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We have designed a membrane-anchored form of the Toll-like receptor 5 ligand flagellin, the major
proinflammatory determinant of enteropathogenic Salmonella, which was found to be glycosylated and ex-
pressed on cell surfaces. A chimeric influenza virus-like particle (cVLP) vaccine candidate containing A/PR8/34
(H1N1) hemagglutinin (HA), matrix protein (M1), and the modified flagellin as a molecular adjuvant was
produced. The immunogenicity, including the serum antibody levels and cellular immune responses, and the
protective efficacy against homologous and heterologous live virus challenge of the resulting VLPs were tested
after intramuscular administration in a mouse model. The results demonstrated that flagellin-containing VLPs
elicited higher specific immunoglobulin G (IgG) responses than standard HA and M1 VLPs, indicating the
adjuvant effect of flagellin. Enhanced IgG2a and IgG2b but not IgG1 responses were observed with flagellin-
containing VLPs, illuminating the activation of Th1 class immunity. The adjuvant effects of flagellin were also
reflected by enhanced specific cellular responses revealed by the secretion of cytokines by freshly isolated
splenocyte cultures when stimulated with pools of major histocompatibility complex class I or II peptides.
When immunized mice were challenged with homologous live PR8 virus, complete protection was observed for
both the standard and cVLP groups. However, when a heterosubtypic A/Philippines (H3N2) virus was used for
challenge, all of the standard VLP group lost at least 25% of body weight, reaching the experimental endpoint.
In contrast, for the cVLP group, 67% of mice survived the challenge infection. These results reveal that cVLPs
designed by incorporating flagellin as a membrane-anchored adjuvant induce enhanced cross-protective
heterosubtypic immune responses. They also indicate that such cVLP vaccines are a promising new approach
for protection against pandemic influenza viruses.

Since the outbreak of a highly pathogenic avian influenza
virus (HPAI) H5N1 variant in 1997 in Hong Kong, there have
been increased concerns about the threat of a new pandemic
that may cause widespread fatal infection in humans. Although
the transmission of avian influenza viruses from birds to hu-
mans is a rare event, both the continuing increase of infected
human cases and the high mortality rates suggest the persisting
threat of an H5N1 pandemic (6). There is evidence that the
1918 pandemic virus, which caused an estimated 40 million
deaths, was an avian virus directly adapted to humans (53).
Although two classes of antiviral drugs targeting the viral ma-
trix protein M2 and neuraminidase, respectively, are available
against influenza A viruses, financial and supply limitations as
well as frequent drug resistance may limit the ability to utilize
these drugs for preventing a new pandemic (6, 36, 38, 66). It is
well recognized that an effective vaccine is the primary strategy
for protection against an emerging pandemic (37, 51, 61).

Currently, an inactivated influenza vaccine is the dominant
form used, although a live attenuated (cold-adapted) influenza
virus vaccine was also recently licensed (22). However, the
emergence of a new pandemic strain could easily overwhelm
the present capacity of vaccine production, which is based on
embryonic hens’ eggs. There are additional concerns that bio-

safety containment facilities may be needed for virus-based
vaccine production, and a period of 6 to 9 months would be
required. A safe, convenient, and more reliable alternative is
needed as a countermeasure to the emerging challenge.

As a new form of vaccine candidate, virus-like particles
(VLPs) have been reported to be potent vaccines for a variety
of pathogenic viruses (24, 25, 44, 47, 65). VLPs elicit immune
responses including both B-cell-mediated antibody and specific
T-cell-mediated cellular responses to protect experimental an-
imals against lethal influenza virus challenge (3, 13, 30, 40, 42).
However, though VLPs provide an attractive platform for de-
signing vaccines against a possible new influenza virus pan-
demic strain, they resemble the current vaccines in inducing
immune responses that are predominantly subtype specific
(23). An important advance would be the development of new
vaccines with enhanced breadth of immunity, which could po-
tentially be used to prevent infection by newly emerging vari-
ants, including influenza viruses of other subtypes.

To develop a more effective influenza virus vaccine, we have
designed a chimeric influenza VLP (cVLP) vaccine candidate
by incorporating flagellin, the Toll-like receptor 5 (TLR-5)
ligand, into VLPs as a molecular adjuvant. Flagellin is the
primary protein component of the highly complex flagellar
structures that extend from the outer membrane of gram-
negative organisms. It has been well documented that TLR-5
recognizes a conserved site on flagellin (15, 33, 48, 49). As a
natural agonist of TLR-5, flagellin is an effective inducer of
innate immune effectors such as cytokines and nitric oxide,
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thereby stimulating the activation of adaptive immune re-
sponses (34, 35). Furthermore, flagellin-induced enhancement
of adaptive immune responses is known to influence the pre-
sentation of antigens and the activation of cellular immune
responses (10, 32, 56). In the present study, we designed a
modified membrane-anchored form of flagellin for incorpora-
tion into influenza VLPs. We determined the immune re-
sponses to these VLPs in a mouse model, including their ability
to protect against challenge infection with an influenza A virus
of a different subtype.

MATERIALS AND METHODS

Cell lines and viruses. Spodoptera frugiperda Sf9 cells were maintained as
suspension cultures in flasks with serum-free SF900 II medium (Gibco-BRL) at
27°C with stirring at a speed of 80 rpm. Madin-Darby canine kidney (MDCK)
cells were cultured in Dulbecco’s modification of Eagle’s medium (DMEM)
(Cellgro) plus 10% fetal bovine serum. Influenza A/PR8 (H1N1) virus was grown
in and purified from hen egg embryonic fluid as described previously (41).
Mouse-adapted PR8 and A/Philippines/2/82/X-79 (H3N2) (A/Philippines) vi-
ruses were prepared as described previously (42).

Construction of a membrane-anchored flagellin gene. A full-length mem-
brane-anchored flagellin encoding gene was generated by fusing a signal peptide
(SP) from honeybee mellitin and the transmembrane (TM) and cytoplasmic tail
(CT) regions from the influenza A virus PR8 hemagglutinin (HA) to the 5� and
3� termini of the flagellin gene in frame, respectively. The mellitin SP-encoding
fragment was PCR amplified from the plasmid M-TM.CTMMTV (60) by use of
primers 5�-GGTTCTAGAATGAAATTCTTAGTC-3� and 5�-GTGGGATCCT
TTCATGTTGATCGG-3� (XbaI and BamHI sites are underlined) and cloned
into cloning vector pBluescript (�) with XbaI/BamHI sites, resulting in plasmid
pBluescript-SP. The Salmonella enterica serovar Typhimurium flagellin gene
(fliC; GenBank accession no. D13689) was amplified from plasmid pEM045
pEF6 FliC stop (a kind gift from Alan Aderem, Institute of Systems Biology,
Seattle, WA) by using primers 5�-GCAGGATCCATGGCACAAGTCAT-3�
and 5�-CGCGAATTCACGCAGTAAAGAGAG-3� (underlined sites are
BamHI and EcoRI, respectively) and inserted into pBluescript-SP, resulting
in pBluescript-SP-FliC. HA TM-CT was amplified from plasmid pc/pS1 containing
the full-length HA gene by using primers 5�-GCTAGAATTCCAGATTCTGG
CGATC-3� and 5�-GCTAGGGCCCTTATCAGATGCATATTCT-3� (under-
lined sites are EcoRI and ApaI, respectively) and cloned into pBluescript-SP-
FliC to produce pBluescript-SP-FliC-HA tail. The full-length membrane-
anchored flagellin gene was amplified from pBluescript-SP-FliC-HA tail by using
primers 5�-GCTCGTCGACATGAAATTCTTAG-3� and 5�-GCTACTCGAGT
TATCAGATGCATATTC-3� (SalI and XhoI sites, respectively, are underlined)
and cloned into pFastBac 1 under the control of the polyhedrin promoter. The
sequence of the membrane-anchored flagellin gene was verified by DNA se-
quencing.

Generation of rBVs. A recombinant baculovirus (rBV) expressing membrane-
anchored flagellin was derived from the transfer plasmid pFastBac1 constructed
as described above by using a Bac-to-Bac expression system (Invitrogen) accord-
ing to the manufacturer’s instructions. rBVs expressing PR8 HA and M1 were
described previously (42).

Determination of the cell surface expression of membrane-anchored flagellin.
The presence of the membrane-anchored flagellin on cell surfaces was deter-
mined by a cell surface expression assay. Sf9 cells were seeded in six-well plates
at 106 cells/well. The infection with the flagellin-expressing rBV and isotopic
labeling were performed as described previously (60). The biotinylation of cell
surface proteins and immunoprecipitation were carried out (62). Final samples
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Gels were dried and then used for autoradiography.

Production and characterization of cVLPs. Flagellin-containing influenza
VLPs were produced by infection of Sf9 cells with rBVs expressing PR8 HA, M1,
and membrane-anchored flagellin. Standard VLPs containing HA/M1 and con-
trol VLPs containing M1 only were produced by infecting Sf9 cell with rBVs
expressing PR8 HA and M1 as described previously (42). Cell culture superna-
tants were collected on day 3 postinfection and cleared by a brief centrifugation
(4,000 � g for 20 min at 4°C). VLPs were pelleted by ultracentrifugation at
100,000 � g for 1 h at 4°C. The pellets were resuspended in phosphate-buffered
saline (PBS) at 4°C overnight. VLPs were further purified through a 20%-35%-
60% discontinuous sucrose gradient at 100,000 � g for 1 h at 4°C. The VLP band
between 35% and 60% was collected and then diluted with PBS and pelleted at

100,000 � g for 1 h at 4°C. VLPs were resuspended in PBS overnight at 4°C. The
resulting VLPs were characterized by Western blot analysis, hemagglutination
activity analysis, and electric microscopic observation. For Western blot analysis,
HA and M1 bands were probed by mouse anti-HA or M1 polyclonal antibodies.
Membrane-anchored flagellin was detected by rabbit antiflagellin polyclonal
antibodies (Provided by Alan Aderem). The flagellin content in cVLPs was
estimated by comparison with a standard purified soluble standard flagellin in
Western blotting. The hemagglutination activity of VLPs was determined by the
capacity to hemagglutinate chicken red blood cells (42). For electron microscopy,
VLP samples (5 to 10 �l; 0.1 mg/ml protein) were examined as described
previously (60).

Treatment with glycosidases. Peptides N-glycosidase F (PNGase F) and en-
doglycosidase H (endo-H) (New England Biolabs) were used to determine the
glycosylation of membrane-anchored flagellin by following the manufacturer’s
instructions. Flagellin-containing VLPs (10 �g in a volume of 10 �l) were mixed
with 1 �l of denaturing buffer and heated at 100°C for 10 min. After being cooled
in an ice bath for 2 min, samples were mixed with reaction buffer and PNGase F
or endo-H and incubated at 37°C for 1 h. The reaction was terminated by adding
sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer, and
the mixture was heated at 100°C for 5 min. Samples were subjected to Western
blotting analysis.

TLR-5-specific bioactivity assay. A RAW264.7 cell-based assay (31) with mod-
ifications was used to determine the bioactivity of membrane-anchored flagellin
in VLPs. The RAW264.7 cell line is a mouse macrophage cell line which ex-
presses TLR-2 and -4 but not TLR-5 (64). In brief, 80%-confluent RAW264.7
(TLR-5-negative) cells in a 75-cm2 T flask were transfected with 10 �g of plasmid
pUNO-hTLR5 expressing the human TLR-5 (InvivoGen) by use of the trans-
fection reagent Lipofectamine (Invitrogen) by following the manufacturer’s in-
structions. Six hours posttransfection, cells were removed from the T flask with
a cell scraper and seeded into 96-well plates by using 5 � 104 cells/well in 100 �l
of fresh medium. Nontransfected RAW264.7 cells (TLR-5 negative) were also
seeded into 96-well plates for comparison. The TLR-5-positive and -negative
cells were incubated with 100 �l of serially diluted purified soluble flagellin,
flagellin-containing VLPs, or standard HA/M1 VLPs in DMEM, and superna-
tants were collected after 24 h. Levels of tumor necrosis factor alpha (TNF-�)
production stimulated by soluble flagellin, flagellin-containing VLPs, or standard
HA/M1 VLPs in both TLR-5-positive and TLR-5-negative cell cultures were
determined by enzyme-linked immunosorbent assay (ELISA). TLR-5 bioactivity
was expressed as the level of TNF-� production of TLR-5-positive cells from
which was subtracted that of TLR-5-negative cells stimulated by flagellin, flagel-
lin-containing VLPs, or standard HA/M1 VLPs.

Immunization and challenge. Inbred female BALB/c mice were obtained from
Charles River Laboratory. Mouse groups (six mice per group) were immunized
twice with 10 �g/mouse of VLPs at 4-week intervals (weeks 1 and 4). For virus
challenge, mice were anesthetized with isoflurane and infected with 40 times the
50% lethal dose (40�LD50) (LD50 � 50 PFU/mouse) of mouse-adapted A/PR8
virus (2,000 PFU) or 40�LD50 (LD50 � 25 PFU/mouse) of mouse-adapted
A/Philippines virus (1,000 PFU) in 50 �l of PBS per mouse 4 weeks after the
boosting immunization. For the determination of lung virus titers, six mice from
each group were sacrificed on day 4 postchallenge. Blood samples were collected
on weeks 0, 3, and 7 by retro-orbital plexus puncture. After clotting and a brief
centrifugation, serum samples were collected and stored at �80°C prior to use
for assays.

Antibody titration. The influenza virus-specific serum antibody endpoint titers,
including those for immunoglobulin G (IgG) and subtypes (IgG1, IgG2, and
IgG2b), were determined by ELISA as described previously (42). In brief, 96-
well microtiter plates (Nunc Life Technologies) were coated with 100 �l/well of
inactivated PR8 virus (5 �g/ml) in PBS overnight at 4°C. For serum IgG titers
against the heterologous A/Philippines virus (H3N2), plates were coated with 100
�l/well of inactivated A/Philippines virus (5 �g/ml). The serum samples were
serially diluted in twofold steps. After being washed and blocked with 1.5%
bovine serum albumin, plates were used to bind antibody with the diluted sera.
The detection color was developed by binding horseradish peroxidase-labeled
goat anti-mouse IgG, IgG1, IgG2a, or IgG2b (Southern Biotechnology) at 37°C
for 1 h. After extensive washing, the substrate TMB (Zymed, Invitrogen) was
applied. The optical density at 450 nm (OD450) was read using an ELISA reader
(model 680; Bio-Rad). The highest dilution which gave an OD450 twice that of
the naive group without dilution was designated as the antibody endpoint titer.

Virus neutralization and HI assays. A neutralization assay was performed
using MDCK cells as described previously (42). Hemagglutination inhibition
(HI) assays were carried out as described previously (7) with modifications.
Briefly, 8 hemagglutination units of PR8 or A/Philippines virus were mixed with
serially diluted receptor-destroying enzyme-pretreated serum samples in a total
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volume of 50 �l and incubated at 37°C for 1 h. An equal volume of chicken blood
cells (0.5%) was mixed with the virus-serum mixture and incubated at 25°C for
30 min. HI titers were recorded.

Cytokine assays. Interleukin-2 (IL-2), gamma interferon (IFN-�), TNF-�, and
IL-4 levels were determined by ELISA (eBioscience, San Diego, CA) according
to the manufacturer’s instructions. Splenocytes (1 � 106 cells) isolated from
immunized mice were seeded into 96-well issue culture plates and stimulated
with a mixture of two major histocompatibility complex class I (MHC-I) HA
peptides (IYSTVASSL and LYEKVKSQL) or a pool of five MHC-II HA pep-
tides (SFERFEIFPKE, HNTNGVTAACSH, CPKYVRSAKLRM, KLKNSYV
NKKGK, and NAYVSVVTSKYN RRF) at a concentration of 10 �g/ml. The
plates were incubated at 37°C for 2 days, and cell culture supernatants were
collected for cytokine assays.

RESULTS

Construction of the membrane-anchored flagellin coding
sequence. To incorporate flagellin into VLPs as a molecular
adjuvant, the gene must be modified to enable membrane
translocation, transport, and cell surface expression. As sche-
matized in Fig. 1A, a membrane-anchored flagellin-encoding
gene was constructed by merging the coding sequence for the
SP from the honeybee protein mellitin at the N terminus and
a TM-CT from influenza HA in frame at the C terminus. As a
heterologous SP, mellitin SP is known to improve glycoprotein

cell surface expression in an insect cell system (60). The
TM-CT sequence from HA provides a membrane anchor
sequence which would be expected to engage the modified
flagellin to assemble into influenza virus matrix protein
(M1)-derived VLPs (1). rBV was generated using the result-
ing membrane-anchored flagellin coding sequence. As shown
in Fig. 1B, left, flagellin fused with the HA TM-CT region was
expressed well in rBV-infected Sf9 cells. The modified protein
showed two major bands in cell lysates by the autoradiography
(Fig. 1B, left, lane 1). The lowest band is around 55 kDa, which
corresponds to the molecular mass estimated according to its
amino acid composition in a nonglycosylated form. The top
band is about 6.5 kDa, indicating that glycosylation of this
modified protein occurs in the insect cell protein expression
system. There are other bands between the two main bands,
suggesting differences in glycosylation of the membrane-an-
chored flagellin. As shown in Fig. 1B, right panel, the surface-
expressed flagellin corresponds to the top band with a molec-
ular mass of 65 kDa, suggesting that only glycosylated flagellin
was transported to cell surfaces.

Production of cVLPs containing flagellin. As described pre-
viously, VLPs were produced in an rBV-derived protein ex-

FIG. 1. Construction of membrane-bound flagellin and VLP production. (A) Schematic diagram of the membrane-anchored flagellin construct.
The mellitin SP and HA TM-CT coding sequences were fused to the 5� and 3� ends of flagellin-encoding gene fliC, respectively, to form the
full-length chimeric fliC. (B) Cellular and cell surface expression of membrane-anchored flagellin. Surface expression of the membrane-anchored
flagellin was detected by cell surface biotinylation. Lanes: 1, cell lysate from cells infected with rBV expressing membrane-anchored flagellin; 2,
mock rBV (rBV expressing human immunodeficiency virus Gag)-infected cells. (C) Optimization of VLP production: Sf9 cells were infected with
rBVs expressing HA, M1, and flagellin at different MOI as designated at the bottom. VLPs were prepared as described in Materials and Methods.
The resulting VLPs were analyzed by Western blotting. HA and M1 bands were probed with mouse anti-influenza serum. The band below M1 was
variable in different VLP preparations and may represent a degradation product. Membrane-anchored flagellin (FliC) was probed with rabbit
antiflagellin polyclonal antibody. (D) Electron microscopy of influenza VLPs. Influenza VLPs containing flagellin, HA, and M were negatively
stained as described in Materials and Methods.
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pression system in Sf9 insect cells and purified by gradient
centrifugation (42). To optimize the production of cVLPs,
rBVs expressing HA, M1, and flagellin at various of multiplic-
ities of infection (MOI) shown in Fig. 1C, bottom, were com-
pared. The results in Fig. 1C, top, demonstrate that standard
influenza VLPs with a high HA content resulted from coinfec-
tion of HA- and M1-expressing rBVs at MOI of 4 and 2,
respectively, and the VLPs (total protein concentration, 1 mg/
ml) have an HA titer as high as 2,048 U, as titrated with
chicken blood cells. The cVLPs containing flagellin were pro-
duced by coinfection of rBVs expressing HA, M1, and flagellin
at MOI of 6, 2, and 6, respectively. These cVLPs have HA and
M1 contents comparable to those of standard HA and M1
VLPs, as shown by the Western blot results in Fig. 1C, top. The
HA titer of the cVLPs (protein concentration, 1 mg/ml) was
2,048 U, the same as that for standard VLPs. When purified
recombinant flagellin was used as a standard, a Western blot
comparison (not shown) showed that the cVLPs have a flagel-
lin content of about 8 �g/100 �g VLPs. To further confirm the
morphology and integrity of these cVLPs, the cVLP samples
were examined by electron microscopy after negative staining.
As shown in Fig. 1D, enveloped VLPs with projections on the
surface were observed, with diameters of about 80 to 100 nm.
In addition, the cVLPs have morphological characteristics sim-
ilar to those of standard HA/M1 VLPs, as described previously
(42). These results indicate that membrane-anchored flagellin,
together with HA, is incorporated into M1-derived VLPs with
a morphology and size similar to those of standard HA/M1
VLPs and influenza virions.

Characterization of the membrane-anchored flagellin in
cVLPs. There are six potential N-linked glycosylation sites in
the full-length flagellin sequence with an NXT/S motif (Asn19,
101, 200, 346, 446, and 465, respectively), and four of them are
located in the TLR-5-recognizing region (Asn19, 101, 446, and
465). To further characterize the possible glycosylation of the
membrane-anchored flagellin in cVLPs, VLPs containing
flagellin were treated with PNGase F or endo-H. PNGase F is
an amidase which can remove N-linked oligosaccharides from
glycoproteins, whereas endo-H cleaves the chitobiose core of
high-mannose and hybrid oligosaccharides from N-linked gly-
coproteins (29). As shown in Fig. 2A, most of the modified
flagellin in cell lysates is seen as two main portions on the blot
with molecular masses of 55 and 65 kDa (lane 1). The flagellin
incorporated into cVLPs corresponds to the upper band (65
kDa) (lane 2). After treatment of VLPs with PNGase F, flagel-
lin bands of faster mobility at 55 kDa were observed (Fig. 2A,
lane 3), demonstrating that the membrane-anchored flagellin
is glycosylated by N-linked oligosaccharides. When the glyco-
sylated flagellin in VLPs was treated by endo-H, an interme-
diate band (around 60 kDa) was observed (Fig. 2A, lane 4),
revealing the partial sensitivity of the flagellin in VLPs to
endo-H. These results indicate that at least some of the oligo-
saccharides are of the high-mannose type. In conclusion, these
results indicate that flagellin in VLPs is glycosylated and that
the oligosaccharides are linked to the flagellin peptide back-
bone by N-type glycosidic linkages.

The adjuvant effect of flagellin is based on its TLR-5-
activating activity. To evaluate the ability of the membrane-
anchored flagellin in VLPs to function as a TLR-5 ligand,
flagellin-containing VLPs were analyzed by a mouse macro-

phage cell line RAW264.7-based assay (31), and results were
compared to those from purified soluble flagellin. As shown in
Fig. 2B, flagellin-containing cVLPs stimulated TLR-5-positive
RAW264.7 cells to produce TNF-� over a broad concentration
spectrum, similar to what was seen with soluble flagellin. The
50% effective concentration (concentration which produces
50% of maximal activity) of flagellin-containing VLPs was
around 8 ng/ml, whereas the 50% effective concentration of
soluble flagellin was 1 ng/ml. Because the flagellin content in
cVLPs is about 8%, the results indicate that the TLR-5 agonist
activity of membrane-anchored flagellin in cVLPs is compara-
ble to that of soluble flagellin.

cVLPs containing flagellin induce enhanced humoral
immune responses. It is well recognized that flagellin in full-
length, truncated, or fusion protein forms enhances antigen-
specific antibody responses (8, 18, 31). To evaluate the ability
of membrane-bound flagellin in influenza cVLPs to function as
an adjuvant, the humoral immune response against influenza
viral antigen was determined for mice immunized with stan-
dard HA/M1 VLPs or flagellin/HA/M1 cVLPs. As shown in

FIG. 2. Glycosylation and TLR-5 agonist activity of membrane-
anchored flagellin. (A) Ten-microgram aliquots of flagellin-containing
VLPs were left untreated (lane 2) or were digested by PNGase F (lane
3) or endo-H (lane 4). Lane 1 is cell lysate from cells infected by
membrane-anchored flagellin expressing rBV. Samples were resolved
by Western blotting. (B) TLR-5-positive and -negative RAW264.7 cells
were activated with soluble flagellin (sFliC) and flagellin-containing
VLPs (FliC/HA/M1 VLPs), respectively. Standard HA/M1 VLPs were
used as controls. Supernatants were collected 24 h after stimulation,
and the TNF-� concentration in the supernatant was determined by
ELISA as described in Materials and Methods. TLR-5-specific bioac-
tivity was expressed by the production by TNF-� of TRL-5-positive
cells, from which was subtracted that of TLR-5-negative cells stimu-
lated by flagellin, flagellin-containing VLPs, or standard HA/M1 VLPs
at the same concentration. Data represent means 	 standard errors
from triplicate repeats.
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Fig. 3A, high levels of serum antigen-specific IgG were pro-
moted by priming or priming plus boosting for mice immu-
nized with flagellin-containing cVLPs. A 2,500-fold higher IgG
titer was achieved by the flagellin-containing VLP group after
only the priming immunization compared with that of the
standard HA/M1 VLP group, and this IgG level was compa-
rable to that of the standard VLP group after two immuniza-
tions, demonstrating a significant enhancement of responses
promoted by the incorporated flagellin. After two immuniza-
tions, the IgG level of the cVLP group remained two times
higher than that of the standard VLP group (P 
 0.05). In
contrast, when mice were immunized with mixtures of HA/M1
VLPs plus soluble recombinant flagellin, no significant differ-
ence in antibody response was detected compared to what was
seen for HA/M1 VLPs alone. These results indicate that the
incorporation of the membrane-anchored flagellin into VLPs
is important for its adjuvant effect.

Previously, we determined that influenza VLP vaccines in-
duce mixed Th1/Th2-type immune responses (42). To further
evaluate the serum antibody response induced by flagellin,
production levels of IgG subtypes IgG1, IgG2a, and IgG2b
were determined. As shown in Fig. 3B, C, and D, both standard
VLPs and cVLPs promoted the production of all three IgG
subtypes compared to what was seen for the control (M1-only)
VLP group, demonstrating that both Th1 and Th2 immune
responses were induced by VLP vaccines; this was consistent
with our previous observation (42). However, the flagellin-
containing VLPs elicited a level of IgG2a (IgG1/IgG2a ratio,
0.5) significantly higher than that seen for standard VLPs
(IgG1/IgG2a ratio, 1.5; P 
 0.05), but this was not the case for
IgG1, demonstrating that Th1-biased type-mixed responses
and IgG2a-dominant class switching were effectively promoted
by the incorporation of flagellin compared to standard VLPs.

Flagellin stimulates enhanced virus neutralization and HI
activity. Virus neutralization activity is the most important
serological assay to reflect the functional antibodies providing
protective immunity. To determine the effects of flagellin on
conferring protective humoral responses, sera from mouse
groups immunized with HA/M1 VLPs or flagellin-containing
HA/M1 VLPs were evaluated for neutralization activities
against PR8 virus. As shown in Fig. 4A, sera from standard
VLP-immunized mice 3 weeks after the boost immunization
showed a neutralization titer (50% plaque reduction) of 1,280.
In contrast, the flagellin-containing VLP group showed a virus
neutralization titer of 4,000, more than threefold higher, re-
vealing the effectiveness of flagellin incorporated into VLPs as
an adjuvant. The enhanced responses were also demonstrated
by the HI titers, which are based on blocking the ability of
influenza HA to agglutinate erythrocytes by specific antibodies.
As shown in Fig. 4B, the flagellin-containing VLP group
achieved an HI titer of 1,080, threefold higher than that of the
standard VLP group (P 
 0.05), which had a mean HI titer of
360. The neutralization activity and HI titers were found to be
highly consistent, demonstrating that functional antibodies
elicited by influenza VLPs are directed against the HA. Similar
to what was found with the serum IgG titers, immune sera from
the group immunized with a mixture of soluble flagellin plus
HA/M1 VLPs achieved levels of neutralization and HI titers
similar to those of the standard HA/M1 VLP group.

A concern for using a protein component as an adjuvant is
the antigenicity of the protein itself, and preexisting immunity
against flagellin might block its further function as an adjuvant.
To evaluate the effects of preexisting antiflagellin antibody,
mice were preimmunized intramuscularly twice with 10 �g of
recombinant flagellin. Subsequently, the same group was im-
munized twice with 10 �g of cVLPs at 4-week intervals. As

FIG. 3. Serum IgG and isotype endpoint titers. Serum antibodies specific for influenza A/PR8 virus were determined. The highest serum
dilution (n-fold) which gave an OD450 two times higher than that of naive mice was designated as the serum antibody endpoint titer. Representative
data are the mean 	 standard deviation (SD) of six mice/group and were analyzed by an unpaired t test. A two-tailed P value of 
0.05 is designated
as a significant difference. (A to D) Serum IgG (�, P 
 0.05) (A), IgG1 (B), IgG2a (�, P 
 0.05) (C), and IgG2b (�, P 
 0.05) (D). sFliC, soluble
flagellin.
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shown in Fig. 4C, this resulted in a significant mean antiflagel-
lin IgG titer of 2.7 �105, and this titer was stable for 8 weeks.
Interestingly, the PR8-specific IgG titers of flagellin-preimmu-
nized mice rose to levels similar to those of the cVLP control
group without flagellin preimmunization, as shown in Fig. 4C.
In conclusion, flagellin is an effective adjuvant to promote
antigen-specific humoral responses when incorporated into
VLPs, and the presence of preexisting flagellin immunity was
not found to decrease its adjuvant function.

Because cVLPs induced significantly higher humoral re-

sponses as described above, we evaluated whether these im-
mune sera confer a cross-reaction with a heterosubtypic virus.
Therefore we determined the serum IgG titer and HI titer
against a heterosubtypic A/Philippines virus (H3N2). We found
that though the humoral responses against A/Philippines were
at low levels compared to those against A/PR8, flagellin-con-
taining cVLPs induced significantly high IgG (2,800) and HI
(60) titers against A/Philippines compared to those induced by
standard VLPs (all P values were 
0.05) (Fig. 5A and B).
These results demonstrated the effects of the membrane-an-
chored flagellin on broadening the spectrum of immunity to
confer heterosubtypic immune responses.

Flagellin promotes antigen-specific T-cell responses. Sev-
eral microbial products, such as lipopolysaccharide and CpG
DNA, have recently been reported to induce dendritic cell
(DC) maturation by binding to TLR family molecules, includ-
ing TLR-5 (16, 20, 32, 52). DCs are found in physical contact
with naive T cells in vivo (12, 63). Consequently, DCs recog-
nize microbial products and activate antigen-specific T-cell
clonal expansion. To test the effects of membrane-anchored
flagellin on enhancing the production of cytokines, cytokine
secretions from splenocytes of mice immunized with flagellin-
containing VLPs were determined and compared to those of
the standard VLP-immunized mice. The results in Fig. 6 show
that spleen T cells from mice immunized with flagellin-con-
taining VLP secreted high levels of IL-2, IFN-�, TNF-�, and
IL-4 when stimulated by MHC-I or -II HA peptides or inacti-
vated PR8 virus compared to those for the standard VLP
group (all P values were 
0.05). MHC-II-recognized HA pep-
tides induced relatively higher levels of secretion of cytokines,
demonstrating a CD4-dominant memory T-cell population;
both Th1 (IL-2 and IFN-�)- and Th2 (TNF-� and IL-4)-type
cytokine production was observed. Also, we did not observe
detectable TNF-� secretion from splenocytes from the stan-

FIG. 4. Neutralization and HI titers against influenza A/PR8 virus,
and the effect of preexisting antiflagellin immunity. (A) Neutralization
activities were determined using the capacity of sera to neutralize
plaque formation by influenza PR8 virus in MDCK cell cultures. Serial
dilutions of sera were incubated with influenza PR8 virus (about 100
PFU) at 37°C for 1 h. A standard plaque reduction assay was per-
formed using MDCK cells. (B) HI titers of sera were determined using
the capacity of sera to inhibit virus hemagglutination of chicken red
blood cells (�, P 
 0.05). (C) The preexisting antiflagellin IgG titer was
determined with ELISA. A group of six mice was preimmunized twice
intramuscularly at a 4-week interval with 10 �g of soluble recombinant
flagellin and subsequently immunized twice with 10 �g cVLPs at a
4-week interval. A six-mouse group without preimmunization was used
as the control. Serum antiflagellin and anti-inactivated PR8 virus IgG
titers were determined by ELISA. For flagellin-specific IgG titers,
microplates were coated with 100 �l of recombinant flagellin per well
at 5 �g/ml. IgG titer determinations are described in Materials and
Methods. Representative data are the mean 	 SD from six mice in
each group. sFliC, soluble flagellin.

FIG. 5. Serum IgG endpoint and HI titers against the heterosub-
typic virus A/Philippines (H3N2). Serum IgG endpoint titer (A) and HI
titer (B) were determined as described in Materials and Methods.
Data depict the mean 	 SD from six mice per group (�, P 
 0.05).
sFliC, soluble flagellin.
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dard VLP group upon stimulation with either MHC-I or -II
HA peptides, but splenocytes from flagellin-containing VLP-
immunized mice produced high levels of TNF-�.

Flagellin-containing VLPs promote protective immunity
against lethal virus challenge. Providing protective immunity
to laboratory animals against lethal virus challenge is the most
important goal for preclinical vaccine studies. To determine
whether the enhanced antibody and T-cell responses observed
in our studies conferred protection, immunized mice were

challenged intranasally with mouse-adapted PR8 viruses at
40�LD50. As shown in Fig. 7A and B, mice immunized with
the standard VLPs, flagellin-incorporating VLPs, or a mixture
of standard VLPs plus soluble flagellin retained their healthy
status, as measured by body weight. These groups showed
100% protective immunity to lethal PR8 virus challenge. By
contrast, no protection was observed using M1 VLPs, though
mice immunized with M1 VLPs showed a minor improvement
clinical score, as represented by body weight loss and a 1- to

FIG. 6. Cytokine secretion from immunized mouse splenocytes. Splenocytes were isolated from immunized six-mouse groups 3 weeks after the
boosting immunization. Cells (1 � 106) were seeded into 96-well cell culture plates with 200 �l RPMI 1640 medium. The MHC-I- or MHC-II-
specific HA peptides of A/PR8 virus were added into cell culture medium, and secreted cytokines were determined as described in Materials and
Methods. Data depict the mean 	 SD of six mice per group with similar results in triplicate assays (�, �, or ˆ, P 
 0.05). (A) IL-2. (B) IFN-�.
(C) TNF-�. (D) IL-4. FliC, flagellin.

FIG. 7. Protection from challenge with A/PR8 or A/Philippines virus. Mouse groups containing six mice were challenged with 40�LD50 of PR8
(H1N1) or A/Philippines (H3N2) virus. Mice were monitored daily for 14 days for body weight changes (A) and percentages of survival (B) after
PR8 virus challenge or for body weight changes (C) and percentages of survival (D) after A/Philippines virus challenge. sFliC, soluble flagellin.
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2-day delay in reaching the endpoint upon lethal virus chal-
lenge compared to what was seen for the negative control
group.

Because the flagellin-containing VLP group showed much
higher antibody levels and enhanced T cellular responses, we
tested whether their enhanced immunity provides cross-pro-
tection to a heterologous virus challenge. Thus, immunized
mice were challenged with an A/Philippines/82 H3N2 virus at
40�LD50 per mouse. Data shown in Fig. 7C demonstrate that
all VLP groups lost weight, as did the naive group, but the
flagellin-containing VLP-immunized group lost less weight.
Though there was a 1-day delay compared to the control
group, all mice in the standard VLP group or in the group
immunized with the standard VLPs plus soluble flagellin, as
well as those of the M1 VLP group, reached the endpoint by
day 8 or 9. Notably, in the flagellin-containing VLP-immunized
group, mice began to regain body weight from day 9 (Fig. 7C),
and 67% of mice survived the challenge with the heterologous
A/Philippines virus, as shown in Fig. 7D.

Rapid clearance of virus from the body and low virus loads
after infection are important signs of decreased morbidity and
mortality after infection. To further evaluate the protective
immunity induced by flagellin-containing VLPs, immunized
mice were intranasally infected with A/PR8 or A/Philippines
virus at the same dose used in the challenge experiment. Mice
were sacrificed on day 4, and the virus loads in lungs were
determined by plaque assay on MDCK cells. As shown in Fig.
8, virus titers were not detected for either the standard or the
flagellin-containing VLP groups in the PR8-infected mice. In
contrast, naive mice and mice of the M1 VLP group were
carrying high virus loads of 1.5 � 109 and 8.5 � 108 PFU/ml of
lung extract, respectively. For A/Philippines virus-infected
mice, the standard VLP group showed a lung virus titer of 4.2 �
106 PFU/ml of lung extract, whereas the flagellin-containing
VLP group showed 1.6 � 104 PFU/ml of lung extract, a rela-
tively low titer compared to that of standard VLP group (P 

0.05). The naive and M1 VLP groups showed titers of 1.5 � 109

and 8.7 � 108 PFU/ml of lung extract, respectively. These
results demonstrate that by incorporating flagellin into VLPs
as an adjuvant, influenza VLPs induce enhanced immunity,
providing complete protection against a homologous virus

challenge and significant cross-protection against a heterosub-
typic virus challenge.

DISCUSSION

There is no adjuvant which is known to be effective for
enveloped VLP vaccines, and some adjuvants contain emulsive
components which would damage the VLP structure. In the
present studies, we focused on the development of an effective
adjuvant for VLP vaccines by constructing a membrane-an-
chored form of Salmonella flagellin and incorporating the
modified flagellin into VLPs. We observed that by fusion of
the SP encoding DNA from honeybee protein mellitin and the
influenza HA TM-CT region in frame, the genetically modified
flagellin was expressed well in insect cells with a BV-derived
protein expression system, and the expressed protein was pre-
sented on the cell surface. This membrane-anchored flagellin,
together with HA, was found to be incorporated into M1-
derived influenza VLPs. Because the adjuvant function of
flagellin is derived from its natural capacity for binding TLR-5,
one concern in this study was that the fused HA TM-CT might
block the folding of flagellin into a correct conformation, which
is necessary for TLR-5 recognition. Since several reports have
shown that chimeric flagellins fused to antigen in frame at the
C terminus retain their TLR-5 binding capacity and promote
the immunogenicity of the antigen (8, 19, 31), we introduced
the HA membrane anchor at the C terminus of flagellin. The
TLR-5 agonist activity of membrane-anchored flagellin in
VLPs was verified by a TLR-5 bioactivity assay, and the
successful design of the membrane-anchored flagellin as the
adjuvant for VLP vaccines was confirmed by its adjuvant
function, as shown in our immunization results.

Previously, we have investigated the immune responses in-
duced by influenza VLPs containing HA and M1 (42) and
demonstrated that the influenza VLPs induced high levels of
antibody responses. In the present study, by incorporation of
flagellin into VLP, cVLPs were found to induce antibody re-
sponses that were more rapid and higher than those induced by
standard VLPs, revealing that membrane-anchored flagellin is
a potent adjuvant for promoting humoral immunity. Fur-
thermore, we found that flagellin-containing VLPs activated
a Th1-preferred Th1/Th2 profile, demonstrated by a lower
IgG1/IgG2a ratio. We observed that standard and flagellin-
containing VLPs induced comparable levels of IgG1 but that
the flagellin-containing VLPs induced fourfold higher levels of
IgG2a production. In this respect, membrane-anchored flagel-
lin is quite different from recombinant soluble flagellin, which
induces a Th2 phenotype (10), but is similar to flagellin in its
native surface-bound context on live Salmonella (9). Though
the mechanism of Ig isotype switching induced by “native
flagellin” is not clear, the context in which it is related to
immunogens has been recognized to be dominant (9).

We observed that splenocytes from mice immunized with
flagellin-containing VLPs produced high levels of IL-2, IFN-�,
TNF-�, and IL-4 when stimulated by HA-specific MHC-I or
-II-restricted peptides, indicating the induction of antigen-spe-
cific T cells after immunization. Higher levels of cytokine pro-
duction stimulated by an MHC-II HA-specific peptide demon-
strated that flagellin primed a CD4-dominant T-cell response.
Though Th1- and Th2-type cytokine secretions were both de-

FIG. 8. Lung viral load on day 4 postchallenge. Six mice in each
group were challenged with 40�LD50 of PR8 (H1N1) or A/Philippines
(H3N2) virus. Mouse lung samples were collected on day 4 postchal-
lenge. Six lungs in each group were pooled, ground, and cleared in 6 ml
of DMEM. Lung virus loads were determined using a standard plaque
assay with MDCK cells. Bars represent mean virus titers 	 standard
errors from three independent assays (�, P 
 0.05). FliC, flagellin.
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tected, we did not see a significant IgG1 increase, suggesting
that a cytokine-independent mechanism is contributing to
IgG2a dominance. Similar Ig isotype switching was also found
after infection by mouse mammary tumor virus (28) or inacti-
vated Bordetella pertussis immunization (54). Some reports
have implicated a direct role of TLR signaling in B cells that is
related to class switching (26). It remains to be determined
whether the IgG2a-dominant immunity observed in this study
is related to TLR-5 signaling in B cells.

Remarkably, we observed that flagellin-containing VLPs
primed a high level of TNF-� secretion, but the TNF-� secre-
tion of splenocytes induced by standard VLPs was at the back-
ground level. TNF-� is well recognized for its roles both in
mediating innate immune responses and in inducing undesir-
able systemic effects (46). In antiadenoviral responses, TNF-�
expression contributes to the efficient maturation and migra-
tion of DCs (11, 39, 55). It is known that TNF-� is produced by
activated macrophages and plays a central role in the defense
against intracellular organisms. Flagellin has been reported to
stimulate TNF-� production either in vitro or in vivo (4, 5, 17).
The high-level production of TNF-� induced by flagellin-con-
taining VLPs and the enhanced specific immunity suggest that
TNF-� plays an important role in activating adaptive immunity
in flagellin-containing VLP immunization.

Flagellin has been reported to be a powerful immunogen
that acts as its own adjuvant (9). We also found that mice
preimmunized with soluble recombinant flagellin produced
high levels of flagellin-specific IgG responses. Interestingly,
such preexisting immunity against flagellin did not block the
adjuvant function of membrane-anchored flagellin in VLPs.
This observation is consistent with two previous reports (2, 18)
and supports the conclusion that flagellin is an effective adju-
vant even in the presence of preexisting antiflagellin immunity.
It is possible that the preexisting antiflagellin antibody might
enhance the targeting of cVLPs to antigen-presenting cells
(APCs) by the Fc portion of the cVLP-bound antiflagellin IgG,
since APCs express Fc� receptors (43, 57–59). However, we
did not observe significant differences in responses with or
without preexisting antiflagellin immunity. Because TLR-5 rec-
ognizes flagellin in both terminal regions, an alternative is to
eliminate its ectodomain genetically and link the two regions
with a hinge sequence to support necessary flexibility. This
approach has been used recently to produce a fusion protein
vaccine (31). Whether such a truncated flagellin in a mem-
brane-anchored form is stably incorporated into VLPs and
functions as an agonist of TLR-5 is being investigated.

Naturally, flagellin is a glycosylated protein with six sites
glycosylated by O-linked �-acetylglucosamine (45). Glycosyla-
tion has been demonstrated to have roles for both flagellar
assembly and biological function (27). In the two termini of
Salmonella flagellin, which are recognized by TLR-5, four N-
linked glycosylation sites are located at Asn19 and Asn101 in
the N-terminal region and at Asn446 and Asn465 in the C-
terminal region. For the insect cell-derived membrane-an-
chored flagellin, though the whole-cell lysate showed two
bands at 55 and 65 kDa, the VLPs showed only the higher-
molecular-mass form. It is known that insect cells mostly pro-
duce simple N-glycans with terminal mannose residues (14).
Our results indicate that such glycosylated forms of flagellin
retain potent adjuvant activity.

There are some reports that mixtures of soluble flagellin plus
antigen do not promote antigen-specific immune responses,
and the physical association of an antigen with flagellin (fusion
protein of antigen with flagellin) may be necessary for the
promotion of the specific immune responses (19, 31). We also
found that although membrane-anchored flagellin incorpo-
rated into VLPs boosted strong specific immune responses, a
mixture of soluble flagellin plus standard VLPs failed to show
a similar adjuvant effect. Similar phenomena have been ob-
served with other pathogen-associated molecular patterns re-
lated to their corresponding TLRs. Previous studies showed
that simian immunodeficiency virus VLPs conjugated with
cholera toxin subunit B induced humoral and cellular re-
sponses that were stronger than those seen for a mixture of
toxin with VLPs (21). It was also reported that when CpG-
DNA is linked to ovalbumin, the protein uptake is facilitated
by a receptor-mediated mechanism (50). Because TLR-5 is
expressed on the surfaces of APCs, the association with flagel-
lin may result in the TLR-5-mediated uptake of antigens and
consequent processing and presentation.

The goal of vaccines is to elicit protection against pathogens.
An effective adjuvant should extend this protective effect by
promoting the immunogenicity of specific antigens in vaccines,
increasing the magnitude and the duration of immunity. The
results in this study demonstrate that flagellin-containing VLPs
induced complete protection against homologous virus chal-
lenge and partial cross-protection against heterologous virus
challenge, a broader-spectrum immunity. The incorporation of
flagellin into cVLPs thus represents a new direction for the
development of efficient vaccines against viral pathogens, in-
cluding pandemic influenza viruses.
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