunity. It
is likely that the HA molecules on the surfaces of the VLPs
maintain the native-like conformation as evidenced by hemag-
glutination activity and cleavability of HA in VLPs. Disrupting
the intact VLP structure and inactivating the hemagglutination
activity of HA abrogated the humoral immune responses
against A/PRS8 virus and did not induce protective immunity.
Therefore, the particulate nature and intactness of VLPs are
critically important in inducing protective immunity and may
be necessary in facilitating interaction with antigen-presenting
cells leading to strong immune responses. In support of this
notion, HIV VLPs were found to preferentially interact with
CD11b* monocyte/macrophage and B220™ B-cell populations
in vitro (present study).

The current, parenterally administered influenza virus vac-
cine is considered to provide protective immunity against cir-
culating viruses by inducing neutralizing antibodies directed
against HA, although it is relatively less effective against anti-
genic variants within a subtype (1). Serum antibodies induced
by intranasal immunization with VLPs were found to have the
capability to neutralize virus infectivity in vitro. We demon-
strated that intranasal immunization with PR8 VLPs can con-
fer 100% protection against PR8 as well as WSN strains using
a 10X LDy, dose without any clinical symptoms, and VLP-

J. VIROL.

immunized mice also survived a lethal dose of both strains as
high as 200X LDs, with some weight loss (data not shown).
The PR8 HA has approximately 91% amino acid homology
with WSN HA on the basis of sequence analysis (GenBank
accession numbers NC_004521 and ABF47955 for PR8 HA
and WSN HA, respectively). Reflecting serological differences
between A/PR8 and A/WSN, in addition to differences in lung
viral titers, hemagglutination inhibition titers and neutralizing
activity of PR8 VLP immune sera against A/WSN were two- to
threefold less than those against A/PRS8. Also, sera of mice
infected with sublethal doses of WSN showed four- to eightfold
differences in binding antibody titers against PR8 compared to
those of the homologous antigen WSN, and this serologic
difference was similarly observed when sera of mice infected
with sublethal doses of PR8 were tested (data not shown).
Nonetheless, we observed cross-reactive binding antibodies
against A/WSN in VLP immune sera, and humoral and cellular
immune responses were rapidly expanded upon lethal virus
challenge with PR8 or WSN. Therefore, our studies demon-
strate that influenza VLPs can be developed as a candidate
vaccine. It will be of interest to determine whether the immune
responses induced by influenza VLPs are cross-reactive with
more distantly related strains within the same subtype. Influ-
enza M1 VLPs can incorporate different subtype HAs, result-
ing in mixed influenza VLPs, and experiments to determine
whether such phenotypically mixed VLPs can provide protec-
tion against influenza viruses of different subtypes are in
progress.

An important goal of vaccination is to induce memory im-
mune responses, which can provide long-term protective im-
munity. The cells responsible for memory response are T and
B lymphocytes that can persist for long periods of time and can
quickly be reactivated following infection. Induction of mem-
ory cells has been mostly investigated following live virus in-
fection (30, 39), but not much is known about memory re-
sponses after immunization with nonreplicating VLP vaccines.
A fraction of memory B lymphocytes developed in the second-
ary lymphoid organs is routed to the bone marrow, resides
there as long-lived plasma cells, and secretes antibodies, main-
taining long-term serum antibody levels. We observed the
presence of influenza virus-specific antibody-secreting plasma
cells in the bone marrow of the VLP-immunized mice and
found that VLP-immunized mice were protected equally well 4
weeks or 5 months after the final immunization. In addition,
naive mice that received intranasal administration of heat-
treated immune sera collected 5 months postvaccination were
completely protected from lethal virus challenge with either
homologous or heterologous strains (Table 2), demonstrating
the protective role of antibodies induced by VLPs. Taken to-
gether, these results suggest that influenza VLPs can induce
the differentiation of B cells to long-lived plasma cells secreting
antibodies, which may play a role in maintaining long-term
protective immunity.

Lung cytokine-mediated immunoinflammatory reactions as
well as infiltration of activated lymphocytes may be a cause of
the morbidity and mortality associated with influenza virus
infections (21, 27, 35). We observed that high levels of IL-6 and
IFN-y were detected in naive or HA-negative M1 VLP-immu-
nized mouse lungs after challenge, whereas little or no proin-
flammatory cytokines were present in the lungs of the influenza
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HA VLP-immunized mice. Also, there seems to be a correla-
tion between lung viral titers and the levels of inflammatory
cytokines. This is consistent with a previous study demonstrat-
ing that high levels of lung viral titers and proinflammatory
cytokines (IFN-a and IL-6) were found in the lungs of pigs
with swine influenza virus infection (35). Also, lymphocytes
expressing CD69, an activation marker, were lower in influenza
HA VLP-immunized mice than in naive mice after challenge
(data not shown). Thus, influenza VLP immunization can pre-
vent immunopathologic lung inflammation upon influenza vi-
rus infection.

In summary, our results demonstrate that influenza VLPs
can induce neutralizing antibodies and cellular immune re-
sponses, which can confer protection against lethal virus infec-
tion by homologous or heterologous strains within the same
subtype. In addition, mucosal antibody and cellular immune
responses induced by influenza VLPs were rapidly expanded
upon challenge virus infection, inhibiting viral replication and
lung inflammatory cytokine production. These results provide
insight for developing effective prophylactic vaccines based on
VLPs to fight pathogenic influenza viruses that pose a pan-
demic threat.
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